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ABSTRACT: Amorphous solid water is probably the most
abundant form of solid water in the universe. Its saturation
vapor pressure and thermodynamic properties, however, are
not well known. We have investigated the saturation vapor
pressure over vapor-deposited amorphous ice at temperatures
between 133 and 147 K using a novel experimental method.
The new method determines the absolute vapor pressures and
the sublimation rates by measuring the mass growth rates of
ice-covered nanoparticles under supersaturated water vapor
conditions. We find that the vapor pressure of amorphous
solid water is up to a factor of 3 higher than that predicted by
current parameterizations, which are based in part on
calorimetric measurements. We demonstrate that the calorimetric measurements can be reconciled with our data by
acknowledging the formation of nanocrystalline ice as an intermediate ice phase during the crystallization of amorphous ice. As
a result, we propose a new value for the enthalpy of crystallization of amorphous solid water of ΔH = 2312 ± 227 J/mol, which
is about 1000 J/mol higher than the current consensus. Our results shine a new light on the abundance of water ice clouds on
Mars and mesospheric clouds on Earth and may alter our understanding of ice formation in the stratosphere.

■ INTRODUCTION
Amorphous solid water (ASW) forms when water vapor
condenses at low temperatures.1 It is probably the most
abundant form of solid water in the universe1,2 and is thought
to be a component of high altitude noctilucent clouds on
Earth.3 Due to the intriguing ubiquity of ASW, its saturation
vapor pressure and the thermodynamics of the formation and
sublimation processes have been the subject of numerous
investigations. Most experimental studies have used indirect
methods to determine the sublimation rates from ice surfaces
rather than direct measurements of the vapor pressure under
equilibrium conditions. These methods typically determine the
change in mass or thickness during sublimation of water
molecules from ice films using either quartz crystal micro-
balances,4−7 quadrupole mass spectrometers,5,8−13 or other
techniques.14 The frequently used parametrization by Murphy
and Koop for the vapor pressure of ASW is in part based on
the measurements of the latent heat release during the
crystallization of ASW using differential scanning calorimetry
(DSC).15 However, despite all the efforts, reliable data for the
absolute sublimation rate or the vapor pressure of ASW at
temperatures below 150 K have remained elusive.
We recently introduced a new method for measuring the

sublimation rate and thus the saturation vapor pressure of
water deposits on solid surfaces at low temperatures.16 The
method relies on exposing small sub-4 nm nanoparticles at a
well-defined temperature to water molecules evaporating from
ice-covered sample surfaces. The change in nanoparticle mass

is continuously monitored using a time-of-flight mass
spectrometer. At high supersaturation, the nanoparticle ice
growth rate is directly proportional to the water vapor partial
pressure in the environment of the nanoparticles. Here, we
present the measurements performed at low supersaturation,
where the evaporation from the nanoparticles influences the
nanoparticle ice growth rate. By fitting an ice growth model to
the measured nanoparticle mass, we determine the saturation
vapor pressure of the ice phase on the nanoparticles.

■ EXPERIMENTAL METHOD

In this work, we performed sublimation rate measurements of
water ice that was deposited from the gas phase on small
nanoparticles. We used the molecular flow ice cell-trapped
reactive atmospheric particle spectrometer (MICE-TRAPS)
apparatus, which was described earlier17−20 and is only briefly
recalled here. Sub-4 nm iron oxide (Fe2O3) and silica (SiO2)
particles are produced in a nonthermal low-pressure (60 mbar)
helium microwave plasma from the metal−organic precursors
ferrocene and tetraethylorthosilicate, respectively. It has been
shown that metal-oxide nanoparticles produced in these types
of sources under similar conditions are compact and spherical
with a marginal degree of agglomeration.21−23 The nano-
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particles are transferred by means of an aerodynamic lens and a
differential pumping stage into the trapped reactive atmos-
pheric particle spectrometer (TRAPS). In TRAPS, particles
carrying a single positive charge are mass selected with an
electrostatic quadrupole deflector and stored in the molecular
flow ice cell (MICE), which is a modified linear quadrupole
ion trap. The particles stored in MICE exhibit a very narrow
particle mass distribution with a standard deviation of less than
7%, which corresponds to 2.3% in the particle size
distribution.19 In MICE, the nanoparticles thermalize by
collisions with a low-pressure He background gas. Additionally,
the particles are exposed to a well-defined gas phase H2O
number density corresponding to supersaturated conditions.
The H2O number density is adjusted by temperature-
controlled sublimation from surfaces that are coated with
several microns of nanocrystalline water ice. The vapor
pressure of this ice phase was characterized in a previous
study,16 ensuring an accuracy of nH2O of better than 10%. Once
the nanoparticles are trapped in MICE, water molecules
condense on the nanoparticle surface. The nanoparticle ice
growth rate is measured by periodically extracting small
portions of trapped nanoparticle population and measuring
their mass with a time-of-flight mass spectrometer. The result
is the particle mass as a function of the residence time in
MICE. The mass range that can be investigated is limited by
the voltages applied to MICE (frequency; amplitude; and
extraction pulse timings). The settings are usually chosen to
allow efficient trapping of particles with initial mass before
water adsorption. In many cases, the ion signal obtained in a
single measurement run is sufficient. Alternatively, multiple
growth curves acquired with identical parameter settings can
also be averaged offline. We did not observe a change in
growth rates with time when analyzing the growth curves
independently. This indicates that equilibrium of gas phase
water concentration is obtained in MICE very quickly.
In our experiments, we use iron oxide and silica nano-

particles as core particles for the condensation of water ice.
These materials exhibit a rather different density (ρFe2O3

= 5.2

g/cm3, ρSiO2
= 2.3 g/cm3), which leads to different nanoparticle

sizes when selecting the same initial particle mass. By
comparing the results for both materials, we ensure that the
choice of the particle material does not influence the outcome
of the experiment.

■ ICE GROWTH MODEL
The rate of mass change of a particle in a H2O background
atmosphere is determined by the rates of deposition (kdep) and
sublimation (ksub) of water molecules with mass mH2O to and
from the particle surface

m
t

k k m
d
d dep sub H O2

= [ − ]·
(1)

In the molecular flow regime as employed in this experiment,
the deposition rate kdep is given by the product of particle
surface area, water molecule flux density Jin, and the sticking
probability α. The flux density can be expressed in terms of the
number density nH2O and the mean thermal velocity of water

molecules v kT m8 /th H O2
π= leading to

k A J A
n v

4dep c in c
H O th2α α= · · = · ·

(2)

where Ac = 4π(r + rcoll)
2 is the effective nanoparticle surface

area of a spherical nanoparticle with radius r for collisions with
water molecules. For the pick-up of water molecules by small
nanoparticles in the size range of a few nanometer, the effective
collision radius of water molecules rcoll = 1.5 Å24 has to be
taken into account. The sticking probability α = Jads/Jin is
defined as the probability that a water molecule colliding with a
sample surface adsorbs and should not be confused with the
condensation or uptake coefficient γ = α − Jsub/Jin, with Jsub
representing the sublimation flux density emitted by the ice
sample (see Brown et al. (1996)11 for a thorough discussion).
For the temperatures investigated in this work (T < 160 K),
values of α reported in the literature vary (0.2 ≤ α ≤
1).11,25−32 However, in the overwhelming majority of these
experiments (including one computer simulation that employs
the TIP4P potential for water molecules), α is found to be
close to unity (α = 0.99 ± 0.03

0.01).11,25−28,31,32 It was also shown
that under the conditions investigated in this work, the sticking
probability is independent of the incident angle25 and quickly
approaches the bulk value, already at sub-monolayer coverages
of thin water ice films on silica.27 In the growth model, we
therefore approximate the sticking probability to α = 1 and
consider in the error estimation that it can be as low as α =
0.96.
The time-dependent nanoparticle radius r including the ice

deposit can be calculated from the measured particle mass m
assuming spherical ice particle growth and using the following
relation
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where m0 and ρ0 are the initial mass and density of the
nanoparticle before ice deposition and mice = m − m0 is the
mass of the condensed ice phase. The densities ρice of the
different ice polymorphs that may exist at the temperatures
under investigation are known to be very similar11,33 so that
the nature of the deposited ice phase does not enter the
calculation of the deposition rate.
To describe the sublimation rate, we assume that the

particles are covered with an ice layer of sufficient thickness so
that the properties of the outermost layer of water molecules
are not influenced by the underlying substrate (see next
section). Under this assumption, the sublimation rate in eq 1 is
given by

k A
p v

kT
S

4sub
sat th

eq= · ·
(4)

where psat is the saturation vapor pressure over the nanoparticle
ice phase at temperature T and A = 4πr2 is the ice particle
surface area. The equilibrium saturation Seq takes into account
the increased evaporation rate with respect to a flat surface due
to the curvature of the nanoparticles by the Kelvin equation
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where ν is the molecular volume of the H2O ice phase and σ is
the surface tension of the interface between the water ice on
the nanoparticles and the vapor phase. Recently, Factorovich
and co-workers showed with a thermodynamic model that
Kelvin effect calculations using the surface tension of bulk
water are applicable down to about 0.5 nm in radius.34 The
curvature of the nanoparticles used in this study is considerable
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and influences the desorption rate depending on the
nanoparticle radius. The sublimation rate for ice particles
(ASW, T = 140 K) comparable in size with the nanoparticles
used in this work increases by a factor as large as Seq = 4.8 for r
= 2 nm and Seq = 1.7 for r = 6 nm. The sensitivity of Seq to the
2.3% uncertainty in particle radius is between 1 and 3%.
Combining eqs 1 through 5, we obtain the final expression

for the growth model
Ä
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This is a nonlinear expression for the nanoparticle mass, as A
and Ac are also functions of the particle mass m. Equation 6 can
be integrated numerically to yield the particle mass as a
function of time. In this work, we present measurements
performed in conditions where the sublimation from the
particle surface, represented by the second term on the right-
hand side of eq 6, contributes substantially to the change in
particle mass. We determine the saturation vapor pressure psat
of the particle ice phase by fitting eq 6 to the growth rate data
using the method of least squares.
Up to this point, we did not consider that the ice growth

might be influenced by the charge residing on the nanoparticle.
However, it is known that the equilibrium saturation of a
dielectric liquid droplet is reduced for a charged droplet
compared to a neutral droplet. The equation that describes the
change in equilibrium saturation due to the droplet charge was
first introduced by Thomson.35 According to this now widely
called classical Kelvin−Thomson equation in the Thomson
liquid drop model (TLDM), the vapor pressure over a particle
carrying a single central elementary charge is reduced by less
than 0.5% compared to a neutral particle for the smallest
particles investigated in this study. In recent years,
modifications to the Kelvin−Thomson equation have been
proposed to explain the experimental results obtained in
cluster experiments and in experiments with small nano-
particles. However, by comparing the experimental data
obtained from measurements of the binding enthalpy of
water molecules on hydrated mono-, di-, and trivalent cluster
ions, it was shown that the data were adequately represented
by the Thomson liquid drop model.36,37 As the estimated
contribution due to the TLDM is very small for the particles in
our study, we can neglect the charge effect in the derivation of
the growth model.

■ DATA ANALYSIS
We measured the particle mass of iron oxide (Fe2O3) and silica
(SiO2) nanoparticles at supersaturated conditions in the
temperature interval between 133 and 147 K. Figure 1 shows
two typical growth curves measured for SiO2 nanoparticles of
different initial particle mass at different temperature and
saturation Sh with respect to hexagonal ice. The monitored
mass range is different for both growth curves as optimized
parameter settings of MICE were chosen according to the
different initial particle mass.
The particles are composed of SiO2 and Fe2O3, which are

hydrophilic materials with water adsorption enthalpies in the
zero-coverage limit about 2 to 3 times higher than that of bulk
H2O.

27,38,39 Such materials are known to exhibit multilayer
adsorption.40 The differential desorption energies for SiO2 and
Fe2O3 decrease exponentially with water coverage and
approach the value of bulk H2O after about 0.5−1 monolayers,

thereby indicating the loss of information of the underlying
substrate for higher coverages. We did not observe a significant
alteration of the results when analyzing our data starting with a
water ice coverage of two or three monolayers. We therefore
analyzed all the data sets starting with a coverage between two
and three monolayers and assume that the sublimation rate
remains undisturbed by the underlying surface of the
nanoparticle core.
According to the growth model (eq 6), two parameters

govern the sublimation rate: the saturation vapor pressure and
the surface tension of the ice phase on the particles. A priori,
we do not know whether the ice phase on the nanoparticles is
crystalline or amorphous. As a first attempt, we thus assumed
the formation of crystalline ice. Consequently, we integrated eq
6 numerically to obtain the ice particle mass as a function of
time using the surface tension of crystalline ice41

T(141 0.15 K ) (mN m )cryst
1σ = − · [ ] −

(7)

and the well-established saturation vapor pressure of hexagonal
ice.15 The resulting calculated growth curves are shown as

Figure 1. (a) Time evolution of nanoparticle mass under super-
saturated conditions. For comparison, two growth curves at different
initial particle mass, temperature, and saturation Sh with respect to
hexagonal ice are shown. Dashed lines are results of the ice growth
model (eq 6) using the surface tension and the vapor pressure of
hexagonal ice. Solid lines are numerical fits of the growth model with
the vapor pressure as the free parameter and using the parameter-
ization for supercooled liquid water (SLW) (eq 8) for the surface
tension of the ice−vapor interface. Panel (b) same as (a), but showing
particle radius calculated from particle mass using eq 3.
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dashed lines in Figure 1. The model results for hexagonal ice as
the particle ice phase evidently disagree with the measured
growth curves. The same result was obtained when considering
cubic or stacking disordered ice.42−46 We conclude that the
particle ice phase is not represented by hexagonal ice, cubic, or
stacking disordered ice. Because the observed particle growth
rate is smaller than the model results, the sublimation rate
needs to be higher than that for the crystalline ice phases.
Therefore, we assume that amorphous ice forms on the
nanoparticle surface.
Assuming the deposition of ASW provides the possibility to

determine the sublimation rate of ASW by fitting the growth
model to the experimental data. However, no measurements of
the surface tension of ASW are available. Nevertheless, we can
make use of the structural similarity between ASW and
supercooled liquid water (SLW).47,48 We assume that the
surface tension of ASW is fairly well described by the surface
tension of supercooled liquid water for which experimental
data exist at warmer temperatures. Very recent measurements
using two independent techniques showed that the surface
tension of supercooled water follows a linear trend down to
250 K.49−51 We fitted a linear trend to the surface tension data
to extrapolate the temperature range in our experiments. The
fitting procedure yields

T(114.81 0.144 K ) (mN m )SLW
1σ = − · [ ] −

(8)

We allowed for an uncertainty of 10% for the surface tension of
ASW and used eq 6 to numerically fit the saturation vapor
pressure of ASW to the ice growth data. The resulting model
growth curves are shown as solid lines in Figure 1. They are in
excellent agreement with the measured data. We analyzed each
growth curve as described above and normalized the fitted
saturation vapor pressure to the well-known vapor pressure of
hexagonal ice.15 The resulting saturation vapor pressure
typically has an uncertainty (1 standard deviation) of about
20%. The main error sources originate from the uncertainties
of the gas phase H2O concentration, the particle temperature
(Δpn,T ∼ 10%) and the surface tension (Δpσ ∼ 10%). A list of
the conditions applied in MICE and the corresponding
experimental results is given in Table S1 in the Supporting
Information (SI).

■ RESULTS AND DISCUSSION
In total, 15 experiments were performed for Sh < 60 using SiO2
and Fe2O3 nanoparticles with initial particle radii between 1.8
and 2.6 nm in the temperature interval between 133 and 147
K. The fitted normalized saturation vapor pressures of the ice
phase deposited on the particles are shown as full red circles in
Figure 2.
We find that the saturation vapor pressure of the ice phase

deposited on the particles is 5 to 10 times higher than the
saturation vapor pressure of hexagonal ice. The saturation
vapor pressure psat

m of a metastable ice phase is related to a
difference in the enthalpy ΔHm→h and a difference in the
entropy ΔSm→h to the stable hexagonal ice (psat

hex) according to
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By fitting our data, we find ΔHm→h = 2960 ± 660 J/mol and
ΔSm→h = 5.0 ± 4.7 J/mol/K (not included in Figure 2).
Figure 2 also reproduces our previous results on the

saturation vapor pressure over ice-covered surfaces16 (blue

symbols). Here, no assumption on the surface tension of the
ice sample was made. After initial deposition of ASW at 95 K,
we observe a decrease in vapor pressure between 134 and 140
K (open blue diamonds). We attributed this transition to the
crystallization of ASW. Crystallization is a temperature-
activated two-step process of nucleation and subsequent
growth of crystal embryos within the amorphous solid. The
vapor pressure of the resulting metastable ice phase is about
2.5 times higher than the vapor pressure of hexagonal ice. The
same ice phase may be produced if water vapor is deposited at
warmer temperatures (full blue squares). According to eq 9,
this ice phase is characterized by an enthalpy difference ΔHn→h
= 982 ± 182 J/mol and an insignificant entropy difference with
respect to hexagonal ice (dashed blue line). We showed
previously that this ice phase is consistent with nanocrystalline
ice with crystal diameters between 7 and 19 nm. The increased
vapor pressure of nanocrystalline ice is a consequence of the
high-surface-energy-to-volume-energy ratio of the nanocrystals.
At temperatures below 160 K, the crystal size and thus the
vapor pressure remains stable for many hours.16,52 Only at
temperatures above 165 K, the nanocrystals grow on time
scales accessible in the laboratory leading to macroscopic ice
crystals with a vapor pressure consistent with expectations for
cubic/stacking disordered ice15,53−57 (open blue triangles).
At 133 K, the saturation vapor pressure of the nanoparticle

ice phase agrees well with the saturation vapor pressure of
ASW on the flat ice sample before crystallization (Figure 2,
leftmost open blue diamond symbol), leading us to conclude
that the water deposited on the nanoparticles is indeed ASW.
In contrast to the previous experiments on macroscopic
deposits, the ASW did not crystallize on the nanoparticles up
to a deposition temperature of 147 K, the maximum
temperature accessible in this type of experiment. In the ice
nanoparticle experiments presented in this work, the measure-
ment time was much shorter than the typical crystallization
time. This explains the prevalence of ASW on the ice particles
in these experiments. A comparison of measurement time and
typical crystallization times is given in the Supporting
Information (SI).

Figure 2. Saturation vapor pressure of vapor-deposited ASW and ice
crystallized from ASW. #Ice deposited on Au/Cu surfaces from
Nachbar et al.16 Arrows indicate the chronology of measurements.
Solid lines are splines added as a guide to the eye. Tdep indicates the
deposition temperature of the ice sample. The red and blue shaded
areas represent the 1σ uncertainty interval. §Parameterization based
on DSC measurements.15
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Our findings show that the vapor pressure of ASW is a factor
of 2 to 3 times higher than previous estimates represented by
the parameterization of Murphy and Koop15 (black dash-
dotted line in Figure 2). For the temperature range of interest,
the parameterization of Murphy and Koop is based on
differential scanning calorimetry (DSC) measurements of the
heat release during the crystallization of ASW. Such measure-
ments report an enthalpy of crystallization of around ΔH =
1330 J/mol.53,58−61 In the following, we show how these DSC
data can be reconciled with our findings if the intermediate
phase of nanocrystalline ice is taken into account.
Differential scanning calorimetry measures the heat capacity

of the ice sample as a function of temperature during warm-up.
Phase transitions are identified as either positive or negative
peaks in DSC signals, according to endothermic (melting) or
exothermic transitions (crystallization). The temperature at
which crystallization occurs as well as the peak width depends
on the heating rate. The enthalpy of crystallization can be
obtained by integrating the heat capacity difference of the ice
sample before and after crystallization. In Figure 3a, we

reproduce literature results on the crystallization enthalpy ΔH
obtained with the DSC measurements employing ASW
samples. The data are shown as a function of the peak
crystallization temperature, with the temperature error bar
reflecting the peak width of the DSC measurements. Figure 3b
shows the representative DSC traces for various heating rates.
Standard DSC setups apply a heating rate between 0.5 and 30
K/min. At these heating rates, the crystallization of ASW peaks
between about 150 and 170 K. It is known that nanocrystalline
ice forms when the crystallization of ASW occurs at these

temperatures.16 This fact, however, has not been considered in
the DSC studies. After complete (nano-)crystallization below
165 K, crystal growth is suppressed on laboratory time scales.
Above 165 K, crystal growth in the nanocrystalline ice
polymorph requires tens of minutes to hours.16,52 For typical
DSC heating rates, the DSC measurements are conducted
within minutes and thus the heat release associated with crystal
growth subsequent to the initial nanocrystallization may be
overlooked in conventional DSC measurements. Conse-
quently, the DSC measurements, with crystallization occurring
below 165 K (gray shaded area in Figure 3a,b), only detect the
enthalpy difference between ASW and nanocrystalline ice. The
DSC measurements with peak crystallization temperatures
above 165 K61−64 show a second peak in the DSC traces
(marked by vertical arrows in Figure 3b), with an associated
increase in ΔH. This may indicate that crystallization at
temperatures above 165 K directly leads to larger crystal sizes.
Ultrafast DSC measurements allow for heating rates up to 105

K/s, where crystallization of ASW to macrocrystalline ice
occurs between 200 and 250 K (curve C in Figure 3b). Here, a
crystallization enthalpy for ASW of ΔHa→h = 2300 ± 300 J/
mol was reported.62 This value is in good agreement with the
enthalpy difference between ASW and hexagonal ice of ΔHa→h
= 2960 ± 660 J/mol found from the vapor pressure
measurements reported in this study.
In conclusion, we argue that the enthalpy difference ΔH =

1330 ± 45 J/mol (black dashed line in Figure 3a) determined
in classical DSC experiments with peak crystallization
temperatures below 165 K reflects the transition from
amorphous to nanocrystalline ice. Adding to this the enthalpy
difference for the transition from nanocrystalline ice to
hexagonal ice of ΔHn→h = 982 ± 182 J/mol from our previous
work yields a total enthalpy difference for the transition from
amorphous to hexagonal ice of ΔHa→h = 2312 ± 227 J/mol
(red dash-dotted line in Figure 3a). This value agrees well with
the ultrafast DSC results from Chonde et al.62 (ΔHa→h = 2300
± 300 J/mol). As a result, we propose a new parameterization
for the vapor pressure of ASW using eq 9 with ΔHa→h = 2312
± 227 J/mol and ΔSa→h = 1.6 ± 1.0 J/mol/K.12 Here, the well-
established parameterization for the vapor pressure of
hexagonal ice serves as a reference. The crystallization enthalpy
is based on the DSC measurements and our previously
reported parameterization for nanocrystalline ice, as it provides
a smaller uncertainty interval compared to the direct
measurements presented in this study. This parameterization
for the saturation vapor pressure of ASW is shown in Figure 2
as a dashed red line. No significant difference in the heat
capacity of ASW and crystalline ice has been reported between
60 and 200 K.56,62 Therefore, ΔHa→h and ΔSa→h are constant
between 60 and 200 K and the proposed parameterization
should be valid in this temperature range.

■ CONCLUSIONS
We conclude that ASW has a higher vapor pressure than
previously assumed. Furthermore, the results support our
earlier conclusion that for T < 160 K, water vapor initially
deposits as ASW. Consequently, the formation of ice particles
at these temperatures is dominated by the properties of ASW
rather than crystalline ice. This finding has important
implications for the modeling of cloud formation in planetary
atmospheres. For example, water ice clouds frequently form at
temperatures below 160 K in the terrestrial mesopause65,66 and
on Mars.67−69 Additionally, the saturation vapor pressure of

Figure 3. Literature survey of DSC measurements using ASW
samples. Panel (a) shows the enthalpy released during crystallization
of ASW.53,58−64 Note that one result of Johari et al. (1994) and the
data point of MacFarlane and Angell (1984) overlap. The green solid
line was added as a guide to the eye. Panel (b) shows representative
DSC raw signals. The data were scaled and shifted vertically for
visibility reasons. Vertical arrows indicate the appearance of a second
peak.
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ASW is important to describe the sublimation of interstellar
ice.2,13,70 Our findings also have implications for the under-
standing of the vapor pressure of supercooled liquid water at
warmer temperatures. If adapted accordingly, the calculated
values for the vapor pressure of supercooled water will increase
substantially even at temperatures as warm as 200 K, with a
potentially significant impact on modeling of stratospheric
cloud formation.
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