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ATMOSPHERIC SCIENCE

Ice nucleation by volcanic ash greatly alters cirrus

cloud properties

LinLin't, Xiaohong Liu'*, Xi Zhao'*, Yunpeng Shan?, Ziming Ke3, Kai Lyu‘, Kenneth P. Bowman'

The formation of ice crystals in the atmosphere strongly affects cloud properties and climate. While volcanic ash
(VA) has been shown to nucleate ice crystals efficiently in laboratory settings, its importance for ice formation in
the atmosphere remains elusive. Here, we show evidence of cirrus modification by volcanic eruptions through ice
nucleation on VA, revealed by abrupt changes in cirrus properties following volcanic eruptions based on satellite
measurements. The distinct changes captured are a phenomenal decrease in number, an increase in size of ice
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crystals in cirrus clouds, and an increase in cirrus occurrences after ash-rich volcanic eruptions. Conversely, no such
changes were detected following the ash-poor eruption. We propose a cirrus formation mechanism where VA nu-
cleates ice heterogeneously, suppressing homogeneous freezing and resulting in fewer but larger ice crystals. This
suppression of homogeneous freezing by VA is supported by process-level cloud microphysical simulations. Our
findings advance the understanding of aerosol-ice cloud interactions and illuminate cirrus geoengineering.

INTRODUCTION
The interaction between aerosols and clouds remains one of the larg-
est sources of uncertainty in understanding Earth’s climate and pro-
jecting its future changes. Cirrus clouds (1), the high-altitude clouds
composed entirely of ice crystals and ubiquitous in the upper tropo-
sphere and lower stratosphere, tend to exert a net warming effect on
the planet (2). Ice nucleating particles (INPs), rare yet crucial aero-
sols, play a critical role in initiating the formation of ice crystals and
thus can influence the radiative effect of cirrus clouds by changing
their microphysical properties (3). Early studies have suggested that
volcanoes are an important source of atmospheric INPs (4, 5). These
INPs, which consist of a mixture of rock, mineral, and glass particles
< 2 mm in diameter, are primarily volcanic ash (VA). Recent labora-
tory studies have confirmed that VA particles collected from various
volcanoes worldwide can nucleate ice across a wide range of atmo-
spheric conditions (6-9), including a cirrus cloud formation pathway
through deposition-mode ice nucleation (10, 11). Therefore, VA par-
ticles may affect cirrus cloud properties and modulate the Earth-
atmosphere energy balance. For instance, ground-based and satellite
atmospheric observations suggested that the Kasatochi eruption likely
led to cirrus cloud seeding in the upper troposphere by mixing in the
VA and large sulfate-based solution droplets from the lower strato-
sphere via a tropopause fold (12). Although it has been discussed in
the community that volcanic eruptions could lead to cirrus modifica-
tion, hard evidence is difficult to find. Observational evidence of the
indirect climate impacts of VA (13, 14) is scarce due to the complex-
ity of atmospheric processes and a general lack of large-scale aerosol
and cloud measurements, limiting our understanding of the radia-
tively important clouds and their feedback to climate change.

Ice crystals in cirrus can form through two competing nucleation
mechanisms—homogeneous and heterogeneous ice nucleation—with
the dominant mechanism largely determining cirrus microphysics
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properties, such as ice crystal number concentration and size (15-17).
Homogeneous nucleation takes place on abundant solution aerosols at
temperatures below —38°C and relative humidities with respect to ice
(RHj,) above 140 to 160%. This process leads to the formation of dense
clouds composed of small ice crystals characterized by high number
concentrations of ~100 to 10,000 liter™' at updraft velocities in the
range of 10 to 100 cm s~ (18). INPs (e.g., VA and mineral dust), which
make up only 1 in 10° to 10° ambient aerosol particles, have surface
properties that lower the energy barrier for ice nucleation so that they
facilitate ice nucleation heterogeneously at lower RH; than required
for homogeneous nucleation. Consequently, INP-initiated cirrus usu-
ally contains fewer ice crystals, with number concentrations of ~1 to
100 liter ™%, due to the rarity of INPs (19). The presence of INPs can
delay or entirely suppress the homogeneous nucleation because hetero-
geneous nucleation precedes and preferentially consumes water vapor
to the extent that the high RH;, required for the onset of homogeneous
freezing is not reached (15-22); while the actual impact of heteroge-
neous nucleation depends on updraft velocity, the number and type of
INPs. This homogeneous-heterogeneous competition leads to an over-
all reduction in ice crystal number—a phenomenon termed as the
“negative-Twomey effect” (22), as opposed to the conventional Twomey
effect (23) which describes an increase of cloud droplet number con-
centrations with increasing aerosol abundances in warm clouds.

On the basis of the dissimilar behaviors of cirrus of different ori-
gins, we contrast the microphysical properties of cirrus clouds with
and without VA perturbations in the lowermost stratosphere (LMS)
at midlatitudes. This comparison helps to infer the likelihood of VAs
negative-Twomey effect on cirrus. The choice of midlatitude LMS as
a natural testbed (Materials and Methods) lies in the increasing sus-
ceptibility of in situ optically thin cirrus clouds to VA perturbations.
Under unperturbed conditions without aerosols from volcanic erup-
tions and wildfires, the LMS is presumed to be a pristine environ-
ment with abundant sulfate aerosols (24-28). This suggests that the
predominant nucleation mechanism is homogeneous nucleation on
sulfate aerosols (section S1) driven by the frequently observed up-
draft speeds of ~10 to 20 cm s~ in mesoscale gravity waves (29-32).
VA from explosive volcanic eruptions present in the LMS could shift
the dominant nucleation mechanism to heterogeneous nucleation.
Previous studies (16, 18, 32) show that heterogeneous nucleation
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begins to inhibit homogeneous nucleation at low concentrations of
INPs (<10 liter 1). We thus hypothesize that even a moderate amount
of VA with potent ice nucleating ability would suffice to restrain the
homogeneous freezing and produce transformed cirrus clouds char-
acterized by fewer ice crystals. These drastic shifts in cirrus proper-
ties can reveal VA-cirrus causality if meteorological covariability is
excluded. We test our hypothesis by using recent explosive volcanic
eruptions at midlatitudes, which injected VA and gases into the LMS
(Materials and Methods).

Recent advancements in aerosol extinction, aerosol subtyping
(33-36), and cirrus ice retrievals (37) using spaceborne radar-lidar
with vertical profiling capabilities enable the impacts of VA on cirrus
properties to be explicitly studied on a large spatiotemporal scale. In
this work, by integrating these new satellite capabilities, we examine
changes in cirrus microphysical properties following three extra-
tropical volcanic eruptions. Our results show substantially fewer but
larger ice crystals in post-eruption midlatitude cirrus clouds during
periods of frequent VA occurrences, indicative of VAs negative-
Twomey effect on cirrus. This suppression of homogeneous nucle-
ation by VA is further corroborated by detailed cloud microphysical
simulations of ice nucleation. This study reveals an important role of
VA as INPs in the atmosphere and serves a better understanding of
impacts of volcanic eruptions on cirrus cloud characteristics with
broader climate implications.

RESULTS
Distinguishing ash-rich and ash-poor eruptions based on
aerosol characteristics

The three volcanic eruptions studied are the 2008 Kasatochi, 2009
Sarychev, and 2015 Calbuco (Materials and Methods and table S1).
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At their respective hemispheric midlatitudes in the LMS, each erup-
tion radically elevated the aerosol extinction, a proxy for aerosol
loading, for several months (Fig. 1 and fig. S1). Therefore, months of
aerosol enhancement during and after each eruption are identified as
volcanically perturbed periods: August to December 2008 for Kasatochi,
June to December 2009 for Sarychev, and April to December
2015 for Calbuco. For comparison, we define unperturbed periods
as mid-2012 to 2016 in the Northern Hemisphere (Fig. 1A) and
2007 to 2014 in the Southern Hemisphere (Fig. 1B), during which
aerosol extinction levels were reduced.

We use the CALIPSO (Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observation) vertical feature classification flags (Ma-
terials and Methods) to identify aerosol types. Figure 2 shows the
comparison of occurrence frequencies of VA and sulfate aerosol be-
tween the volcanically perturbed and unperturbed periods. Because
of the direct injection of VA, more frequent VA occurrences are ob-
served immediately after the eruptions of Kasatochi and Sarychev
(at month 0) compared to the unperturbed periods (Fig. 2A). The
frequent VA occurrences are supported by remote-sensing and in
situ measurements, which show that fine ash particles can remain
in the LMS for months to a year after a major eruption (38-42).
In contrast, the occurrence of VA after the 2015 Calbuco eruption is
comparable to the unperturbed level. We hypothesize that these fre-
quent VA occurrences indicate the presence of more VA particles.
We categorize the Kasatochi and Sarychev eruptions as ash rich and
Calbuco eruption as ash poor.

In the ash-rich scenario, the occurrence frequency of sulfate aero-
sol evolves in phase with that of VA (Fig. 2B). Zhu et al. (43) demon-
strated that the presence of VA effectively induces the production of
sulfate through heterogeneous reactions on VA surfaces and mean-
while reduces the overall burden and lifetime of sulfur species due to
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Fig. 1. Stratospheric aerosol perturbations. Retrieved 532-nm aerosol extinction coefficient (km™") from the CALIPSO L3 stratospheric aerosol profile product over
(A) Northern Hemisphere midlatitudes (zonal average over 40°N to 60°N) and (B) Southern Hemisphere midlatitudes (zonal average over 40°S to 60°S). Blank areas indi-
cate periods when cloud or aerosol data are missing (January 2011-April 2012; February 2016). Volcanically perturbed periods: August-December 2008, June-December
2009, and April-December 2015. Unperturbed periods: Mid-2012 to 2016 in the Northern Hemisphere and 2007 to 2014 in the Southern Hemisphere.
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Fig. 2. High occurrence frequency of VA detections during and after the Kasatochi and Sarychev eruptions. Temporal evolution of frequency of occurrence of

B
100 A
80 A
S
V)
v
C
[
t 60_
=}
v
1%
o
©
(%]
o
9]
@ 401
V)
s}
©
=
=}
%]
20 A
.O
0 ‘ l.---‘----I--:l‘---tl----

-1 0 1 2 3 4 5
Month since eruption

(A) VA and (B) sulfate aerosol in the lower stratosphere relative to the month when the 2008 Kasatochi, 2009 Sarychev, and 2015 Calbuco volcanoes erupted (i.e,, month
0is August, July, and April, respectively), as compared to the respective unperturbed periods (i.e., July to December 2008 versus 2012-2016; May to December 2009 versus
2012-2016; March to December 2015 versus 2007-2014, respectively). Vertical feature classification data over the latitudinal zonal bands of 50°N to 60°N, 40°N to 60°N,
and 40°S to 60°S are analyzed for eruptions of Kasatochi, Sarychev, and Calbuco, respectively. The Kasatochi volcano erupted on 7 to 8 August 2008. The Sarychev volcano

erupted on 12 June 2009. The Calbuco volcano erupted on 22 April 2015.

uptake on falling VA. Signatures of in-phase versus out-of-phase of
sulfate occurrences further confirm the presence of VA in the ash-rich
scenario and its absence in the ash-poor scenario. In addition, a lack
of hydroxyl radicals during the austral winter delayed the production
of sulfate aerosols after the Calbuco eruption in late April 2015.

Abrupt changes in cirrus microphysics following
ash-rich eruptions
To investigate the impacts of VA on cirrus, we contrast the number
concentration (Nj) and effective radius (r.g) of ice crystals in LMS
cirrus clouds between the volcanically perturbed and unperturbed
periods for each volcanic event. This comparison is conducted over
the same geographical domain and time frame as used in the aerosol
subtype analysis, ensuring consistency in our aerosol and cloud anal-
yses. By examining changes in Nj and r.s, we aim to elucidate the
mechanism through which VA influences cirrus cloud microphysics.
Compared to values observed during the unperturbed periods,
both the mean and median N; exhibit a marked decrease by ~80%
within 1 to 2 months following the ash-rich eruptions of Kasatochi
and Sarychev (Fig. 3, A and B). This decrease in N;, which persists
for several months, is statistically significant in which the changes
fall below the 25th percentile range of long-term statistics. After
reaching a local minimum, N; gradually returns to unperturbed lev-
els. In addition, we observe a clear shift in the Nj probability distri-
bution function (PDF) toward smaller values during the perturbed
periods (Fig. 3, D and E). A full analysis of the month-to-month N;
PDF shows a deviation from climatology as soon as an eruption occurs
(figs. S2 and S3). Meanwhile, the r.g PDF shifts toward larger values,
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with a ~12% increase in peak values from 17 to 19 pm in the after-
math of the ash-rich eruptions (Fig. 3, G and H). Similarly, a full
analysis of the month-to-month r.g PDF (figs. S5 and S6) shows a
deviation from climatology immediately after an eruption occurs.

Ice water contents (IWCs), a parameter not directly subject to the
perturbation of ice nucleation like Nj, also show a simultaneous de-
crease (figs. S8 and S9, A and C), possibly because of enhanced grav-
itational settling from increased ice crystal sizes. In addition, we note
that the observed changes in cirrus ice microphysics are consistent,
albeit, to a lesser extent, when extending our analysis to the upper
troposphere (figs. S8 to S10). A detailed discussion of the observed
changes in cirrus cloud microphysics is provided in section S2.

The magnitude and timing of the observed decreases in Nj cannot
be explained by seasonal variability or meteorological covariability
(i.e., temperature, humidity, and vertical velocity; see figs. S11 to S20
and Materials and Methods). For this study which covers large-scale
geographical areas with volcanic perturbations lasting for months,
we confirm that cloudy scenes containing fewer ice crystal tend to
occur more frequently at cirrus-relevant temperatures when binned
into smaller ranges (fig. S21 and section S3). The decrease in N;j is
independent of temperature.

Furthermore, temporal evolutions of N; and stratospheric aerosol
extinction show remarkably good inverse relations for ash-rich
eruptions (fig. S22). The association between N; and aerosol extinc-
tion trends can be further examined by ignoring the time dimension
and analyzing N; change as a function of the aerosol extinction
change. This reveals a strong correlation (with correlation coefficient
of 0.68 to 0.85) between Nj; decrease and aerosol enhancement for
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Fig. 3. Abrupt changes in cirrus ice crystal number concentration and effective radius are observed after ash-rich eruptions. The temporal evolution of the month-
ly mean (solid line) and median (dotted line) ice crystal number concentration (N;) during volcanically perturbed periods (pink line) is shown relative to the month of
eruption of the (A) 2008 Kasatochi, (B) 2009 Sarychev, and (C) 2015 Calbuco volcanoes (i.e., month 0 is August, July, and April, respectively), compared to the respective
unperturbed periods (black line). Shaded areas denote the 25th and 75th percentiles. PDFs for N; (D to F) and effective radius reg (G to I) are presented for the volcanically
perturbed versus unperturbed periods. Observations over 50°N to 60°N in 2008 versus 2012-2016 for Kasatochi [(A), (D), and (G)]; 40°N to 60°N in 2009 versus 2012-2016
for Sarychev [(B), (E), and (H)]; 40°S to 60°S in 2015 versus 2007-2014 for Calbuco [(C), (F), and (I)]. The Kasatochi volcano erupted on 7 to 8 August 2008, the Sarychev
volcano erupted on 12 June 2009, and the Calbuco volcano erupted on 22 April 2015. See tables S2 to S4 for details of observational data.

ash-rich eruptions (fig. $23), indicating a perturbation of cirrus mi-
crophysical properties by volcanic aerosols. The sign of observed N;
variations contradicts the general expectation that N would increase
due to homogeneous freezing of elevated sulfate aerosol loads (44)
after a major eruption. Instead, concurrent and opposing changes in
N; and reg after ash-rich eruptions suggest a transition from cirrus
formation dominated by homogeneous to heterogeneous nucle-
ation, consistent with the hypothesis of a negative-Twomey effect
exerted by VA. A similar negative-Twomey effect is documented for
mineral dust and anthropogenic aerosol (45), corroborating the ice
nucleating activities of VA. Moreover, cirrus clouds sampled during
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ash-rich periods tend to occur more frequently (fig. S24). VA pro-
motes ice formation at lower RH, than is possible with only homo-
geneous nucleation, thus cirrus forms favorably when VA is present.
VA perturbations increase the occurrence frequency of cirrus clouds.
Multiple lines of evidence suggest that VA particles in the LMS serve
as efficient INPs, initiating heterogeneous ice nucleation and sup-
pressing homogeneous nucleation from producing abundant ice
crystals, although homogeneous nucleation may not be completely
switched off depending on the cloud updraft conditions.

In stark contrast, we observe no similar changes in Nj, 7., and
IWGC, nor an inverse correlation between N; and aerosol extinction
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trends following the ash-poor 2015 Calbuco eruption [Fig. 3 (C, E,
and I) and figs. S4, S7, S8, S10 (E and F), S22C, and S23C]. Intui-
tively, we would expect a greater influence on cirrus cloud proper-
ties with VA addition in the Southern Hemisphere, given its more
pristine background with minimal INP influence, as opposed to the
Northern Hemisphere with ample sources of mineral dust and bus-
ier aviation traffic (46, 47). However, we observe only a marginal
increase in Nj (~26% on average), nearly unchanged r.g (Fig. 3) and
no obvious correlations between N; and aerosol extinction trends
(figs. S22C and S23C). Microphysical studies of stratospheric sulfate
geoengineering (44) show that continuous SO, injection into the
stratosphere leads to more abundant ice crystals. From this, it is in-
ferred that sulfate aerosols produced from eruptions may analogously
lead to the formation of more ice crystals, although the susceptibility
of homogeneously nucleated N; to the number concentration of solu-
tion droplets is relatively weak (48-50). The contrasting behavior of
cirrus clouds in response to an ash-poor eruption lends credence to
the hypothesis of a negative-Twomey effect on cirrus caused by VA,
whereby the presence of VA suppresses homogeneous nucleation,
leading to fewer but larger ice crystals.

Microphysical simulations on homogeneous freezing
suppression by ashes

We use a detailed microphysical ice nucleation model (Materials and
Methods) to investigate how midlatitude LMS cirrus clouds respond to
varying levels of sulfate and VA abundance. Our model represents the
competing processes of homogeneous and heterogeneous ice nucle-
ation, enabling simulations of ice formation under both ash-poor and
ash-rich conditions. By varying the concentrations of sulfate aerosols
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and VA particles, our simulations provide insights into how different
nucleation mechanisms influence cirrus cloud microphysics, especially
Ni. This modeling approach allows us to assess the impacts of VA on
cirrus cloud properties under different meteorological and aerosol con-
ditions, particularly the negative-Twomey effect, and to distinguish the
aerosol effect between the ash-rich versus ash-poor volcanic eruptions.
Our simulations show that under the ash-poor condition, even
substantial additions of sulfate aerosols of volcanic origin to the
background LMS result in only minor increases in N; (Fig. 4A) (48-
50), confirming that sulfate aerosols alone have limited impact on
Ni. This outcome aligns with the observed Nj; changes following the
2015 Calbuco eruption, where the primary nucleation mechanism
was assumed to be homogeneous freezing of sulfate. This supports
the conclusion that a lack of VA causes no outstanding changes in
cirrus properties, as observed in the ash-poor scenario.
Heterogeneous nucleation of VA expedites the onset of ice for-
mation and precedes homogeneous nucleation. Under typical verti-
cal velocities of 10 to 20 cm s~ in the LMS (with results shown for
15 cm s™), homogeneous nucleation remains the dominant mecha-
nism for producing the total N; when VA concentrations are <1 liter™!
competing for water vapor, resembling conditions in the ash-poor
scenario (as depicted in the leftmost portion of Fig. 4B compared to
Fig. 4A). However, as VA concentrations increase to approximately
10 liter '\, N; plummets (Fig. 4B). The overall reduction in N; is at-
tributed to heterogeneous nucleation now suppressing homogeneous
nucleation and becoming the primary process for ice crystal forma-
tion although limited by VA scarcity. Earlier microphysical simula-
tions (51) also found a notable reduction of ice numbers when ice
nucleated heterogeneously on volcanic silicate particles. The range of
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Fig. 4. Simulated ice crystal number concentration for ash-poor and ash-rich scenarios. (A) Homogeneous nucleation-induced N; is shown as a function of sulfate
aerosol abundance over LMS cirrus-relevant temperature ranges. (B) Homogeneous and heterogeneous nucleation compete as a function of VA particle abundance.
Bottom displays typical ranges of sulfate aerosol abundance in the LMS [Deshler (27); Yu et al. (47)] and VA particle abundance in the LMS and the upper troposphere
[Steinke et al. (10); Seifert et al. (13); Rolf et al. (14)] derived from laboratory, remote-sensing, and modeling studies. The VA particle abundances inferred from the minimum
N; in Fig. 3A correspond to Kasatochi, while those from Fig. 3B correspond to Sarychev. Typical ranges of tropospheric INPs are also included. Ranges of VA particle and
tropospheric INPs abundances fall within the INP-limited regime. NH, Northern Hemisphere; SH, Southern Hemisphere.
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VA abundance where the negative-Twomey effect is triggered is termed
as the INP-limited regime.

Furthermore, after reaching a local minimum, N; would increase
again if VA concentrations continued to rise until a critical thresh-
old VA concentration where heterogeneously induced N; equals to
that from homogeneous nucleation. Surpassing this threshold results
in the overseeding regime. VA has been documented to act as INPs
overseeding cirrus clouds (14, 52), leading to larger Nj and smaller
reg relative to the dynamically similar unperturbed clouds. However,
this overseeded cirrus, captured by lidar at a point near emission
sources, may only occur briefly with momentarily high concentra-
tions of VA. Over a large spatiotemporal scale, as in this study, it is
reasonable to expect low VA concentrations in the LMS due to dis-
persion and dilution after injection.

Hypothetically, if the observed N; minimum in the ash-rich sce-
nario (Fig. 3, A and B) is indeed caused by heterogeneous nucleation
of VA, then the inferred VA concentration from that N; minimum is
about 13 to 20 liter™". This VA concentration aligns well with the low-
est Nj values in the INP-limited regime (Fig. 4B). VA INPs with freez-
ing thresholds slightly above ice saturation are capable of introducing
strong changes of cloud properties, even at low concentrations. Opti-
cally thin and subvisible cirrus that often occur in the LMS are found
to be particularly susceptible to INP perturbations (18). Under the
typical thermodynamic and dynamic conditions of the LMS assumed
in the model, the VA concentration that starts to suppress homoge-
neous nucleation is comparable to that of other INPs on the order of
10 liter™". This is consistent with concentrations typical of northern
midlatitude background conditions (<10 to 30 liter 1), which can
greatly modify cirrus properties. The exact value, however, depends on
factors such as cloud formation temperature, updraft velocity, and
freezing relative humidity.

According to the ice nucleation theory, after disentangling the
influence of meteorological factors, there is no other route except
heterogeneous nucleation on VA to account for the counterintuitive
phenomenon where an increase in aerosol loads coincides with a de-
crease in N;. By isolating the effects of VA from other variables, we
demonstrate that VA particles effectively suppress the homogeneous
nucleation, leading to fewer ice crystals—a phenomenon known as
the negative-Twomey effect. Our carefully designed natural experi-
ment provides potential evidence of the ash-cirrus causality. This
finding highlights the unique role of VA in altering cirrus cloud mi-
crophysics through heterogeneous ice nucleation.

DISCUSSION

Volcanic sulfate is known to exert an important influence on climate
through both direct and indirect radiative forcing mechanisms (53-
55). However, the role of VA in cirrus cloud formation remains less
understood. The three recent volcanic eruptions present a unique
opportunity to investigate hemispheric-scale ash-cirrus cloud inter-
actions. Synergistic satellite retrievals and microphysics simulations
support the hypothesis that the inverse relationship between in-
creases in VA aerosols and abrupt decreases (increases) in Nj (.g) is
caused by heterogeneous ice nucleation on VA, schematically shown
in Fig. 5. Lower stratospheric water vapor enhancement following
the three eruptions is found to last for a few days downwind of the
injection locations (56). As a result, water vapor increases in the vol-
canic plume have a minimal effect on the total water vapor available
for cirrus formation and crystal growth.

Linetal., Sci. Adv. 11, eads0572 (2025) 9 May 2025

The recurrent injection of substantial amounts of VA particles
into cirrus-forming regions, where they can persist for extended pe-
riods, underscores VA as an important source of ice-cloud INPs.
The ice nucleating activities of VA, which complement those of other
well-defined INPs like mineral dust, contribute to additional cloud
radiative effects. This highlights the importance of considering VA
in climate models to better understand and predict the climatic im-
pacts of volcanic eruptions.

To date, studies of the impact of volcanic aerosol on cirrus clouds
have primarily used climate models that exclusively incorporate sul-
fate aerosols (57, 58). The omission of VA and its ice nucleation ac-
tivity limits our ability to explore other potential ice nucleation
pathways and their competing effects on the formation, lifetime,
and radiative properties of cirrus clouds. Nowadays, a growing body
of research has begun to incorporate VA into models, highlighting its
critical role in improving simulations of stratospheric chemistry and
dynamics (43, 59). It is imperative to include VA into climate models
and link it to cloud microphysical processes for advancing our un-
derstanding of their impact on cirrus cloud microphysics and Earth’s
energy budget. Nevertheless, major challenges exist. Accurate mod-
eling of VA’ indirect climate effect requires information on emission
quantity, injection height, and aerosol microphysical properties and
processes, such as density and size distribution, dry and wet deposi-
tion, mixing of VA with sulfate, and parameterizations of VA’ ice
nucleating ability and nucleation mode. In addition, the subgrid scale
updraft velocity induced by mesoscale gravity wave dynamics is a key
parameter for determining the underlying nucleation mechanism
and quantifying ice crystal numbers (60). Unfortunately, such de-
tailed information is now lacking due to insufficient observations for
specific volcanic eruptions and for each cirrus instance. To narrow
the knowledge gap, close collaborations between atmospheric scien-
tists and volcanologists are crucial. Such coordinated efforts can en-
hance our ability to gather the necessary observational data and to
refine the current models, ultimately leading to a better understand-
ing of how VA affects cirrus cloud properties and climate effects.

Moreover, our findings hold important scientific implications,
particularly in the realm of cirrus cloud thinning (CCT) geoengi-
neering (61, 62). CCT involves intentionally inducing the negative-
Twomey effect to mitigate the warming potential associated with
cirrus clouds as explained by decreases in cloud albedo and emissiv-
ity due to increased effective radii and decreased ice number concen-
tration and IWCs and increase in terrestrial radiation emitted to
space. Despite its theoretical potential to combat global warming,
CCT poses large uncertainties and risks. The National Academies of
Sciences, Engineering, and Medicine (NASEM) have stressed the ur-
gent need to advance our understanding of the feasibility, potential
risks, and benefits of various solar climate intervention approaches
(NASEM, 2021). Among these proposed strategies—such as strato-
spheric aerosol injection and marine cloud brightening—CCT re-
mains the least studied. Our study contributes to this discourse by
demonstrating the transformative impact of ash-rich eruptions on
natural cirrus clouds, providing practical insight into this climate in-
tervention technique that now lacks rigorous constraints. Further-
more, our observational analyses provide valuable constraints for
validating and improving the representations of ice microphysics
within climate models, which is critical for accurately predicting the
radiative responses associated with such interventions.

Because of the remoteness of these three volcanoes, few in situ
airborne and ground-based remote-sensing measurements were made.
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How volcanic ash particles change cirrus cloud microphysics characteristics

Heterogeneous freezing initiated on volcanic ash particles takes place at lower supersaturation of water vapor with respect to
ice (S,.) before homogeneous nucleation onset and suppresses homogeneous nucleation by depleting water vapor
preferentially, producing fewer but larger ice crystals, in contrast to clouds otherwise unperturbed having numerous small ice.
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Fig. 5. Schematic illustrating how volcanic ash particles affect cirrus cloud microphysics. CREDIT: lllustration by L.L.

As a result, the satellite retrieval uncertainties of ice crystal number
and radii are not quantified. Although associated with uncertainties,
satellite remote-sensing fills in the gap to provide a large spatiotem-
poral coverage and long-term measurements of aerosols and clouds,
which cannot be accomplished by balloon-borne and/or airborne in
situ detailed measurements. Nevertheless, systematic errors of satel-
lite retrievals are largely cancelled when taking differences between
the volcanically perturbed and unperturbed periods. Random errors
are also greatly suppressed by averaging over a geographical region
of thousands of kilometers. Recognizing the limitations of satellite
remote-sensing and associated data products based on which the
analyses are conducted in this study, we emphasize that the trends in
changes of ice cloud microphysical properties observed during the
volcanic perturbed periods compared to the climatological mean
are more robust than the absolute magnitudes. Multiple indepen-
dent lines of evidence as well as VA abundance case contrast still
enhance the credibility of the observed changes induced by volcanic
aerosols. During future eruptions, in situ observations of aerosol and
cloud properties as well as thermodynamic and dynamic conditions
(e.g., temperature, humidity, and updraft velocity) obtained from ded-
icated field campaigns equipped with a unique payload aboard air-
craftand balloons, in conjunction with ground-based and space-borne
remote-sensing measurements are essential. By integrating these ob-
servational platforms with modeling studies for a targeted eruption,
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future research can better characterize the role of VA in cloud mi-
crophysics and improve our understanding of its impact on cirrus
cloud formation and climate. This comprehensive approach will im-
prove the accuracy of climate models to inform strategies for climate
intervention and mitigation.

MATERIALS AND METHODS

CALIPSO L3 stratospheric aerosol profile

The level 3 stratospheric aerosol profile data product version 1.00,
derived from optical measurements acquired by the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) instrument onboard
the CALIPSO satellite, provides altitude-resolved stratospheric aero-
sol optical properties globally since 2006. This data product was
made possible by raising the standard calibration altitude of CALIOP
from the previously fixed 30 to 34 to 36 to 39 km, which addresses
the aerosol contamination issue and enables proper retrievals of
stratospheric aerosol backscatter and extinction in regions previ-
ously (but incorrectly) assumed to be aerosol free. This data product
reports monthly mean profiles of total attenuated backscatter, par-
ticulate backscatter, aerosol extinction, and attenuated scattering ra-
tios at 532 nm on a uniform horizontal grid with 5° latitude by 20°
longitude spacing and a vertical resolution of 900 m at altitudes be-
tween 8.2 and 36.2 km. Given the low signal-to-noise ratio (SNR) in
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the stratospheric retrievals, substantial spatiotemporal averaging of
the measurements is required to reasonably depict the stratospheric
aerosol distribution. Only nighttime data are used in the current ver-
sion of data product for better SNR. Features associated with cirrus
clouds and polar stratospheric clouds above the tropopause are read-
ily removed, and only stratospheric aerosol layers are retained. The
extinction coefficients in the “all-aerosol” mode are derived from the
retrieved particulate backscatter profiles using a constant lidar ratio
of 50 st

This data product informs us of the major stratospheric pertur-
bations over the globe resulting from strong volcanic eruptions and
extreme smoke events in years of 2006-2017 (Fig. 1) and guides to
select volcanic eruption events for this study.

CloudSat-CALIPSO L2 DARDAR-Nice

The DARDAR-Nice (liDAR-raDAR-number concentration of ICE
particles) orbital product offers altitude-resolved estimates of ice crys-
tal number concentration (Nj) from joint spaceborne cloud radar
[Cloud Profiling Radar (CPR) onboard CloudSat] and lidar (CALIOP/
CALIPSO) measurements, which are used to constrain moments of
parameterized particle size distributions. Once constrained, these par-
ticle size distributions are integrated from three minimum size thresh-
olds to provide Nj corresponding to ice crystals with d > 5,25, and 100 um.
A thorough evaluation against theoretical considerations and multitudes
of in situ measurements suggests that the most reliable DARDAR-
Nice retrievals are found at temperatures below —30°C, as the retrievals
are more accurate due to the dominance of unimodal ice crystal size
distribution and reduced ambiguity in the cloud phase. Thus, the best-
estimated DARDAR-Nice data support the intention of this study. Re-
trievals of Nj are provided along the CloudSat footprint (1.7 km) with
a vertical resolution of 60 m. This data product is limited to clouds
with IWC >107* kg m ™. Data are available 80°S to 80°N from 2006 to
2016 except 2011 and early 2012 when CloudSat suffered a battery
failure. Extending this analysis beyond 2016 is not feasible due to in-
strumental issues and/or CloudSat-CALIPSO dislocation.

Retrievals of N now provide a key quantity for studying ice nu-
cleation processes and aerosol-cloud interactions. In this work, a
subset of the level 2 DARDAR-Nice data for stratospheric cirrus
clouds spanning years 2007-2016 (with 2011 excluded) is used for
analysis. Thus, clouds included in this study fulfill the criteria of (i)
being classified as ice clouds, (ii) temperatures of cloudy pixels be-
low —38°C, and (iii) above the tropopause. To examine the behav-
iors of cirrus in response to volcanic aerosols, we compile the orbital
N; data that are above the local tropopause and fall into the latitudi-
nal zonal band between 50°N and 60°N during the volcanically per-
turbed period in year 2008 into monthly mean and median values
for the Kasatochi volcanic eruption, in contrast to the Nj climatolo-
gy in the unperturbed period of 2012-2016. Similarly, the N; data
that fall into the latitudinal zonal band between 40°N and 60°N dur-
ing the volcanically perturbed period in year 2009 are analyzed for
the Sarychev volcanic eruption, in contrast to the N; climatology in
the unperturbed years 2012-2016. The N; data that fall into the lati-
tudinal zonal band between 40°S and 60°S in year 2015 are consid-
ered for the Calbuco volcanic eruption, in contrast to the unperturbed
years 2007-2014. This work presents results based on the N; data
corresponding to ice crystals with d > 5 pm if not otherwise speci-
fied. Ice number concentrations with a minimum size of 5 pm from
the DARDAR-Nice are used in this study because the number con-
centrations of small ice particles are essential for studying initial ice
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formation in cirrus clouds. The PDFs of log10[N; (cm™)] are gener-
ated using an equal-interval bin width of 0.5 from —3 to 1.

A summary of the statistics including sampling number, mean,
median, and SD for the selected volcanic eruption cases and the un-
perturbed references are presented in tables S2 to S4. Uncertainty in
the CloudSat-CALIPSO retrievals can be decomposed into system-
atic errors and random errors. Random errors are greatly suppressed
by averaging over a geographical region of thousands of kilometers,
while systematic errors are largely cancelled when taking differences
between the volcanically perturbed and unperturbed periods.

CloudSat-CALIPSO L2 2C-ICE

The CloudSat and CALIPSO Ice Cloud Property Product (2C-ICE)
version R05 (63-65) contain estimates of IWC and ice crystal effec-
tive radius (r.g) with a horizontal resolution of 1.7 km and a vertical
resolution of 240 m. This data product combines inputs of measured
radar reflectivity factor from the CloudSat CPR and measured at-
tenuated backscatter coeflicients at 532 nm from CALISPO lidar to
constrain the ice cloud retrievals.

For this study, we use the quantities of IWC and reg from 2007-
2016 for ice clouds above the local tropopause, same as the DARDAR-
Nice Nj analysis for the three selected volcanic eruption cases. Only
data that are of good quality (i.e., quality flag = 0) are included for
analysis. The PDFs of 7. are generated using an equal-interval bin
width of 0.5 pm from 5 to 30 pm.

CALIPSO L2 vertical feature mask

CALIPSO level 2 vertical feature mask (VFM) V4.2 data product is
used to qualitatively infer the presence of sulfate aerosol and VA
particle over the geographical areas of interest with volcanic pertur-
bations lasting for months. These VFM data describe the vertical
and horizontal distribution of aerosol layers and classify each aero-
sol layer in the stratosphere into one of four aerosol subtypes includ-
ing sulfate/other, VA, elevated smoke, and PSC aerosol based on
threshold criteria of temperature, depolarization, color ratio, and
layer-integrated attenuated backscatter (y’). All layers with attenu-
ated backscatter centroids above the local tropopause are classified
as stratospheric aerosol layers. Thresholds for distinguishing the sul-
fate/other, VA, and elevated smoke subtypes were developed em-
pirically from observations of six volcanic plume events and several
smoke events which were observed to penetrate the tropopause.
Weakly scattering layers or layers exceeding the y' threshold but
having low depolarization and low color ratio are classified as sul-
fate/other. Layers exceeding the y’ threshold and having high depo-
larization are classified as VA, while layers with moderate to low
depolarization together with enhanced color ratio are classified as
smoke. Depolarization ratio indicates the degree to which particles
are nonspherical. That is, an elevated depolarization ratio unam-
biguously identifies nonspherical particles.

Most VA particles are aspherical in nature. However, Riley et al.
(66) have shown that basaltic and andesitic VA is more nearly spher-
ical (aspect ratio of 1.5 to 1.7) than rhyolitic ash (aspect ratio of 2.2).
There might be some increases in smoke misclassifications where
the depolarization ratio for some ash layers is just low enough to
resemble that of depolarizing smoke. It is also possible for mixtures
of ash and sulfate in the same airmass measured by CALIOP to be
misclassified as smoke because of the collectively yield moderate
values of depolarization ratio. The analysis by Tackett ef al. (36) esti-
mates that sulfate/ash mixtures are misclassified as smoke for nearly
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one-third of these layers. We note that the three selected volcanic
eruptions (2008 Kasatochi, 2009 Sarychev, and 2015 Calbuco) are
the only outstanding contributors to stratospheric aerosol perturba-
tion at midlatitudes at the time they occurred. Without any other
known/reported smoke aerosol sources, the classified smoke aerosol
during the respective eruption periods could very likely be VA em-
bedded in sulfate aerosols and/or more spherical VA particles. Con-
sidering these uncertainties, we combine ash and smoke subtypes
together for VA occurrence statistics.

Volcanic eruption cases and geographic regions for analysis
We target cirrus clouds at midlatitudes in the LMS because they are
an ideal receptor of VA. The reasons are (i) LMS cirrus are the high-
altitude clouds first in contact with falling VA; (ii) the descending
branch of the stratospheric Brewer-Dobson circulation increases
the chance of cirrus making contact with falling VA; (iii) VA stays
airborne for a relatively longer period compared to VA in the tropo-
sphere, increasing the likelihood and detectability of VA exerting
impacts on cirrus over time; (iv) VA becomes the dominant INPs
and would magnify its impact in the LMS pristine environment; and
(v) the possible interferences from tropospheric INPs (e.g., mineral
dust) and convection are presumably negligible.

Volcanic eruptions over the tropics are not considered mainly be-
cause tropical stratospheric dynamics are unfavorable for studying
aerosol-cirrus interactions. The ascending branch of the Brewer-
Dobson circulation lifts volcanic plumes to higher altitudes above the
tropical tropopause layer, which tend to be cloud free (67), resulting
in a small chance of volcanic aerosol contact with cirrus cloud for an
appreciable period of time. Moreover, the poleward dispersion of
tropical volcanic plumes dilutes the concentration over vast areas,
probably dimming the signal of volcanic aerosol impact on cirrus.
Between 2007 and 2016 near the tropics, only the 2014 Kelud volcano
erupted with ejection starting at around 19 km. See section 3.1.2 and
figure 10 in (34) for the lofting and dilution of the volcanic plumes
from the 2014 Kelud eruption (February 2014; 7.9°S, 112.3°E).

Observations of stratospheric aerosol from CALIPSO and cloud
microphysics (DARDAR-Nice, 2C-ICE) from CloudSat and CALIPSO
spanning 2007-2016 (with 2011 excluded) are used. Beyond 2016,
data are unavailable because of issues associated with the CPR/
CloudSat instrument. Owing to the missing data during 2011 and
early 2012 when CPR/CloudSat was malfunctioning, impacts from
the Nabro and Puyehue volcanic eruptions in 2011 cannot be exam-
ined. The eruptions of Kasatochi, Sarychev Peak, and Calbuco (Fig.
1 and table S1) during the analysis period of 2007-2016 become the
only candidates for this study. They all occurred at midlatitudes and
were found to have injected volcanic emissions directly into the
lower stratosphere.

Kasatochi (52.18°N, 175.51°W), an island volcano along the Aleutian
arc, erupted in a series of distinct explosive events on 7 to 8 August
2008, injecting SO, and ash up to ~18 km in altitude (68). In subse-
quent days, VA and SO, were observed spreading eastward over the
Pacific by several infrared satellite sensors (69) including the Moder-
ate Resolution Imaging Spectroradiometer, the Advanced Very High
Resolution Radiometer, the Atmospheric Infrared Sounder (AIRS),
the Infrared Atmospheric Sounding Interferometer (IASI), and the
Ozone Monitoring Instrument. SO, circled around the Northern
Hemisphere at least once and remained detectable in the atmosphere
for atleast a month (70). At that time, it was the largest injection of SO,
into the atmosphere since the 1991 Hudson eruption, with SO, mass
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of 0.9 to 2.7 Tg (71). A 17-hour period of continuous ash emission
with plume height > 10.5 km as determined from satellite images was
followed by a third explosive event (68, 72). Infrared satellite retrievals
estimated total ash mass loadings of 0.3 to 0.5 Tg (69). The far-traveled
VA particles were last reported airborne in the LMS on 24 September
(73). A large phytoplankton blooms initiated by VA deposition in
August 2008 over northeast Pacific demonstrates the abundance of
VA from the Kasatochi eruption (74). Aerosol extinction eventually
returned to near unperturbed levels by spring 2009 (fig. S1A).

Sarychev (48.09°N, 153.20°E), one of the most active volcanoes
in the Kuril Islands chain (Russia), began to erupt on 11 June 2009
and erupted explosively between 12 and 16 June, directly injecting
about 1.2 + 0.2 Tg SO; and ashes into the LMS seen by the IASI
(71, 75, 76). The resulting sulfate aerosol cloud, observed with the
Optical Spectrograph and Infrared Imaging System limb-scanning
instrument on the Odin satellite and CALIPSO lidar, completed one
full circuit of the Northern Hemisphere by 30 June and persisted
throughout the rest of 2009 (fig. S1B). Satellite data showed at least
21 discrete explosive events that sent ash plumes with total mass on
the order of 300 kT (0.3 Tg) to altitudes of 5 to 1 km between 12 and
14 June (75). The widespread and far-reaching ash layers caused
flight cancellations in the busy North Pacific region.

The Chilean volcano Calbuco (41.33°S, 72.61°W) began to erupt
on 22 April 2015 with initial SO, and ash plumes reaching altitudes
of 18 to 21 km, followed by a second huge explosion on 23 April with
ash reported between 12 km and up to 20 km by the Buenos Aires
Volcanic Ash Advisory Centre. About 0.2 to 0.4 Tg of SO, (77, 78)
was injected into the atmosphere of the Southern Hemisphere and
spread zonally bounded between the subtropical and midlatitude
dynamical barriers (79). The initial ash plumes dispersed in a north-
easterly direction across Chile, Argentina, Brazil, and Uruguay (79, 80),
and VA particles were mainly found equatorward of 40°S (36) with
the absence within our study domain (40°S to 60°S, Fig. 2A). In situ
measurements by a lightweight optical particle counter over the Re-
union Island site (79) on 19 May have shown particle effective radius
0f0.17 + 0.02 pm, indicating that the particles observed several weeks
after the eruption are quite small. OMPS and lidar observations started
to show a return to pre-eruption conditions in April 2016 (also see
fig. S1C).

Satellite data poleward of 60° are not included in the present analy-
ses in particular for the Calbuco analysis as conditions over Antarctica
during the Southern Hemisphere winter (June to August) are condu-
cive to polar stratospheric cloud formation. Data equatorward of 40°
are also excluded to minimize potential interferences from low-latitude
deep convection and the convection-lofted tropospheric aerosols [e.g.,
mineral dust and anthropogenic aerosols transport into the strato-
sphere via the Asian summer monsoon anticyclone (81)].

There are no other reported sources of perturbation (e.g., ex-
treme smoke events and dust storms) to the upper troposphere and
lower stratosphere at midlatitudes in years 2008-2009 in the Northern
Hemisphere and in year 2015 in the Southern Hemisphere except
the 2008 Kasatochi, 2009 Sarychev, and 2015 Calbuco volcanic
eruptions. The stratospheric aerosol perturbations presumably are
of pure volcanic origin.

Consideration and constraint on

meteorological covariability

A complete picture of the behaviors of cirrus clouds in response to vol-
canic aerosols requires understanding the influence of meteorological
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factors. For this, we analyze a set of key meteorological variables in-
cluding temperature, relative humidity, water vapor mixing ratio, and
vertical wind speed that are obtained from satellite observations and/
or reanalyses to disentangle signals of VA’ effects on cirrus clouds from
the meteorological covariability of VA and cirrus clouds.

The DARDAR-Nice data product provides the Nj-collocated tem-
perature information that is obtained by interpolation to each satellite
track from the ancillary European Center for Medium-Range Weath-
er Forecasts (ECMWF) state variable dataset. This collocated pair of
N; and temperature is used to tease out aerosol-cloud interactions
from the meteorological covariations for the three volcanic perturbed
cases. A wide range of cirrus-relevant temperatures is divided with an
equal-interval bin width of 2°C from —34° to —80°C. We compare N;
during the volcanically perturbed versus the unperturbed periods for
different temperatures (fig. S21). See section S3.

Temperature, relative humidity, and vertical wind speed obtained
from (i) the final analysis reanalysis data product of the National
Centers for Environmental Prediction (NCEP) (horizontal resolu-
tion of 1° X 1° temporal resolution of 6 hours) and (ii) the ECMWF
release of the fifth generation of reanalysis (ERA5) (horizontal reso-
lution of 0.25° X 0.25°; temporal resolution of monthly) are analyzed
in the same manner as the cirrus microphysics analyses. That is, data
from 2007-2016 at both hemispheric midlatitudes are considered to
contrast the meteorological conditions during the volcanically per-
turbed versus the unperturbed periods, aiming to demonstrate the sim-
ilarity between the two periods and deny meteorological covariations.

The MLS (Microwave Limb Sounder) onboard NASAs Earth Ob-
serving System (EOS) Aura satellite and the AIRS onboard NASAs
EOS Aqua satellite report profiles of water vapor (H,O) concentrations,
temperature, and relative humidity. We contrast these meteorological
factors between the volcanically perturbed versus the unperturbed pe-
riods, same as the cirrus microphysics analyses.

Calculation of tropopause

The altitude of the lapse-rate tropopause is estimated using temper-
ature and geopotential height variables from the ERAS5 reanalysis on
a 0.75° X 0.75° longitude-latitude grid. The tropopause altitude is
calculated by first linearly interpolating temperatures in each col-
umn to a regular 250-m-altitude grid and then applying the World
Meteorological Organization (WMO) tropopause definition (82). Here,
we use the lowest (primary) tropopause. For validation of the quality
of tropopause altitudes derived from gridded reanalyses, see, e.g.,
(83-85). Aerosol and cloud properties above the tropopause are ob-
tained by collocating other datasets to this tropopause dataset.

Parcel model simulations

Our objective is to investigate the effect of heterogeneous ice nucle-
ation on VA particles on ice crystal number concentrations. On the
basis of a cloud parcel model with homogeneous freezing of aque-
ous sulfate aerosols (86), we further formulate the heterogeneous ice
nucleation on VA particles and the competing effects of homoge-
neous and heterogeneous freezing in the LMS scenario. The micro-
physical ice nucleation processes implemented are as follows: The
homogeneous freezing rate calculated on the basis of the water ac-
tivity parameterization after Koop et al. (87) is used. Homogeneous
freezing is independent of the chemical nature of the solution but
depends only on the water activity of the solution droplets. Sulfate
aerosols in the upper troposphere and lower stratosphere are soluble
especially at high relative humidities required for homogeneous ice
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nucleation. We thus assume that sulfate particles form ice through
homogeneous freezing after deliquescence. For the representation
of heterogeneous nucleation on VA particles in the deposition freez-
ing mode, we use the experiment-derived parameterization of ash
active surface site density as a function of temperature and RHjc.
(10), with the ice nucleation efficiency quantified in terms of the ice
active surface site density approach. The deposition ice nucleation
parameterization is derived from data for 224 K < T < 234 K. A
fundamental assumption made is that the ice nucleation activity of
VA particles in the upper troposphere and the lower stratosphere is
in principle robustly represented by the laboratory experiments on
ash samples. The high silica contents found in VA particles (8, 10, 11)
suggest that they are in general chemically akin to certain mineral
dust particles (e.g. Saharan dust). As expected, the VA samples col-
lected from different volcanoes were found to initiate deposition
nucleation at least comparatively to or more efficiently than the
Asian and Saharan dust. A comparison of the ice nucleation active
surface site densities between VA and desert dust for deposition ice
nucleation is shown in fig. S25. Likely exposed to additional chemi-
cal processing in the presence of abundant sulfuric acid during
eruption, VA particles might be internally mixed with sulfuric acid
to a varying degree, and some laboratory studies indicate that thick
coatings of sulfate content reduce their nucleation efficiency. How-
ever, direct measurements of VA particles being coated by sulfuric
acid are missing. We note that the objective of our modeling analysis
is to provide a conceptual framework that explains observational
results. We do not aim to determine the dominant heterogeneous ice
nucleation mechanism in cirrus clouds which depends on whether
ash particles are coated by sulfate and the weight percent of sulfate
on ash particles. An assumption made in the modeling section here
is that the ice nucleation activity of VA particles in the upper tropo-
sphere and the lower stratosphere is in principle represented by the
laboratory experiments on ash samples analyzed by Steinke et al. (10).

Individual simulations are driven by constant updraft speeds
representative of mesoscale gravity wave dynamics. As an air parcel
ascends, it cools adiabatically before water vapor phase transforms
and the supersaturation over ice (Sice) increases. Heterogeneous nu-
cleation on VA particles takes place when Sice > 0.1 to produce the
first ice crystals. After nucleation, further microphysical processes
consider the diffusional growth of both newly nucleated and preex-
isting ice crystals to deplete water vapor and reduce Sic.. Processes
that affect ice number concentrations, such as sedimentation, aggre-
gation, and entrainment, are not included. Sensitivity experiments in
which sedimentation of both homogeneously and heterogeneously
induced ice is considered are conducted to confirm that considering
sedimentation does not change the conclusions of this study. As VA
INP concentration increases and for conditions less favorable for
homogeneous ice nucleation (e.g., relatively high temperatures and
slow updrafts), sedimentation starts to play a negligible role. If ice
crystals firstly nucleated on VA particles are abundant and the up-
draft is slow, then depositional growth of the ice crystals will con-
sume water vapor sufficiently and prevent S, from rising toward
the threshold for homogeneous freezing. In this case, homogeneous
freezing is suppressed, and the ice number concentration is mostly
determined by the abundance of VA nuclei. On the other hand, for
low concentrations of VA particles and strong updraft, depositional
growth of heterogeneously nucleated ice would not consume water
vapor rapidly, and heterogeneous freezing events are succeeded by
homogeneous freezing as Sice threshold for homogeneous freezing
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can be reached. Under this circumstance, homogeneous freezing
dominates the ice concentration. When pure homogeneous freezing
is enabled or at low VA concentrations, simulation results tend to
represent the characteristics of cirrus for the ash-poor scenario (Fig.
4A and the leftmost of Fig. 4B), whereas with increasing VA concen-
trations, simulation results are more representative of cirrus for the
ash-rich scenario (on the right of Fig. 4B).

Aqueous sulfate aerosols are represented by a log-normal size dis-
tribution with a mode radius of 0.2 pm, a distribution width of 2.3,
and a total number concentration of 200 cm ™. Results show small
sensitivity to the aqueous aerosol size distribution and their concen-
tration. High-altitude measurements conducted following the erup-
tions of Mount St. Helens in 1980, El Chichon in 1982, and Mt. Kelud
in 2014 revealed a wide size distribution of VA particles injected into
the stratosphere (38, 39, 43). Meanwhile, atmospheric measurements
of VA particle size distribution are meager. For this reason, an en-
semble of sensitivity experiments is conducted to take into account
a large range of spread in VA particle size distribution. VA particles
are represented by a log-normal size distribution with mode radii
ranging from 0.1 to 0.8 um (38), the SD ranging from 1.2 to 1.8, and
the total number concentration ranging from 1 to 3000 liter'. Aque-
ous sulfate aerosols and VA particles are depleted from the size distri-
bution as homogeneous and heterogeneous nucleation, respectively,
takes place. Our parcel model is initialized by aerosol size distribu-
tions and number concentration and is driven by temperature and
pressure changes. We keep track of the nucleation and growth of ice
crystals and the changes in water vapor and temperature. If Sic. is
decreased to 0.01 below the maximum Sjc. during a simulation, then
parcel model simulation stops. Results show that simulated ice crys-
tal number concentrations are strongly sensitive to the VA nuclei
concentration particularly for slow updraft and high temperature.
VA particle concentration as low as 10 liter™" already suppresses ho-
mogeneous freezing at updraft speed of 10 to 20 cm s™, and nucle-
ation on ash particles dominates ice number concentration (fig. S26).

Large VA particles exhibit high fall velocities, causing them to rap-
idly exit the stratosphere. Smaller ash particles contribute to the
longer-lasting stratospheric volcanic aerosols. Ash particles with max-
imum dimensions of a few microns persisted for 6 months to a year
after the El Chichon eruption [Volcanic Explosivity Index (VEI) = 5]
(39). Vernier et al. (41) suggested that submicrometer VA particles
from the tropical Mt. Kelut eruption contribute to an aerosol layer ob-
served to persist for 3 months. Fine ash particles have an atmospheric
lifetime that can span months (~0.01 km/hour) (88, 89). Numerical
simulations by Turco et al. (90) indicate that particles larger than
about 5 pm in diameter will be removed from the stratosphere by
sedimentation within a few weeks. Therefore, our investigation focus-
es on testing the influence of submicrometer VA particles. Moreover,
large ash particles have large surface areas, making them more effec-
tive initiators of ice nucleation than smaller ones. Assuming VA par-
ticles of comparable size to sulfate aerosols provides an upper limit for
the minimum amount of VA needed to inhibit homogeneous freezing.
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