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We thank referee #2 for his or her thoughtful comments and feedback. Please find below
our responses and suggestions for the manuscript revision, with the referee comments in
black, our answers in green, and suggested changes or additions to the manuscript in
blue.

General Comment
This manuscript titled “High Homogeneous Freezing Onsets of Sulfuric Acid Aerosol at
Cirrus Temperatures“ by Schneider et al. reports homogeneous freezing of aqueous
sulfuric acid aerosol using the AIDA chamber at conditions relevant for cirrus cloud
regime. The highlight of this study is the significant deviation of the onsets of ice
formation from the water activity criterion (WAC) (Koop et al., 2000) at temperatures
below about 200 K. The manuscript is well-written, clearly discussing the uncertainties in
their measurements and the underlying assumptions.
However, the discussion/conclusions rely entirely on a single type of aerosol particle, with
the absence of any physical interpretation for deviations from WAC, and in-depth
discussion of mixing time of investigated aerosol particle at temperatures below 200 K.
Nonetheless, I recommend the manuscript for publication after the authors have
addressed the following major questions and revised the manuscript accordingly.
Major Comments
1. Kinetics of sulfuric acid aerosol particles at cirrus temperatures: I understand that not
much work has been done related to the activation kinetics and particle phase at such
low temperatures. The authors handled this issue with their test for kinetic limitations at
197 K. However, the majority of their ice supersaturation results still comply with the
WAC at around that temperature. I am curious why a similar kinetic test was not
considered at, e.g. 190 K, where the deviations are suggested to be significantly higher?
Please note that the experiment shown in Fig. 5 was started at 197 K, but the actual ice
onset temperature was observed at a lower temperature of about 193 K with a
corresponding ice saturation ratio of about 1.95. Therefore, this experiment was done in
the temperature regime, where the observed deviation in onset supersaturation is
already significant and we consider it as representative for the other experiments with
significant deviation. We are planning more AIDA homogeneous freezing experiments
with other solutes and will take up your suggestion to carry out more experiments with
variable pumps speeds or rate of pressure change.
2. Thermodynamic equilibrium: Based on previous work (Williams and Long, 1995), it
won’t be surprising that these sulfuric acid aerosol particles are extremely viscous at
such low temperatures, likely approaching glassy state (if not already). This could really
slow down the mixing. This casts some doubts on whether the particles attained
thermodynamic equilibrium condition. I strongly recommend adding a discussion related
to this issue and the implications it can have on the presented results and its
interpretation.
We agree that the particle phase and the related mixing time at low temperatures are an
important aspect to consider in the measurements of this study. We also discussed those
aspects in the response to major comment 3 of referee #1, which is attached below:
As a first step, we included the start relative humidity with respect to ice RH i,0 and liquid
water RHw,0 to the tables in the appendix, as suggested.

To illustrate the start conditions and the sulfuric acid phase at the ice onset, we adapted
Fig. 4 in Koop, 2004 and added the data points for the start composition of the sulfuric
acid aerosol particles in wt% H2SO4 for our experiments and the data points for the
composition at ice onset (see Fig. 1 in this response, red and blue dots). The weight
percentage composition was determined by using Model I of the E-AIM model with the
measured temperature and relative humidity inside the chamber. As described in the
referee’s comment above, a glassy state of the sulfuric acid aerosol particles in our
experiments would strongly influence the observed freezing process due to slow mixing
processes. In Fig. 1, we can see that all experiments are above the conditions of ultraviscous and glassy particles, according to the phase diagram in Fig. 4 in Koop, 2004 and
the references therein. Especially the glass transition conditions given in this figure are at
significantly lower temperatures compared to our starting and ice onset conditions. This
is supported by our SIMONE measurements, which show an increasing signal in the
forward scattering intensity between pump start and ice onset, for all the experiments.
This increase shows that the aerosol particles are able to take up water and dilute. Only
from this observation, it cannot be completely ruled out that an enhanced viscosity at low
temperatures decelerates the water uptake, so that it might be not sufficient to maintain
particles in thermodynamic equilibrium with the environment. For the investigation of a
potential decelerated water uptake, we refer again to the experiment shown in Fig. 5 in
the manuscript. In this experiment, the relative humidity was kept nearly constant above
Koop2000 for about five minutes. Firstly, we observe no ice formation in this time period,
which indicates that the AIDA ice onset is not higher than the Koop2000 line due to a
delayed ice detection. Secondly, the forward scattering intensity of the SIMONE
instrument (dark red line, third panel) shows a significant increase in the first two
minutes of constant pumping, which is related to the water uptake of the particles. In the
following five minutes of constant relative humidity (slower pumping), no further uptake
of the particles is observed. To illustrate this more precisely, we added a second panel to
Fig. 5 in the manuscript (see Fig. 2 in this response), which shows a direct comparison of
the relative humidity and the forward scattering intensity on a smaller scale. In this
panel, we clearly observe the particle diluting in the first two minutes of the experiment,
which generally decreases the particles’ viscosity. After that period, the particles could
have continued taking up water, but no further increase in the forward scattering is
observed, as soon as the pump speed is lowered. Rather, the forward scattering intensity
follows nicely the slight variations in the relative humidity, but a decelerated or delayed
water uptake is not indicated.

Fig 1: Phase diagram of sulfuric acid adapted from Koop (2004). The phase diagram of
sulfuric acid as given by Koop (2004) and references therein is shown and complemented
by the calculated weight percentage concentrations of the sulfuric acid aerosol particles

before the start of the AIDA experiments of this study (red dots) and at the observed ice
onset during the experiments (blue dots).

Fig. 2: Investigation of kinetic limitations with respect to water uptake in the AIDA
chamber. Panel (a): The figure is composed in the same way as Fig. 3. For the
experiment shown, started at about 197K, the pump rate was controlled in such a way
that the relative humidity with respect to ice stayed relatively constant for about 5
minutes at about 170%, hence above the homogeneous freezing threshold suggested by
Koop et al. (2000). For details on this experiment, see Sect. 3. Panel (b): Enlarged view

of the relative humidity and the forward scattering intensity at the beginning of the
experiment.
To our knowledge, studies or measurements of the viscosity of sulfuric acid aerosol
particles at very low temperatures are not available in the literature. Measurements and
suggested fits for viscosity in dependence on temperature and H 2SO4 weight percentage
concentration by Williams and Long (1995) extend to 200 K and are given for any
concentration between 30 and 80 wt%. Fig. 1 in Williams and Long (1995) shows that
the viscosity is strongly increasing with decreasing temperature. As the AIDA
experiments have weight percentage concentrations < 30% at the ice onset, we can only
use the Williams and Long parameterization to determine the viscosity before experiment
start when wt% > 30% and for experiments starting at temperatures > 200 K. In Fig. 3a
in this response, we show the calculated viscosities η using the Williams and Long
parameterization for the AIDA experiments at experiment start (black dots) with start
temperatures > 200 K. The viscosities for experiments starting at temperature < 200 K
are shown in the grey shaded box, as they need to be treated with caution. In addition,
we used these viscosities to determine the diffusion coefficient D of water molecules in
the sulfuric acid solution aerosol particles using the Stokes-Einstein-equation (red
triangles). With the diffusion coefficients, the diffusion length D L for a water molecule on
a time scale of 6s is calculated and shown in Fig. 3b in comparison to the measured
mean diameter of the H2SO4/H2O aerosol particle populations. The diffusion length is
significantly larger than the mean particle diameter in all experiments, which indicates
that the diffusion of water in the aerosol particles is fast enough to keep them in
thermodynamic equilibrium with the environment. Note again that these calculations are
only strictly valid for experiments starting at temperatures > 200 K and only for the
experiment start conditions.

Fig 3: Viscosity and diffusion coefficients for the start conditions of the AIDA
experiments. Panel (a): Viscosity (black dots) and diffusion coefficients (red triangles)
calculated using the parameterization of Williams and Long (1995) and the Stokes-

Einstein-equation. Panel (b): Comparison of the mean particle diameter of the sulfuric
acid particle population (blue diamonds) to the diffusion length of water molecules (black
squares) on a time scale of 6s. Note that the shown data points represent the starting
conditions of the AIDA experiments. As the parameterization of Williams and Long (1995)
is only valid for T > 200 K, the data points of experiments at lower temperatures are
displayed in a grey shaded box.
We added a similar discussion to Section “3. Results and discussions” and added the Figs.
1 and 3 to the appendix, as additional information, and changed Fig. 5 in the manuscript
by adding panel b (see Fig. 2 in this response). Changes in the manuscript are as
follows:
For lower temperatures, the viscosity of sulfuric acid increases with decreasing
temperature (Williams and Long, 1995) and it can even undergo a transition to
a glassy state (Koop, 2004). An enhanced viscosity or a glassy state may reduce
the water uptake of the aerosol particles and therefore may delay or inhibit
particle growth and dilution. Such effects were discussed to e.g. inhibit
homogeneous freezing of secondary organic aerosol particles at T < 200 K
(Fowler et al., 2020). For aqueous sulfuric acid solutions, Koop (2004)
summarized the conditions for transitions to ultra-viscous and glassy states in
dependence on temperature and aerosol composition. To get information about
the phase state of the H2SO4/H2O aerosol particles in the AIDA experiments, we
used Model I of the E-AIM model (Clegg et al., 1992; Carslaw et al., 1995;
Massucci et al., 1999; Wexler and Clegg, 2002; Clegg and Brimblecombe, 2005)
to calculate the sulfuric acid weight percentage for the temperature and
humidity conditions before experiment start and at the observed ice onsets (see
Tables B1, B2 and B3). For all experiments, the calculated weight percentages
are above the values for a transition to ultra-viscous or glassy particles
according to Koop (2004) and references therein (see Fig. D1). In particular,
the glass transition occurs at significantly lower temperatures compared to the
AIDA starting and ice onset conditions. This is also supported by the aerosol
particle forward scattering intensity measurements with the SIMONE
instrument, which show an increasing signal between pump start and ice onset
for all the experiments. This increase shows that the aerosol particles take up
water and dilute, which would not be expected for glassy particles. To calculate
the viscosity of the H2SO4/H2O aerosol particles in the AIDA chamber, we
applied the parameterization by Williams and Long (1995). This
parameterization is only valid for temperatures > 200 K and for a H 2SO4 weight
percentage between 30 and 80 wt% and can therefore only be applied to the
starting conditions of AIDA experiments with T0 > 200K (see Fig. D2, data
points for experiments with T0 > 200K are displayed in a grey shaded box). The
Stokes-Einstein-equation was then used to calculate the diffusion coefficient of
water molecules in the aqueous sulfuric acid aerosol particles. From this, we
then calculated the diffusion length of water molecules in the aerosol particles
on a time scale of 6 seconds, which is much larger than the mean aerosol
diameter. This indicates that the water diffusion is still fast enough to keep the
aerosol particles in thermodynamic equilibrium.
[…] As soon as the relative humidity is kept at a constant value, no further increase in
the forward scattering intensity was observed. Fig. 5b shows the relative humidity
and the forward scattering intensity at the beginning of the experiment. The
forward scattering intensity clearly increases during the first two minutes of the
experiment, which is caused by water uptake as a result of increasing relative
humidity, and results in a decreasing viscosity of the particles. As soon as the
relative humidity is controlled to an almost constant value by the reduction of
the pump speed, no further increase in the forward scattering intensity is
observed. The signal even follows the slight variations in the relative humidity,
and a delayed water uptake is not indicated. This supports our assumption that the

aerosol particles can well follow thermodynamic equilibrium conditions during an AIDA
experiment at typical pump rates and related rates of cooling and relative humidity
increase.
Figure descriptions in the appendix:
Figure D1. Phase diagram of sulfuric acid adapted from Koop (2004). The phase
diagram of sulfuric acid as given by Koop (2004) and references therein is
shown and complemented by the calculated weight percentage concentrations
of the sulfuric acid aerosol particles before the start of the AIDA experiments of
this study (red dots) and at the observed ice onset during the experiments
(blue dots).
Figure D2. Viscosity and diffusion coefficients for the start conditions of the
AIDA experiments. Panel (a): Viscosity (black dots) and diffusion coefficients
(red triangles) calculated using the parameterization of Williams and Long
(1995) and the Stokes-Einstein-equation. Panel (b): Comparison of the mean
particle diameter of the sulfuric acid particle population (blue diamonds) to the
diffusion length of water molecules (black squares) on a time scale of 6s. Note
that the shown data points represent the starting conditions of the AIDA
experiments. As the parameterization of Williams and Long (1995) is only valid
for T > 200 K, the data points of experiments at lower temperatures are
displayed in a grey shaded box.
Figure description of Fig. 5:
Figure 5. Investigation of kinetic limitations with respect to water uptake in the AIDA
chamber. Panel (a): The figure is composed in the same way as Fig. 3. For the
experiment shown, started at about 197 K, the pump rate was controlled in such a way
that the relative humidity with respect to ice stayed relatively constant for about 5
minutes at about 170%, hence above the homogeneous freezing threshold suggested by
Koop et al. (2000). For details on this experiment, see Sect. 3. Panel (b): Enlarged
view of the relative humidity and the forward scattering intensity at the
beginning of the experiment.

3. Physical interpretation of the deviations from WAC: There is no attempt made at
understanding the microphysical picture underlying the reported deviations from WAC. It
is unclear why sulfuric acid system would behave in such a fashion. I recommend that
the authors state this lack of understanding clearly in the manuscript.
First of all, we would like to state that we present here experimental results after careful
discussion and uncertainty analysis, with direct measurements of the temperature and
ice saturation ratio at the point of homogeneous freezing onset for aqueous sulfuric acid
aerosol particles. That our data deviates from those derived from the WAC-based
parameterization by Koop et al. (2000) is an experimental result, and does not require
any physical reasoning. Physical reasoning is important and may be helpful when
discussing possible reasons for this disagreement, and some are included in the
discussion in section “3. Results and discussion”, but unfortunately we do not yet have a
definite explanation for the observed deviation.
We therefore included the following statement into Section “3. Results and Discussion” to
emphasize that we are not questioning the underlying physical principles of the WAC, but
rather its application to the AIDA parameter space at low T:
Finally, we do not have a solid explanation for the deviation of the H2SO4/H2O
homogeneous freezing thresholds observed in AIDA experiments from the WAC-

based homogeneous freezing lines. This deviation may be related to
uncertainties in the formulation of physicochemical properties at low
temperatures, which are required for the conversion between the Koop2000
parameter space (aw-T-space) and the AIDA parameter space (Sice-T-space), as
described above.
4. Atmospheric models: Sulfuric acid aerosol particles certainly dominate in the
stratosphere, however, there are several studies showing the presence of various other
components such as organics and inclusions of aluminum and silicon (Murphy et al.,
2014), with even more variety of components present in the upper troposphere. While
the presented study focuses only on sulfuric acid aerosol particles. Keeping this in mind
as well as the comments stated in 1-3 above, I find the authors’ suggestion to use their
parameterization in atmospheric models over WAC a bit far fetched. I do not agree with
this suggestion and recommend removing this part. In addition, the authors should state
this caveat in their abstract, discussion and conclusions. There needs to be more work
done on other atmospherically relevant aerosol particles at such low temperatures and
high ice supersaturation conditions, to establish whether the deviations from WAC
reported here are universal or not.
We understand that a replacement of the WAC and the application in atmospheric models
should not be suggested, as it is also discussed in the response to major comment 4 of
referee #1. We changed the related sections in the manuscript, as follows:
Abstract:
Based on theour experimental results of our direct measurements, we suggest a new
fit line to formulate as a parameterization for the onset conditions of homogeneous
freezing of sulfuric acid aerosol particles as an isoline for nucleation rate coefficients
between 5 ·108 cm-3s-1 and 1013 cm-3s-1. As a next step, we propose the new
parameterization to be implemented in atmospheric models as an improved version of
the WAC-based parameterization from Koop et al. (2000). The new The potential
significant impacts of the higher homogeneous freezing thresholds, as directly
observed in the AIDA experiments under simulated cirrus formation conditions,
may have significant impacts on the model prediction of cirrus cloud occurrence and
related cloud radiative effects are discussed.
Results and Discussion:
Based on the AIDA results and the discussion above, we suggest a new parameterization
provide a new fit line for homogeneous freezing of H2SO4/H2O aerosol particles
directly measured as function of Sice and T.
In a next step, this fit is constrained to the well-known homogeneous freezing
temperature of pure water droplets, so that when applied to atmospheric models it
matches the freezing point of pure water droplets (see Fig. 6c and d, red line). (The
section about the constrained fit was completely removed.)
We suggest to use the constraint fit with the coefficients a = −0.75±0.04 and b = 263±8
K(see Eq. 1 and 6c and d, red line) for use in atmospheric models. Applying Tthis new
freezing threshold for cloud formation processes in the atmosphere, would then
result in a shift of the homogeneous freezing onset in cirrus formation would be shifted
to ice saturation ratios of about 2.0 at temperatures around 185 K. A higher
homogeneous freezing onset may explain the high ice saturation ratios occasionally
reported for low temperatures in the upper troposphere in some field studies (Jensen et
al., 2005; Lawson et al., 2008; Krämer et al., 2009; Krämer et al., 2020). However, it
needs to be considered that the fit line only describes homogeneous freezing of
H2SO4/H2O aerosol particles under laboratory conditions. Other aerosol species,

which could be relevant for homogeneous freezing processes in the
atmosphere, are not taken into account. Application to atmospheric conditions
therefore needs to be done with caution.
Consequently, a precise description of homogeneous freezing processes is crucial to
understand cloud radiative effects in the present climate as well as in predictions of
climate change. The new parameterization suggested here may be used as a replacement
of the Koop2000 homogeneous freezing onset lines. This may in particular be relevant for
cirrus clouds in the cold tropical tropopause layer
(TTL). (This section was moved from Section “4. Conclusions” to Section “3. Results and
Discussion”)
Conclusions:
A higher homogeneous freezing onset as derived from our experiments may also explain
field observations of high clear-sky supersaturation, which should not occur according to
the freezing thresholds predicted by Koop2000 (Jensen et al.,2005; Lawson et al., 2008;
Krämer et al., 2009; Krämer et al., 2020). However, the discussed high freezing
onsets only consider homogeneous freezing of H2SO4/H2O aerosol particles
under laboratory conditions, without involving other atmospherically relevant
aerosol species. We suggest a new parameterization for the homogeneous freezing
onset of H2SO4/H2O aerosol particles, which is based on Aan empirical fit to the AIDA
results with the form ln(Sice) = a+ 1/T·b with fit parameters a = −0.75±0.04
−1.40±0.05 and b = 263±8 390±10 K describes the observed homogeneous
freezing onsets of H2SO4/H2O aerosol particles in the chamber. This fit line is
based on direct measurements of the freezing onset conditions at simulated
cirrus formation conditions and provides an isoline for homogeneous freezing of
sulfuric acid aerosol particles for nucleation rate coefficients between 5·10 8
cm−3s−1 and 1013 cm−3s−1. This fit is constrained to the homogeneous freezing
temperature of pure water at 235K and water saturated conditions at this temperature.
The application of this fit line to atmospheric conditions requires further work
on the physical behavior of H2SO4/H2O aerosol particles at low temperatures
and on the involvement of other atmospheric aerosol particle types. Ongoing
experiments in the AIDA cloud simulation chamber aim at investigating homogeneous
freezing onsets of different solutes and at constraining the descriptions for liquid water
saturation pressures to experimental results.

Minor comments:
Figure 4: Could the uncertainties in predictions from Koop et al. (2000) be added in this
figure for clarity.
In Koop, 2004, the uncertainty range for the freezing line in the aw-T-space is given with
5% uncertainty in the water activity. We included this range of uncertainty in Figs. 4 and
6, as a shaded area around the WAC freezing curves.
L6: WAC not a function of size of the aqueous aerosol particles. Please correct.
We changed the sentence in l. 6 as follows:
The WAC describes the homogeneous nucleation rate coefficients only as a function of
the water activity, temperature and size of the aqueous aerosol particles, which makes
this approach well applicable in numerical models.

L255: Please mention/reference the specific E-AIM models used here and for evaluating
the data from other studies shown in Fig. 1
We used the Model I. We added the correct references to this line, as suggested on the
E-AIM website:
In cases where water activities or relative humidities were not given by the authors, we
used the Extended AIM Aerosol Thermodynamics Model (E-AIM), Inorganic Model I on
http://www.aim.env.uea.ac.uk/aim/aim.php (Clegg et al., 1992; Carslaw et al.,
1995; Massucci et al., 1999; Wexler and Clegg, 2002; Clegg and Brimblecombe,
2005) to transfer given H2SO4 concentrations into water activities, which we assume to
be equal to relative humidity.
Technical comments:
L8: “...laboratory-based homogeneous...”
Corrected.
L11: “Aqueous sulfuric acid aerosol particles of high purity were generated by...”
Corrected.
L47: “...to be equal to relative humilities.”
Corrected.
L80: “...and the potential deviation from...”
Corrected.
L107: “...pump starts...”
Corrected.
L122: a period missing at the end of the sentence
Corrected.
Fig3. Caption: “...AIDA chamber as a function of time since pump start ...”
Corrected.
Fig6. Caption: “The fit shown in panel (a) is constrained...”
This sentence was removed completely due to other referee comments.
L353-54: “...freezing onset may explain the high ice saturation ratios...”
Corrected.
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