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Abstract

Unlike on Earth, where liquid droplets persist from the surface to the cloud tops!, droplets
on Venus evaporate in the hot lower atmosphere and never reach the surface?. Yet, entry probes
have consistently revealed a layer containing involatile particles’>—the lower haze—between
Venus’ surface and the main cloud deck. However, the origin of the lower haze layer has remained
unknown since its discovery five decades ago. There has never been an attempt to reproduce the
lower haze layer or investigate its origin in cloud modeling of Venus; instead, it has typically been
treated as a given boundary condition®®. Here we incorporate a self-consistent particle formation
framework into a Venus cloud microphysics model and show, for the first time, that the continuous
influx of cosmic dust is sufficient to sustain this lower haze layer with the particle size distribution
observed by the entry probes. These haze particles of cosmic origin act as efficient condensation
nuclei, promoting cloud formation in the main cloud deck even far from their initial source.
Beyond this, these particles also provide a plausible source for the planet’s long-unidentified
ultraviolet absorber. Collectively, our findings establish cosmic dust as an essential component of
Venus’ climate. These insights are also crucial for understanding the climates of planets with thick
atmospheres, such as gas giants and exoplanets, where accumulating cosmic dust can similarly

affect the cloud structure and composition.
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Main

Despite sharing a similar size and mass with Earth, Venus has a markedly different
atmospheric composition and climate. Its atmosphere contains approximately 90 bars of carbon
dioxide at the surface, resulting in an enhanced greenhouse effect that produces an extremely high
temperature in the lower atmosphere!®!!. Sulfuric acid (H2SOs) clouds—produced
photochemically from sulfur dioxide (SO.), carbonyl sulfide (OCS), and water (H,O)—reside
between 47 and 70 km (ref.!>!3) and have a pivotal role in atmospheric radiative transfer!®!!,

1415 and material transport!®!7. Because H2SO4 cannot remain in the liquid phase in the

chemistry
intense heat of the lower atmosphere, any aerosol particles below this cloud deck would be
expected to have non-sulfuric-acid composition.

For decades, entry probes from multiple missions—including those from the VeGa®,
Venera* missions, and Pioneer Venus (PV)>—have consistently detected an aerosol layer
extending from the cloud base at ~47 km down to ~30 km, referred to as the lower haze layer?. The
existence of the lower haze particles is also suggested by the analysis of near-infrared data taken
by the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) onboard Venus Express
(VEx)!8. This indicates that Venus’ clouds contain involatile substances other than sulfuric acid.
The typical effective radius of the lower haze particles ranges from 0.08 (ref.#) to 0.21 um (ref.?)
and is thought to follow a lognormal distribution. These sub-cloud particles are transported upward

into the main cloud deck, where they play a critical role in cloud formation by acting as cloud

condensation nuclei (CCN)”-19:20,
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Fig. 1 | Cloud cycle on Venus. a, Sketch of the cloud cycle on Venus simulated by previous
microphysics models® with predefined lower haze distribution. b, Sketch of the cloud cycle on
Venus simulated by this study with the meteoric smoke particle (MSP) injection and the

subsequent lower haze formation.

However, despite its importance for cloud formation processes, the origin and composition
of the lower haze have remained an enduring mystery. All previous cloud microphysics models
have imposed the lower haze particle population as a boundary condition in order to reproduce the
observed cloud profile® (Fig. 1a). For simplicity, it has also been assumed that these particles are
composed of either an unknown involatile material or sulfur allotropes. Sulfur allotropes can be
regarded as volatile in Venus’ atmospheric conditions. However, whether sulfur allotropes can
remain in the solid phase below the cloud base is uncertain, because their condensation and
evaporation are not included in the current cloud microphysics models”®. As a result, no self-
consistent model—one that simulates both the haze’s formation from its source and its interaction
with cloud droplets—has yet to be developed, leaving its origin unexplained.

Here, we demonstrate that cosmic dust can provide the crucial source for Venus’ lower
haze layer through self-consistent cloud microphysics simulations, finally providing an
explanation of its composition and formation. Our model incorporates nucleation and condensation
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of three key condensable vapor species—H>SO4, water (H20), and sulfur allotrope (Ss)—to model

particle formation and their evolution without relying on prescribed lower haze particle size

distribution at the bottom boundary (see Methods). Furthermore, our model includes the injection

of meteoric smoke particles (MSPs), which originate from the ablation of cosmic dust particles?!?2,

as a source of the involatile particle component (see Methods). The injection rate is scaled by the
cosmic dust ablation flux, whose typical value is estimated at ~10 tons day ! (ref.?®). However, the
cosmic dust ablation flux on Venus is highly uncertain, as even Earth’s estimate remains uncertain
by approximately an order of magnitude. Therefore, we conducted a comprehensive parameter

sensitivity analysis by varying the MSP influx between 0 and 1000 tons day!.
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Fig. 2 | The lower haze formation under the cloud deck of Venus. a, b, Steady-state size
distributions of aerosols as a function of particle radius (um) and altitude (km) obtained from the

microphysics simulations with (a) MSP influx of 10 tons day! and (b) without MSP influx.

The importance of MSP influx in the formation of the lower haze layer is clearly
demonstrated. Indeed, the lower haze forms only when MSP influx is included in the simulation
(Fig. 2a), and a sulfur haze does not form under the cloud base in either case. MSPs injected at the
top of the atmosphere are scavenged by sulfuric acid aerosols at high altitudes and descend through

the main cloud deck (Fig. 1b). Upon reaching the cloud bottom, the sulfuric acid evaporates,
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leaving behind involatile residues originally carried by the MSPs. In contrast, when the MSP influx
is not included, the lower haze does not form (Fig. 2b). Furthermore, our self-consistent modeling
of particle formation reveals that sulfur allotrope particles are not stable in the solid phase below
the cloud base. This finding raises questions about previous modeling approaches® in which CCN
are predefined at the bottom boundary and assumed to be microphysically equivalent to solid sulfur
allotrope particles.

We investigated whether sources of other substances other than MSP could generate the
lower haze. One possibility is volcanic ash or surface dust. However, even assuming fluxes several
orders of magnitude greater than the MSP influx and adopting optimistic transport efficiencies,
our results show that these sources cannot reproduce the lower haze characteristics (Supplementary
Information, Section S1). Another possibility is photochemically produced species—for example,
sulfur allotropes not considered in this study and carbonyl disulfide. However, these species do

not condense under lower-haze conditions (Supplementary Information, Section S2).
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Fig. 3 | The dependence of the lower haze particle size on MSP influx. a, Steady-state size
distribution of the lower haze particles at the altitude of 40 km obtained from the microphysics
simulations with MSP influxes ranging from 5 to 100 tons day'. The corresponding fluxes are
indicated by the colored arrows. The black cross indicates the size distribution estimated from the
LCPS measurements®. b, Effective radius of the lower haze particles at 40 km calculated as a
function of MSP influx. The red and blue lines indicate the estimated MSP influx on Venus?* and
the uncertainty range of MSP influx on Earth?>-2%, respectively. The orange and green lines indicate
the effective radius measured by the LCPS? and the range of effective radius measured by Venera
9, 10, and 11 probes*, respectively. The yellow-shaded area indicates the parameter range that

satisfies both the observed effective radii and the uncertainty range of MSP influx.

The resulting aerosol size distribution at 40 km closely resembles a lognormal distribution
(Fig. 3) and is, in all cases, qualitatively consistent with that inferred from measurements by the
Cloud Particle Size Spectrometer onboard the PV Large Probe (LCPS)? in all cases. We also
confirmed that particle source from below, such as volcanic ash, does not produce a lognormal
distribution by itself (Supplementary Information S1). Although the lower haze number density is
an estimated value, it serves as a reliable reference because cloud microphysics models using this
number density as a bottom boundary condition have consistently reproduced observed cloud
properties®®2°, The total haze number density agrees with the LCPS observations within a factor

of two in all MSP influx scenarios, with the mode radius increasing with influx.
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The final mode radius of the lower haze is governed by a multi-stage process that begins
in the upper atmosphere, as illustrated in Fig. 1b. First, incoming 1-nm MSPs are primarily
incorporated into pre-existing sulfuric acid aerosols in the upper haze layer. An increase in the
MSP influx does not create more particles but rather increases the mass of involatile material
within each mixed haze particle. As these mixed particles sediment and cross the cloud base,
sulfuric acid evaporates due to high temperature. This process releases the involatile MSP material,
and the residual cores are now larger than the initial 1-nm MSPs. Higher initial MSP influxes lead
to larger residual cores being released below the clouds. Finally, this population of enlarged, newly
released particles accumulate and coagulate, forming the lower haze. The ultimate particle size is
determined by a steady state balancing between the mass influx of these residual cores from above
and their removal by sedimentation. Consequently, a greater initial MSP influx results in larger
cores being released, which in turn coagulate into a lower haze with a larger mode radius.

We converted the modeled size distribution into the effective radius, defined as an area-
weighted mean radius!, to enable direct comparison with past probe measurements®* (Fig. 3b).

Observations of the lower haze particles report a range of effective radii. The nephelometer and

onboard Venera 9 reported particle radii between 0.08 and 0.16 um®*. For Venera 10, the

nephelometer recorded significantly higher backscatter, which was attributed to either an increased

particle abundance or a shift in the size distribution®. Venera 11 did not detect lower haze particles

with the nephelometer®, whereas the spectrophotometer data indicated their presence and reported

particle radii between 0.08 and 0.1 um (ref. 27). Collectively, measurements from the Venera 9, 10,

and 11 probes suggest a working range of 0.08 to 0.16 um. On the other hand, the Pioneer Venus
LCPS instrument reported a larger value of 0.21 pum (ref. ). This discrepancy may arise because
the PV LCPS value was not measured directly but was instead estimated from a limited number

of data points near the instrument’s detection limit. In fact, Knollenberg and Hunten® stated that

the particle population around ~0.1 um is “only first-order refinements with an admitted large

uncertainty.” Given the scarcity and uncertainties in these observations, we adopt a working range
for the lower haze effective radius of 0.08 to 0.21 um. The corresponding MSP influx required to
satisfy this condition ranges from approximately 3 to 300 tons day'. Since the MSP influx on
Venus remains highly uncertain, this influx range can be further constrained by referencing Earth’s
values as a strong benchmark for a realistic rate. The lower limit of ablation flux, estimated from

Earth’s sodium layer measurements, is around 5 tons day! (ref.?*26). while the upper limit flux

8



168  before ablation is approximately 60 tons day! (ref. 232%). This range also encompasses the typically
169  estimated Venus’ value of about 12 tons day! (ref.?}). The significant overlap suggests that the
170  observed characteristics of Venus’ lower haze can be explained by a realistic MSP influx common
171  to terrestrial planets.
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175  Fig.4 | The dependence of the cloud structure on MSP influx. a, Steady-state aerosol extinction
176  profiles at 1 um wavelength obtained from the microphysics simulations with MSP fluxes ranging
177  from 5 to 100 tons day'. All the curves are nearly indistinguishable, as their values are
178  approximately the same. The grey circles and error bars indicate observed aerosol extinction at ~1
179  pmderived from the Spectroscopy for Investigation of Characteristics of the Atmosphere of Venus
180  (SPICAV) data onboard VEx®. b, Steady-state aerosol mass loading profiles obtained from the
181  microphysics simulations with MSP influxes ranging from 5 to 100 tons day'. The grey line
182  indicates the mass loading measured by PV LCPS?. Note that an off-scale mass loading data point
183  from the LCPS data, approximately 90 mg m~ and peaking around 49 km, is not displayed in the

184  figure for readability.
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The MSP influx significantly impacts cloud formation in the main cloud deck (Fig. 4). The
lower haze particles, formed from MSPs, are transported upward by eddy diffusion, where they
act as efficient CCN for H>SO4-H>O droplets. This seeding process substantially increases the total
cloud mass loading, with a higher influx resulting in a greater cloud mass (Fig. 4b). The particle
size is an important factor. A higher influx produces larger haze particles which, due to the Kelvin
effect!, require less supersaturation to become cloud droplets. For instance, compared to the no-
MSP case, a 5 tons day ! MSP influx increases mass loading by 18%, while 100 tons day ! results
in a 28% increase. This enhancement brings simulations into closer agreement with the LCPS
observations® (Fig. 4b), highlighting the substantial impact of MSP-enhanced cloud formation.

In contrast, MSP influx has a negligible effect on the upper haze formation (Fig. 4a). Cloud
formation at these altitudes can be affected by two-component homogeneous nucleation of H>SOs-
H>0 and homogeneous nucleation of sulfur allotrope, rather than by heterogeneous nucleation on
MSPs. This small contribution of MSPs does not significantly alter the particle size distribution in
the upper haze, consistent with a prior modeling study®. Overall, the influence of MSP influx on
cloud structure is somewhat counterintuitive: it primarily affects the main cloud deck—far from
its initial source—rather than the upper haze at higher altitudes, which is closer to the source.

The shape of the lower haze particles may have an impact on their atmospheric abundance.

While the current model assumes a spherical geometry, the coagulation of solid particles may lead

to the formation of fractal aggregate structures. Compared to their spherical particles, aggregate

particles exhibit higher coagulation efficiencies and lower sedimentation velocities, due to their

morphology!. The combined result of these properties would be an enhanced mass loading, as

particles can grow larger while maintaining a reduced sedimentation velocity. Consequently. the

mass loading of the lower haze calculated in this study should be viewed as a lower limit for each

respective influx scenario.

Our results suggest that the lower haze particles can provide a source for the mysterious
UV-blue absorber on Venus®®. The MSPs introduce various involatile species into Venus’
atmosphere, including iron (Fe), magnesium (Mg), and silicon (Si). These species can then
accumulate as lower haze particles (Extended Data Table 1). This accumulation of iron provides
an explanation for the iron detected by both the VEGA and Venera probes®!. Furthermore, recent

reanalysis of the mass spectrometer onboard the PV Large Probe indicates that iron sulfate is

10
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present in the cloud droplets, likely explained by the inclusion of cosmic material®2. The present
study aligns with this observation. Iron compounds have long been proposed as candidates for the
unknown UV-blue absorber on Venus*. Specifically, proposed mechanisms include iron chloride

3436 or iron sulfates forming in H,SO4-H>O

forming from reactions with hydrogen chloride
droplets, which has been proposed by a recent study?’. If the haze particles existing between 40
and 57 km, which is prevented from condensation due to their high heterogeneous nucleation

38.39 and incorporated into H2SO4

barrier (Fig. 2a), are transported by cloud-penetrative convection
aerosols, the UV-blue absorption feature can form at the cloud top. This scenario aligns with the
previous observations, suggesting that the UV-blue absorber is hidden beneath the upper cloud
and transported convectively from the layer below***!. Thus, our work provides the crucial missing
link between observational and experimental studies of the UV absorber by identifying a viable
physical source of the iron.

Our findings show that MSPs are critical to Venus’ climate, operating through two primary
mechanisms. First, MSPs strengthen the planet’s greenhouse effect by enhancing the main cloud
deck and trapping outgoing thermal radiation'®!!. Given the atmosphere’s low stability between

50 and 60 km, even a slight change in the heating rate can readily destabilize the cloud layer!®.

The subsequent heating at the cloud base drives strong convection_in this altitude range, which

further contributes to cloud formation, consequently creating a positive feedback loop?°. Second,
the MSPs provide iron compounds, which can serve as a UV absorber in the Venusian

atmosphere’. In fact, half of the incident solar energy is deposited between 57 and 70 km and

causes strong heating, which stabilizes the atmosphere above 60 km!?. This heating excites thermal
tides and maintains the atmospheric super-rotation that effectively transports heat from the dayside
to the nightside*?. Collectively, these effects originating from MSPs potentially affect the radiative
budget of Venus’ atmosphere by influencing both outgoing thermal and incoming solar radiation,
and thus, its climate.

The upcoming missions will offer the opportunity to investigate the characteristics of the lower
haze layer in greater detail. In particular, the Venus Mass Spectrometer (VMS) on DAVINCI is
designed to detect compounds across a broad mass range, from 2 to 550 Da (ref.*}). The masses of
gaseous species that would sublimate from MSP-related compounds fall within this detectable
range, which would provide direct evidence of their composition and abundance. More specifically,
the potential for detecting iron as iron chloride is noteworthy, as its abundance in the gas phase is

11



247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277

predicted to reach up to 17 ppb due to sublimation from the solid phase®®. The detection of such
species by VMS will be crucial for confirming the origin of the lower haze layer and assessing its
potential as a UV-blue absorber.

To better constrain the MSP influx, we recommend targeted observations of metal layers—

such as sodium (Na), Mg. and Fe—in the Venus atmosphere. These layers could be characterized

by detecting the ultraviolet-visible emissions unique to these species2®. On Earth, the MSP influx

is typically estimated by comparing observed metal species distributions with those generated in

numerical simulations?3-*+2628  Adopting a similarly integrated approach will be essential for

narrowing the MSP influx range presented in Fig. 3b and for refining our understanding of the

resulting lower haze properties.

Finally, we discuss the implications of our findings for other planets. While the well-
studied upper hazes on solar system gas giants are composed of organic photochemistry products,
the microphysical processes below the main cloud decks are poorly understood, particularly
regarding the origin and composition of CCN*4, On these planets, involatile particles are likely not
effectively scavenged from the atmosphere because, similar to Venus, cloud particles eventually
evaporate completely below the cloud base*. Equilibrium cloud condensation models predict that
water cloud droplets form near the cloud base on Jupiter, Saturn, and Neptune, where atmospheric
temperatures exceed ~300 K (ref.**). At such high temperatures, water cannot efficiently nucleate
on its own and thus requires pre-existing CCN. Significant cosmic dust injection has been

estimated on gas giants*®47

. Drawing from our Venus simulations, the cosmic dust ablation would
lead to the formation of sub-micron particle layers below the cloud base. These sub-micron
particles deposited under the cloud deck would be transported upward again by vigorous
convection and contribute to water droplet formation®®. This mechanism should be particularly
important for Jupiter, which is estimated to receive an even greater flux of cosmic dust ablation

than Venus*’. Similarly to Venus, observing the metal layers of the outer planets would help

constrain the deposition rates of Na, Mg. and Fe within their atmospheres, as well as the resulting

haze abundances. Ideally, in-situ probe measurements—analogous to those performed by the

Pioneer Venus LCPS—would be pivotal for characterizing the lower haze particles beneath the

primary cloud decks of these giant planets.

On planets like Earth, where surface liquid water exists, rain constantly scavenges
involatile particles from the air!. However, as observed in our Solar System, planets with surface
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liquid water are truly unique; most planets possess dry atmospheres where liquid droplets
evaporate before reaching the surface*. In such worlds, the lower haze originating from cosmic
dust can accumulate in the hot lower atmosphere, enhancing cloud formation by acting as efficient
CCN, as illustrated in Fig. 1b. This would significantly impact the planet’s climate, as clouds
exhibit a strong radiative effect>®. Furthermore, iron compounds within the cloud particles can alter
their optical properties, including UV light absorption®’. These effects establish cosmic dust as an

essential component of planetary climates, a role that is also likely to be significant for exoplanets.
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Methods
Cloud microphysics model

We have developed a 1D Venus cloud microphysics model to simulate the vertical profiles
of cloud particles and condensational vapor species. The model used here is the Simulator of
Particle Evolution, Composition, and Kinetics (SPECK)’!. The model incorporates 45 size bins
spanning from 1 nm to 30 um, with the volume doubling from one bin to the next. The vertical
domain extends from 40 km to 100 km altitudes with a 1 km interval. A central feature of SPECK
is the implementation of a moving-center bin scheme to represent the particle size distributions®2.
This approach is designed to minimize numerical diffusion by treating particle growth in a
Lagrangian manner within the size space for each bin. Using this scheme, SPECK has been shown
to predict the size distribution with higher accuracy than existing models that calculate the particle
growth in a Eulerian manner. Furthermore, SPECK is a highly versatile model, capable of handling
multiple single-component, multicomponent and mixed particle size distributions, as well as their
interactions. This capability allows for the assessment of complex particle composition evolution
in the present study. These newly implemented schemes have been rigorously tested, validated
against analytical solutions, and demonstrated to reproduce the observed Venus’ cloud structure
as measured by the PV LCPS>!.

We consider 3 condensational species (H2SOs, H2O, and sulfur allotrope) and their
homogeneous nucleation. We used photochemical model results> to incorporate the production of
H>SO4 vapor at ~67 km, following recent cloud microphysics modeling®. Sulfur allotrope is
generated as a result of the SO, photolysis!>>*. We link its production rate to that of H>SO4 using
a stoichiometric ratio from previous work®®. Sulfur allotrope vapor consists of sulfur molecules
with 2—10 atoms>®. We assume the sulfur allotrope vapor is composed of Sg because Ss is the most
stable and abundant form of sulfur allotrope under the thermal equilibrium in the temperature
conditions of Venus’ clouds®. The homogeneous nucleation of H,SO4 and H>O is calculated based
on the two-component nucleation parameterization’, and Ss homogeneous nucleation is calculated
with classical homogeneous nucleation theory!. The saturation vapor pressure of Sg vapor and the
surface tension of condensed Ss, which is set to 72 mN m™!, are taken from the nucleation
experiment of sulfur allotrope>®.

MSPs are introduced as involatile particles composed of olivine (FeMgSiO4) with a 1-nm
radius?®>*%°, The cosmic dust ablation model predicts that the peak ablation altitude of MSPs is
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located at ~110 km?3, which is well above the model-top altitude of this study. Thus, we assume a
steady state MSP influx at the model-top altitude of 100 km, whose value is scaled by the cosmic
dust ablation rate. The cosmic dust ablation rate is not well constrained on Venus, while an ablation
model predicts it to be ~10 tons day ! (ref.?*). Based on this, we set the nominal cosmic dust
ablation flux to be 10 tons day! and conducted a parameter study ranging from 1 to 1000 tons
day~!. It should be noted that the chemical form of iron compounds within H>SO4 droplets in the
Venusian atmosphere is still a subject of ongoing discussion. Ablated metals are expected to
initially form metal carbonates due to the high CO» density; these could then react with HCI, which
is also abundant above the clouds. Therefore, the resulting smoke particles may form from the
coagulation of metal chloride molecules. After these particles dissolve in cloud droplets and
subsequently evaporate below the cloud deck, the residual particles are likely metal sulfates.
However, since these details do not affect the main conclusion of this paper—that cosmic dust
ablation is the source of the haze—our model assumes a simplified MSP composition of olivine.
The cloud particles are divided into three distributions: solid distribution, H2SO4-H>O
droplet distribution, and mixed distribution consisting of solid materials and H2SO4-H>O. The solid
particle distribution corresponds to CCN particle distribution used in previous studies®®*’. The
solid particles are composed of two kinds of materials: Sg and MSP. Because Sg has a low
saturation vapor pressure, it readily condenses onto MSP, resulting in two-component solid
particles. The homogenously nucleated Sg particles are introduced to the smallest size bin of the
solid distribution, and H>SO4-H>O particles to the HoSO4-H>O droplet distribution. In addition,
the MSPs are introduced as solid particles at an injection altitude of 100 km. The solid particles
are allowed to grow via condensation of Sg vapor and HoSO4 vapor. When Sg vapor condenses on
the solid particles, these particles remain in the solid size distribution. When H2SOs vapor
condenses on the solid particles, these solid particles are transferred to the mixed size distribution.
The rate of the conversion from solid particles to the mixed particles is calculated using
heterogeneous nucleation theory®-62. A contact parameter of unity (contact angle 6 is set to 0°)
between the solid particles and H2SO4 liquid is assumed, given the absence of experimental data
on the contact angle of Sg and MSPs against liquid H2SO4. We also assume that the mixed particles
do not grow via condensation of Sg vapor once the solid particle is coated with H2SO4-H>O liquid,
based on a previous study®. The mixed particles are also formed via coagulation between solid
particles and H>SO4-H2O droplets. The coagulation rate is calculated as a sum of Brownian
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diffusion and gravitational collection' for collisions of particles among solid, droplet, and mixed
particle distributions.

The background temperature and pressure are taken from the Venus International
Reference Atmosphere (VIRA)* (Extended Data Fig. 1a). The equatorial profiles are chosen for
comparison with past probe aerosol measurements since all of them landed in the equatorial region.
The Eddy diffusion profile is constructed based on a recent cloud microphysics model study?®,
which simultaneously reproduces Venus’ cloud structure and condensational vapor profiles from
40 to 100 km (Extended Data Fig. 1b).

The bottom boundary conditions for vapor species are set to constant volume mixing ratios
(VMRs) at 40 km: 4 ppm for H2SO4, 30 ppm for H>O, and 3.8 ppm for Ss. The VMRS of H2SO4
and H>O are taken from previous observations®"°, and the VMR of Sg is taken from the
thermochemical model of Venus’ lower atmosphere’!. The bottom boundary conditions for
particle species are zero mixing ratio gradient, so their outward flux is determined by the
sedimentation flux. The upper boundary is closed for all vapor and particle species at 100 km,
except for the incoming MSP particles. The simulation is run for 1.5 x 10! s (1500 Venus days),

which is long enough for the system to reach the steady state (Extended Data Fig. 2).

Sensitivity studies
We conducted three sensitivity studies to check the robustness of the conclusions of this

study, i.e., the lower haze particle formation driven by MSP influx.

(i) Simulation without Sg but including MSP influx

We performed a simulation study that included MSP influx while excluding gaseous and
solid Sg. The purpose of this parameter study is to see whether the lower haze formation occurs
without the influence of Sg particles. The assumed MSP influx is the nominal value (10 tons day~
1, and only H2SO4 and H>O are included as vapor species. Consequently, the particle formation is
mainly driven by the homogeneous nucleation of HoSO4-H>O liquid in the upper haze region. The
results confirm that the lower haze formation occurs without the influence of Sg (Extended Data
Fig. 3a and Extended Data Fig. 4a), reinforcing the robustness of the lower haze formation by the
MSP influx. However, this sensitivity study resulted in smaller cloud mass loading through all

altitudes (Extended Data Fig. 4b) due to the lack of S CCN formation. This significant deviation
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from the nominal case also affects the lower haze profile, making it narrower compared to the
nominal case. Therefore, it is shown that the lower haze forms regardless of the presence of Sg gas,

but the shape of the distribution is influenced by the interaction with the main cloud.

(ii) Simulation under Sg saturation

The VMR of Sg vapor in the lower atmosphere is not observationally constrained. The
lower haze particles can still be explained by Sg particles if they can exist below the cloud deck.
Such condition can be satisfied if Sg vapor is saturated. Thus, we conducted a parameter study with
saturated Ss VMR at the bottom boundary and without including the MSP influx. Our simulation
confirmed that the Sg particles grow to a radius larger than 10 pm if Sg vapor is saturated at the
bottom boundary (Extended Data Fig. 3b and Extended Data Fig. 4a). The simulated size is too
large to account for the observed lower haze particle size distribution. This indicates that the
abundant Sg vapor leads to increased condensation flux onto pre-existing particles. The enhanced
condensation flux makes Sg particles under the cloud bottom keep growing, instead of remaining
in the sub-micron haze size distribution. This effect increases the mass loading under the cloud

deck, which significantly deviates from the LCPS observation (Extended Data Fig. 4b).

(iii)  Sensitivity to contact parameter

Although the contact angle between solid sulfur and liquid H2SOs has not been
experimentally measured, qualitative evidence suggests that sulfur is not easily wetted’?. To test
the robustness of our findings against this uncertainty, we performed a series of parameter studies
using a wide range of contact angles (45°, 90°, 135°, and 180°). We found that the peak of the
particle size distribution is almost completely insensitive to the chosen contact angle (Extended
Data Fig. 5). While the total particle population remained similar across the simulations, the
breadth of the size distribution showed slight variations at the smaller end. This indicates that the
lower haze still forms with a consistent size distribution, regardless of the assumed wettability of

the solid sulfur particles.

Abundances of involatile species in the lower haze
The abundances of olivine, Fe, Mg, and Si at 40 km are shown in Extended Data Table 1,

within MSP influx range that reproduces the observed effective radius of the lower haze. The
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abundances of Fe, Mg, and Si are derived directly from that of olivine based on the stoichiometry

of FeMgSiOa.

Calculation of extinction coefficient

We used Mie scattering theory to calculate the extinction coefficient of the aerosols. The
refractive index of sulfuric acid was taken from Palmer & Williams’?, and the refractive index of
S8 is taken from Tian et al’*. As for the refractive index of MSP-derived materials, we use the
value of metal sulfate to represent metal species that dissolve in the sulfuric acid droplets. The
dominant components can be ferric sulfate or magnesium sulfate, whose refractive indices are
reported to be 1.56 and 1.552 (ref. 7°), respectively. Accordingly, we adopted 1.56 to represent the
refractive index of MSP-derived materials. For the mixed particles, we calculate the extinction
coefficient assuming a core-shell structure’® with sulfur allotrope core and sulfuric acid solution

with metal sulfate inclusion, since the sulfur allotrope is likely insoluble in sulfuric acid’.
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594  Extended Data Fig. 1 | Atmospheric profiles used in this study. a, temperature (black solid line)

595  and pressure (red dashed line) profiles used in this study, taken from VIRA equatorial profiles. b,
596  eddy diffusion profile used in this study.
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Extended Data Fig. 2 | Evolution of olivine fluxes at the bottom and top of the model. F;,,;
indicates the olivine sedimentation flux at the bottom of the model, and F,, indicates the nominal
olivine flux as directly injected as MSP particles at the top of the model. The solid line represents
the ratio of Fyo¢ to Fiop , and the dashed line highlights the unity value (Fyot/Fiop = 1) expected

at the steady state.
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Extended Data Fig. 3 | Size distribution in sensitivity study (i) and (ii). a, b, Steady-state 2D
size distributions of aerosols as a function of particle radius (um) and altitude (km) obtained from
the microphysics simulations (a) with MSP influx of 10 tons day ! but without Sg vapor, and (b)
with Sg vapor abundance fixed at saturation VMR at the bottom boundary but without MSP influx.
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Extended Data Fig. 4 | Lower haze size distribution and mass loading profiles in sensitivity

study (i) and (ii). (a) Steady-state size distributions of aerosols at 40 km as a function of particle

radius (um) obtained from microphysics simulations with the nominal settings (blue solid line),

MSP influx of 10 tons day ' but without Sg vapor (yellow dashed line), and with Sg vapor

abundance fixed at saturation VMR at the bottom boundary but without MSP influx (red dash-

dotted line). (b) Steady-state mass loading profiles as a function of altitude (km), obtained from

microphysics simulations with the nominal settings (blue solid line), MSP influx of 10 tons day !

but without Sg vapor (yellow dashed line), and with Sg vapor abundance fixed at saturation VMR

at the bottom boundary but without MSP influx (red dash-dotted line). The LCPS results are also

plotted for comparison in both panels.
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633  Extended Data Table 1 | The mass density of involatile species deposited as the lower haze

634  particles at 40 km.

Olivine (mg m~>) Fe (mg m™) Mg (mg m™) Si (mg m™)
5 tons day™! 1.1 x10* 3.0x 107 1.3 %107 1.5 %107
10 tons day! 1.7 x 107 4.6 x 107 2.0x 107 23 %107
20 tons day! 2.6 x 10 7.2 %107 3.1 %107 3.6 x 107
50 tons day™! 4.6 x 10+ 1.3x10* 5.5x107 6.4 x 107
100 tons day! 7.2 %10 2.0x 10 8.5x 107 9.8 x 107
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Data availability
The dataset that supports the findings of this study are available at
https://doi.org/10.5281/zenodo.17456674.

Code availability
The code of SPECK is fully described by Karyu et al’' and archived at
https://doi.org/10.5281/zenodo.14600375.
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