Review for “High Homogeneous Freezing Onsets of Sulfuric
Acid Aerosol at Cirrus Temperatures" by Schneider et al.

We thank referee #1 for his or her thoughtful and detailed 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.

The manuscript submitted to Atmospheric Chemistry and Physics titled “High Homogeneous
Freezing Onsets of Sulfuric Acid Aerosol at Cirrus Temperatures" by Schneider et al. presents
new and reanalyzed data on homogeneous freezing of aqueous sulfuric acid aerosol in the
AIDA chamber. Homogeneous ice nucleation studies at such large supercoolings is certainly
relevant topic and important for atmospheric science. The authors report the onset of ice
nucleation to be below water saturation and follow the water activity criterion (WAC) from
Koop et al.1. However, their results deviate from Koop et al.1at 185-205 K. After a thorough
uncertainty analysis and clearly stating their assumptions, they conclude that this deviation
is significant. They claim that the deviation may be because water saturation curves with
respect to ice and water are uncertain and suggest that the estimate by Nachbar et al.2
instead of Murphy and Koops would cause deviations to decrease. Finally, the authors make
a claim about the consequence of their results to ambient cirrus clouds. Overall, the intro,
methods and results of this manuscript are well written. The methods are described well and
the error analysis is sound. However the discussion needs great improvement. There are
major comments that cast the authors conclusions in serious doubt. These have to do with
the lack of discussion of the physical evidence for the WAC, the uncertainty for the WAC, the
mixing time of the particles, and finally, their suggestion of treating homogeneous freezing
for cirrus clouds as only from sulfuric acid. A few minor comments exist. Overall, | cannot
recommend publication at this time without significant revision.

Major comments

1. There is a lack of any physical reasoning. The WAC is not an empirical parametrization of
aqueous sulfuric acid onset freezing temperatures. It is a physical description of freezing of a
variety of solutes at ambient pressure, and of pure water at high pressurei,4. In Koopas,
physical evidence is presented that freezing and melting temperatures of pure water at high
pressure and highly concentrated aqueous solution at ambient pressure are similar and are
the result of similar affects

on the water hydrogen bonding structure. To be fair and balanced, if the authors claim their
data deviates from the WAC, then they must claim a physical reason for this and
independent evidence to support their reasoning. For example, if WAC is solute independent
(I. 38-39), why do they suspect sulfuric acid is such a special case? Does the hydrogen-
hydrogen radial distribution functiona of sulfuric acid aqueous solutions deviate from high-
pressure water at the same water activity? Does it deviate from other solutes below 205 K at
the same water activity, but not deviate at warmer temperatures? If they cannot explain
their results physically or come up with a realistic quantitative measure, it is acceptable that
the authors include a statement that they do not know a physical reason why such a
deviation would occur.



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.

Please note that it is not the aim of this paper to question the WAC itself and its physical
explanation, but our data provide strong evidence that there is an increasing high bias of the
homogeneous freezing onset to lower temperatures, at least for aqueous sulfuric acid
aerosol we used in our experiments.

Indeed, we compare the freezing experiments of a single solute, H,SO4, with a freezing line
established for a variety of different solutes. However, the results of a previous study by
Koop et al., 1998 also focusing on the homogeneous freezing of sulfuric acid aerosol particles
shows a good agreement with the WAC-based lines with an universal validity independent
on the nature of the solute published later in Koop et al., 2000. We therefore also compare
the AIDA sulfuric acid measurements to the WAC-based lines. In summary, with our
measurements, we cannot and do not want to show that the WAC and the underlying
assumptions are not correct. Instead, we want to show that the conversion of data from
different experimental setups like the AIDA chamber to compare with the WAC brings
uncertainties into the description of homogeneous freezing. For this conversion, calculations
based on parameterizations for e.g. the water vapor saturation pressure with respect to
supercooled liquid water are needed, which are uncertain especially at low temperatures.

In order to focus the discussion more on the observed disagreement with the WAC-based
homogeneous freezing line, and to make it more clear that we do not doubt the WAC for
homogeneous freezing in general, we add the following statement to “3. Results and
Discussion”:

Finally, we do not have a solid explanation for the deviation of the H,SO04/H.0
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.

2. There is uncertainty of the WAC that should be included. | appreciate the authors
experimental uncertainty analysis, however, they lack the uncertainty analysis for the WAC.
They must include the uncertainty in the WAC lines for a fair comparison. Koopa claims a
uncertainty up to 5% in temperature from the freezing line, which translates to an error
close to £15 K in temperature and +0.08 in water activity, aw, at homogeneous freezing
temperatures of 185 K. Please check this. In order for a fair comparison with WAC, the



authors must calculate errors on the WAC lines at all temperatures and show them in their
figures.

Koop (2004) gives an uncertainty range of +/- 5 % for the water activity in the freezing line in
the aw-T-space. We included this range of uncertainty in Fig. 4 and 6, as a shaded area
around the WAC freezing curves.

3. Mixing time of high concentrated aqueous solutions at low temperature. On |. 294, the
authors claim their assumption that particles are well-mixed and in equilibrium with their
humidified environment. Support for this assumption is givens for temperatures > 205 K and
for the experiment performed by the authors at 194 K in Fig. 6. However, there remains
some doubt about this assumption, and the particles may be highly viscous to the point of
limiting mixing within them due to slow molecular transport. Whether a particle is or is not
well-mixed can depend on the entire relative humidity history, even before the start of
experiments. If experiments began at a relative humidity with respect to ice, RHi, and
temperature in which aqueous aerosol particles were initially in a glassy state, it would take
time for a glassy and inhomogeneously mixed particle to transition to mixed and satisfy the
authors assumption. For example, Berkemeier et al.s has shown that for glassy organic
aerosol, a humidity induced transition to well-mixed particles can take 1600 s starting at
215K and cooling to 212 K and consequently humidity increasing from 60% to 87%. Although
glassy inorganic solutions may behave differently than glassy organics, experiments by the
authors here were 3 to 4 times faster and therefore, a kinetic limitation cannot be ruled out.
If the authors began their experiment in Fig. 6 at a lower RHias they did for their
experiments in Fig. 3, would kinetic limitations be observed? Evidence for a kinetic limitation
comes from the sulfuric acid phase diagrama. When RHi=95% and T = 185 K, the weight
percent of sulfuric acid solution in equilibrium is roughly 50%7s and this is exactly at the
boundary of ultra-viscous solutions. The authors should include the starting RHiin the
appendix tables.

The uncertainty here is large, of course, due to extrapolation and seen by the scatter in
crystallization temperatures of glassy particles upon warming in Fig. 4 of Koopa. What |
expect is that the authors include a value of viscosity, molecular diffusion coefficients, or
mixing time scales at their exact experimental conditions measure in literature. The authors
have not shown evidence for this assumption for temperatures down to 185 K. | do not
know of existing viscosity or diffusion coefficient measurements in this temperature and
humidity range. If they exist, what is the variability. | do not recommend extrapolating from
common measurements. A lack of measurements would cast doubt on this assumption, and
thus their conclusions.

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 and that further and more
detailed discussion on that is needed.

As a first step, we included the start relative humidity with respect to ice RHio and liquid
water RHy, 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% H,SO4 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 | 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 ultra-viscous 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.
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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).
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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,SO4 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 n 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, 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 H,S04/H,0 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.
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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
H2504/H,0 aerosol particles in the AIDA experiments, we used Model | 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 H2S04/H20 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 H2SO4 weight percentage between 30 and 80 wt% and can therefore only be applied
to the starting conditions of AIDA experiments with To > 200K (see Fig. D2, data points for
experiments with To > 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.

4. The authors want their fitted line in atmospheric models and replace the WAC (. 391-
392). Inherent in this is that only sulfuric acid aerosol particles nucleate homogeneously to
form cirrus clouds in models, is to discard the presence of other solutes such as secondary
organic aerosol; nitrates or sea salts, is to treat homogeneous freezing only at the authors'
measured onset, and is to not account for homogeneous ice nucleation rate coefficients (as
function of water activity and

temperature). As there is no given physical explanation for their data, this suggestion is a
large leap backward for understanding atmospheric physics and chemistry. The authors
certainly make a line go through data points, however it is not appropriate to use this line to
predict the formation for cirrus clouds. Up scaling a purely empirical parametrization from
the AIDA chamber to real atmospheric conditions is an extrapolation outside of their
experimental conditions. If the authors want to replace Koop et al.1, then more work needs
to be done to quantify and understand the physics of homogeneous ice nucleation and apply
that understanding to the range of temperature, water activity and nucleation rate
coefficients valid for their measurements and consistent with the over 20 years of
observation supporting the WAC. Please remove any mention of suggesting to use this
parametrization in atmospheric models on . 344, 1. 351-352, I. 384-385 and |. 391-392 and in
the last 2 sentences of the abstract. These are the instances | have found.

We understand that a replacement of the WAC and the application in atmospheric models
should not be suggested. We changed the related sections in the manuscript, as follows:

Abstract:
Based on theeur experimental results of our direct measurements, we suggest a new fit line

to formulate as-aparameterizationforthe onset conditions of homogeneous freezing of
sulfuric acid aerosol particles as an isoline for nucleation rate coefficients between 5 -10%

parameterizationfromKoop-etal{2000) Thenew-The potential significant impacts of the
higher homogeneous freezing thresholds, as directly observed in the AIDA experiments

under simulated cirrus formation conditions, may-havesignificantimpacts-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 suggesta-new-parameterization
provide a new fit line for homogeneous freezing of H.S04/H20 aerosol particles directly

measured as function of Sice and T.

pointof pure-waterdroplets{seeFig-6cand-d,redline} (The section about the constrained

fit was completely removed.)

Eq—l—aﬁd—%aﬂd—d—red%ne)—fepase—wa%mesﬂ%medels— Applymg :FthIS new freezmg
threshold for cloud formation processes in the atmosphere, would-thenresultina-shifrof

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; Kramer et
al., 2009; Kramer et al., 2020). However, it needs to be considered that the fit line only
describes homogeneous freezing of H,S04/H,0 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 pred|ct|ons of climate
change.
Keep%@@@—hemegeneea-s—#eez—mg—eﬂset—tmes—Thls may in partlcular 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; Kramer
et al., 2009; Kramer et al., 2020). However, the discussed high freezing onsets only consider
homogeneous freezing of H.S04/H,0 aerosol particles under laboratory conditions,
without mvolvmg other atmospherlcally relevant aerosol species. We—suggest—a—new

wmeh—rs—based—en Aan emplrlcal fit to the AIDA results with the form In(S.ce) =a+1/T-b W|th
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 H.5S04/H20 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 5-108 cm‘*"s‘1 and 1013 cm3s™?

wa%er—sa%u-rated—em%rens—at—tms—tempemu%e—The appllcatlon of th|s f|t Ime to

atmospheric conditions requires further work on the physical behavior of H.S04/H.0



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

1. 1. 6. The WAC is not a function of aerosol particle size. Likewise, it is not a function of time
either.

We changed the sentence in |. 6 to:
The WAC describes the homogeneous nucleation rate coefficients only as a function of the

water activity, temperatureand-size-ofthe agueocusaerosolparticles;-which makes this

approach well applicable in numerical models.

2.1.23-24 and 386-407. The authors certainly review and discuss cirrus cloud formation and
radiative effects, however, these are not conclusions. No cloud model or any calculations of
radiative forcing were made here to support these statements. In the abstract | suggest the
following rewrite or something similar, “Our results are discussed in the context of
predicting the formation of cirrus clouds and related cloud radiative effects." In addition,
these conclusions need to be moved to the results and discussion section.

We changed the last sentence of the abstract to:
Fhe-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-significanrtimpaets-on the model prediction of cirrus cloud occurrence and related

cloud radiative effects are discussed.

We further moved the section in |. 186-407 from “3. Conclusions” to “4. Results and
Discussions”.

3.1.44-47. and 327-329. It was already stated by Koopa that thermodynamic models (to
calculate water activity of solutions or saturation vapor pressures) extrapolated to these low
temperatures can be large sources of errors. | suggest to add this reference here.

Thanks for bringing this reference to our attention. We added the following sentence after
lines 44-47:

It needs to be considered that for the low temperature range, the model predictions are
based on extrapolations, which remain uncertain (Koop, 2004).

We also added this reference to the other text passages, as suggested:

The descriptions for the liquid water saturation pressures are rather uncertain (Koop, 2004),
and-varieus existing parameterizations deviate from each other (e.g. Buck, 1981; Sonntag,
1994; Tabazadeh et al., 1997; Murphy and Koop, 2005; Nachbar et al., 2019).



4. 1. 46. What E-AIM model did the authors use? | suppose Model I79. Please check the
correct references on the E-AIM website.

Indeed, we used the Model I. We added the correct references, 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 | 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 H,SO4 concentrations into water activities, which we assume to be equal to relative
humidity.

5. 1. 50-51. | think there is a mistake here. Higher values of Aawshould yield higher values of
Jv.

That is right. We corrected this sentence accordingly:

Also shown are homogeneous freezing onset Iines calculated according to Koop2000 for
nucleation rate coefficients of Jy = 10'3 cm=3s! (Aaw = 0.32, dashed line) and Jy =5 - 108 cm3s°
1 (Aaw = 0.32, dotted line) (M&hler et al., 2003).

6. 1. 61-63. Would the authors take care to please check the ambient ice saturation ratios for
these studies? The authors language gives the impression that high RHiat or above 200%
happens all the time at temperatures colder than 200 K. This is misleading. It is directly
stated in the abstract Kramer et al.10that the highest RHifor clear sky is about 150%. Kramer
et al.ioshows a distribution of RHiand there are very rarely any measurements at or above
200%. | count about 7 yellow squares in Fig. 7(e) of Kramer et al.10at or above 200%, but
practically all data is bounded by or scattered around homogeneous freezing. This statement
misrepresents the findings

of Kramer et al.10, and | would encourage them to be more specific and representative of the
previous research they are citing. Please check all citation here. Ambient in-cloud and clear-
sky RHi> 150% occurs mostly < 2% of the time.

We checked the references for the atmospheric observations again and adjusted the text as
follows to be more precise:

For T <200 K, Koop2000 predicts homogeneous freezing thresholds ranging between ice
saturation ratios of 1.6 and 1.7. However, in an aircraft campaign in 2004, atmespheric
observationsrevealed enhanced ice saturation ratios up to 2.83 at about 187 K were
observed in the upper troposphere (Jensen et al., 2005), clearly exceeding the Koop2000
freezing thresholds. Also in a later aircraft campaign in 2006, more than half of the relative
humidity measurements showed values exceeding Koop2000 at upper tropospheric
temperatures (Lawson et al., 2008). Other atmospheric observations at T < 200 K reported
atmospheric relative humidities predominantly below Koop2000, but in a few cases the
threshold was also exceeded (Kramer et al., 2009, Kramer et al., 2020). These atmospheric
observations a e ;




Krameretal;2009;Krameretal;—2020) seemingly contradictirg-Koop2000 if the
assumption holds that ice saturation ratios are unlikely to exceed the homogeneous freezing
thresholds in the atmosphere.

7. 1. 334-335. If the Aaw values would be used together with Nachbar et al.2to plot a new
onset curve, would everything be within error bars? They claim that difference would be
reduced, but why not show these differences and if they can completely explain the
deviations they observe.

We added the homogeneous freezing thresholds according to Koop et al., 2000, but with
using the parameterization of Nachbar et al., 2019 for the liquid water saturation pressure to
the Figs. 4 and 6. We also included the related description and discussion in the text:

This is shown in Fig. 4, where Koop2000 is shown in combination with the liquid water
saturation pressure parameterization of Murphy and Koop (2005) (black dashed and
dotted lines, MK2005) and additional in combination with the more recent line by Nachbar
et al. (2019) (blue dashed and dotted lines, N2019). To fully explain the differences
between the AIDA and the Koop2000 onsets, the liquid water saturation pressure would
need to be even higher at low temperatures than suggested by Nachbar et al. (2019).

Description of the new Fig. 4 in the manuscript:

Homogeneous freezing onsets of H,S04/H,0 aerosol particles. The freezing onset
conditions, Tice and Sice fr, are displayed in comparison with the homogeneous freezing
thresholds suggested by the WAC-based predictions by Koop et al. (2000) {dashed-and
dotted-blacktines} (dashed and dotted lines) using two different parameterizations for the
water saturation pressure with respect to supercooled liquid water from Murphy and
Koop (2005) (MK2005, black) and Nachbar et al. (2019) (N2019, blue). and-the The used
water saturation pressures with respect to supercooled liquid water according to MK2005
Murphy-and-keep{2005)-(solid black line) and aceerding-te N2019 Nachbaretat{2019}
(solid blue line) are also shown. The colors of the measurement data points represent the
different AIDA campaigns in the corresponding years. The oldest campaigns are presented in
reddish, whereas the more recent campaigns are shown in yellowish colors.

8.1. 341 and 350. The reason why the authors show 2 different fit parameters and
procedures here is not clear. Would the authors please choose one, and remove the one you
do not want your readers to use from the manuscript?

We decided to only keep the unconstraint fit, as this better represents our measurement
data. We adjusted Fig. 6 and the related descriptions and discussions accordingly.

Description of Fig. 6:
Figure 6. New fit line for homogeneous freezing onsets of H,504/H,0 aerosol particles. Panel

(a): The freezing onsets determined by OPC and SIMONE data (red dots) are shown in an
Arrhenius plot and fitted by an ordinary least square (OLS) fit with the form In(Sice)



=a+1/T-b. The parameters are a=-1.40+0.05 and b= 390+10 K and the goodness of the fit is
R2=0.92. The shaded area is indicative for the uncertainty of the fit parameters. Panel (b):
The OLS fit shown in panel (a) is transferred into the Sice-T-space and compared to
Koop2000 and the water saturation lines suggested by Murphy and Koop (2005) and

Nachbar et al. (2019) P&%He%&nd%d)#he—ﬁt—sheawmrpane#a—s—eeﬁstmmed%e—the—u%

Description and discussion in Section “3. Results and Discussion”:

The coefficients of the fit shown in Fig. 6a are a = -1.40+0.05 and b = 390+10 K. This fit
transferred into the Sice-T-space and compared to Koop2000 and the water saturation lines is
shown in 6b (grey-red line) with the range of fit uncertainty (grey-red shaded area). The

goodness of fit is Rz- 0.92. Mm*t—stee—th%—ﬁt—w—eens#amed—te—t—he—w&Hmewn

Eq—l—med—éc—and—d—m&me)—ier—%e—%etmespl%medels— Applymg 3Fth|s new freezmg
threshold for cloud formation processes in the atmosphere, would-thenresult-ina-shiftof

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 also
contribute to explain high ice saturation ratios reported for low temperatures in the upper
troposphere in some field studies (Jensen et al., 2005; Lawson et al., 2008; Kramer et al.,
2009; Kramer et al., 2020).

Conclusions:

ae#esel—pa%taeles—whieh—rs—based—en Aan emplrlcal f|t to the AIDA results W|th the form In(S.ce)
= a+ 1/T-b with fit parameters a = -6:75+0-04 -1.40+0.05 and b = 263+8 390110 K describes

the observed homogeneous freezing onsets of H,S04/H,0 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
aC|d aerosol partlcles for nucleatlon rate coefficients between 5-108 cm™3s ! and 103




9. 1. 350-351. It is not necessary to state the same parameters and errors twice in adjacent
sentences. Please remove.

We removed a part of this sentence, as suggested (see changes in the manuscript given in
the response to comment 8).

10. WAC freezing curves in figures. It is not clear that the freezing curves for constant Jvare
correctly determined. In a later paper, Koop and Zobristi1 altered the homogeneous freezing
curve of Koop et al.1by an offset in Aaw of 0.008. It appears this is not accounted for in this
manuscript.

The homogeneous freezing curves resulting from the fit to the homogeneous freezing data
of micrometer-sized droplets in Koop et al. (2000) yielded a Aaw of about 0.305, which is
stated to refer to a nucleation rate coefficient of Jy = 10'° cm=3sL. In the more recent paper
of Koop and Zobrist (2009), this Aawis corrected to about 0.313, as they used the more
recent parameterization of Murphy and Koop (2005) to calculate aw,. For calculating the
WAC-based freezing curves in our manuscript, we used the parameterization of J(Aaw) given
in Koop et al. (2000). As the correction in Koop and Zobrist (2009) is more recent, we
corrected our resulting values of Aaw by 0.008, as suggested.

We mentioned the application of the correction in “1. Introduction”, as follows:

Also shown are homogeneous freezing onset lines calculated according to Koop2000 for
nucleation rate coefficients of Jy = 10'3 cm™3s! (Aaw = 0.32, dashed line) and Jy =5 - 108 cm™3s
1 (Aaw = 0.32, dotted line) (M&hler et al., 2003) and corrected according to the revised
version of the homogeneous freezing lines by Koop and Zobrist (2009).

11. Figure 3. Why doesn't the activated fraction go to 1.0? | expect that homogeneous ice
nucleation is so fast that all particles should turn to ice? Is there that much vapor depletion
due to the first few ice crystals that form that the authors cannot nucleate all aqueous
droplets?

Yes, we assume that is exactly the case. As one can see in Fig. 3 in the manuscript, the
relative humidity decreases quickly after the ice onset, although we were still pumping. This
shows that the water vapor depletion by the formation and growth of the first ice crystals is
indeed very efficient. As the larger particles in the aerosol population have a higher freezing
probability due to their larger volumes, they freeze first and the rapid depletion of the
supersaturation in the gas phase prevents smaller aerosol particles from freezing.

12. Figure 4 and 6. There is a bit of a bias here (some systematic uncertainty that is not
explained?) that the majority of ice saturation data points at temperatures warmer than 210
K are lower than homogeneous freezing estimates. Then, data is mostly higher than
homogeneous freezing estimates when temperatures are colder than 210K. Would the
authors care to comment on this somewhat systematic uncertainty? In addition, if there is



no theory or physical explanation to back up their measurements (see major comment),
their data is more suspect to unknown experimental artifacts or errors.

In the AIDA chamber we have several temperature sensors distributed in the chamber
volume. As explained in Section “2.4 Analysis of uncertainties”, the deviation between the
measurements of the different sensors is usually below 0.1 K. During an expansion, this
deviation increases and we have a wider temperature distribution inside the chamber. The
freezing onset temperatures given in the manuscript are referring to the mean temperature
calculated from the different sensors. Assuming that parts of the volume are colder than
others and first ice formation is expected to occur in the coldest parts, the mean
temperature might overestimate the actual freezing onset temperature. This uncertainty is
considered in the calculation of error bars of the ice onsets, as explained in Section 2.4.
Considering the upper limits of these error bars, the ice onsets agree with the homogeneous
freezing onsets predicted by the WAC according to Koop et al., 2000.
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Anonymous Referee #2

Referee comment on "High Homogeneous Freezing Onsets of Sulfuric Acid Aerosol at
Cirrus Temperatures" by Julia Schneider et al., Atmos. Chem. Phys. Discuss.,
https://doi.org/10.5194/acp-2021-319-RC2, 2021

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;,0 and liquid
water RHy,o 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% H,SO, 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 ultra-
viscous 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.
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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).
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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,SO4 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 n 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, 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 H,S04/H>0 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.
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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 H>S04/H.0 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 H>S04/H>0 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>S04 weight
percentage between 30 and 80 wt% and can therefore only be applied to the
starting conditions of AIDA experiments with To > 200K (see Fig. D2, data
points for experiments with To > 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 H>S04/H>0
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 (Sic.-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 theeur experimental results of our direct measurements, we suggest a new

fit line to formulate asaparameterizationfor-the onset conditions of homogeneous
freezing of sulfuric acid aerosol particles as an isoline for nucleation rate coefficients

between 5 :10% cm™3st and 103 cm™3s™. A&aﬂexkstep,—weﬁepese%heﬂew

qiheﬂew—The potentlal
significant impacts of the higher homogeneous freezmg thresholds, as directly
observed in the AIDA experiments under simulated cirrus formation conditions,

may-have-significantimpacts-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-anewparameterization

provide a new fit line for homogeneous freezing of H2S04/H20 aerosol particles
directly measured as function of Si.. and T.

Késee—Eqﬂ—aHd—éeaﬁd—d—Fed#me)—FeHrse—m—aﬂmspheﬁemeéels— Applymg 3Fth|s 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; Kramer et al., 2009; Kramer et al., 2020). However, it
needs to be considered that the fit line only describes homogeneous freezing of
H>S04/H>0 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 radlatlve effects |n the present climate as well as in predlctlons of
climate change.
ef—the—léeep%é}ee—hemegeﬁeeus—#ee%mg—eﬁseehﬁes— Th|s may in partlcular be reIevant 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;
Kramer et al., 2009; Kramer et al., 2020). However, the discussed high freezing
onsets only consider homogeneous freezing of H.S04/H>0 aerosol particles
under laboratory conditions, W|thout mvolvmg other atmospherlcally relevant
aerosol species. W \
easet—ef—l—l%%@‘t%H%G—aeFeseFeameles—wmeh—is—based—eﬁ Aan empmcal ﬂt to the AIDA
results with the form In(Sice) = a+ 1/T-b with fit parameters a = —8-75+6-84
—1.40+0.05 and b = 263+8 390110 K describes the observed homogeneous
freezing onsets of H>S04/H>0 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
sulfurlc acid aerosol particles for nucleation rate coefficients between 5-10%

cm3s” and 1013cm‘3s'1 $his—ﬁt—rs—eensﬁamed—te—the—hemegeﬁee&s—#eeaﬁg

The appllcatlon of thls f|t line to atmospherlc conditions reqmres further work
on the physical behavior of H>S04/H>0 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 |. 6 as follows:
The WAC describes the homogeneous nucleation rate coefficients only as a function of

the water activity, temperature-and-size-eftheagueousaeroselparticles;-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 H,S0O4 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.

14

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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Anonymous Referee #3

Referee comment on "High Homogeneous Freezing Onsets of Sulfuric Acid Aerosol at
Cirrus Temperatures" by Julia Schneider et al., Atmos. Chem. Phys. Discuss.,
https://doi.org/10.5194/acp-2021-319-RC3, 2021

We thank referee #3 for his or her thoughtful and detailed 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.

In this work the authors investigate the homogenous ice nucleation of aqueous solution
droplets in a cloud chamber. The authors carry out a literature review on the freezing
thresholds reported for sulfuric acid solutions. They also collect results from prior
experiments and perform new ones using the same experimental setup. Their
experiments show that at low temperatures there are large deviations in the measured
homogeneous freezing thresholds, when compared against a widely used
parameterization. Based on this they propose a new parameterization to be used in
atmospheric models. Homogeneous ice nucleation is still far from being completely
understood, especially at low temperature where it can impact the formation of polar
cirrus. This work is relevant to the scientific community. The experiments use established
techniques and present interesting results. On the other hand, the analysis of the results
is overly simplistic omitting several important factors. The usefulness of the derived
parameterization is not clear. These issues should be addressed before the work could be
suitable for publication in ACP.

General Comments:

Two other reviewers have already made comprehensive comments pointing out some of
the major issues of the paper. Hence, I would emphasize some points that may require
further discussion.

- The authors should include their data points in Figure 1 with their estimates of aw, or if
it turns out too busy, make a separate figure depicting Tf vs aw. This would allow an
easier comparison against the Koop et al (2000) results.
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Fig. 1: Water activities of the AIDA results of this study in comparison to the summary of
homogeneous freezing experiments shown in Fig. 1 in the manuscript.

This is a good suggestion. In the above Fig. 1, we added the AIDA sulfuric acid data to
Fig. 1 of the manuscript. For the calculation of aw, we assumed equilibrium conditions and
therefore aw = RHw. The ice onset ice saturation ratios Sice were then transferred to RHy
using the parameterization of saturation pressures for ice and liquid water given by
Murphy and Koop, 2005. As this plot provides a supplementary comparison of our
measurements in another parameter space, but is not crucial for the discussion, we
decided to put this figure in the appendix and added the following figure description:

Figure C1. Summary of homogeneous freezing measurements of H>SO4/H-0
solutions in the a,~-T-space. The homogeneous freezing onsets of sulfuric acid
solution samples shown in Fig. 1 are complemented by the AIDA results from
this study (red points). The results in the Sic.-T-space were converted into the
aw-T-space by assuming equilibrium conditions a,=RH,, and by using the
parameterizations for the water vapor saturation pressures with respect to ice
and supercooled liquid water given by Murphy and Koop (2005). The
uncertainties of the calculated a. values vary between +0.036 and +0.076.

We referred to this figure in the Section “3. Results and discussion”, as follows:

With decreasing temperature, the AIDA measurements show an increasing deviation from
Koop2000 towards higher ice saturation ratios.

A comparison of the AIDA results to the homogeneous freezing onsets from
previous studies in the a,~-T-space shown in Fig. 1 can be found in Fig. C1.

- There is a lot of uncertainty in the estimation of aw at low T. Slow droplet growth is not
a sufficient condition to rule out kinetic limitations since the formation of glasses and
hydrates is possible. The E-AIM model does not account for curvature effects which may
bias the aw estimate as well.



We added the following sentence to the introduction, where the E-AIM model is
mentioned the first time. We also added the Koop, 2004 reference, where this kind of
uncertainties are further described:

It needs to be considered that for the low temperature range, the model
predictions are based on extrapolations of physiochemical properties towards
low temperatures, which remain uncertain (Koop, 2004).

We also added this reference to the Section “3. Results and Discussion”:

The descriptions for the liquid water saturation pressures are rather uncertain (Koop,
2004), and existing parameterizations deviate from each other (e.g. Buck, 1981;
Sonntag, 1994; Tabazadeh et al., 1997; Murphy and Koop, 2005; Nachbar et al., 2019).

We fully agree that the uncertainty of the determination of the water activity at low
temperature is an important issue. Our study shows that the conversion of data from
different experimental set-ups like the AIDA chamber to compare with the WAC brings
uncertainties into the description of homogeneous freezing. For this conversion,
calculations based on parameterizations for e.g. water activities of different solutes and
the water vapor saturation pressure with respect to supercooled liquid water are needed,
which are uncertain especially at low temperatures. More details on this discussion are
given in the responses to the major comments 1 and 3 of referee #1.

- The single experiment shown ruling out kinetic limitations is performed at 197 K hence
does not target the conditions where the discrepancy with Koop2000 is the largest. It is
my feeling that all experiments should have been conducted allowing for equilibration
time in the same way as depicted in Fig. 5.

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.

- One assumption of Koop2000 is that aw is independent of temperature. Deviation from
this behavior would be enough to explain the discrepancy against the results of this
work.

Only for some of the experiments shown in Koop et al. (2000), the water activity of the
solution aerosols was determined by assuming that ay is independent of the temperature.
In Fig. 1b, Koop et al. (2000) distinguish between freezing points, for which the water
activity was derived directly by an ion interaction model at the actual freezing
temperature (filled circles), and for which the water activity was estimated by equalling
aw to that measured at the melting temperature (open circles), thus assuming that ay is
independent of temperature between the melting and freezing temperature. All data
points are well represented by the shown fit line, independent of the method by which
the water activity was determined. We therefore cannot state that the temperature
dependence of ay is generally not taken into account, but, as outlined above, have
pointed to the overall uncertainty of the E-AIM in estimating aw at low T in the revised
manuscript version.



- What would happen with the sulfuric acid upon freezing in highly concentrated droplets?
This is significant since a fundamental assumption of the equilibrium approach to ice
nucleation is that aw=1 in ice. Does the acid remain at the center of the droplet or does
it get pushed to the surface (as another review notes, there is some evidence for the
later)? If it is incorporated in the ice lattice, then the equilibrium calculations must be
corrected accordingly.

Unfortunately, we cannot derive from our measurements what exactly happens to the
acid when the ice forms and how it is distributed in or around the ice lattice. There are
observations and theories claiming that the remaining highly concentrated sulfuric acid
completely covers the ice crystal during the initial growth of the critical ice nucleus, which
may decelerate ice crystal growth and could therefore explain the observed high freezing
onset supersaturations (e.g. Bogdan et al., 2010). This way of kinetic limitation is also
discussed in the manuscript in Section “3. Results and discussion”. This discussion was
improved and extended with more details, please see our response to major comment 3
of referee#1 for the changes and additions to the manuscript.

- The authors assert that their new correlation should be used instead of the Koop2000
However homogeneous ice nucleation does not admit a “singular” description, and the
definition of a freezing threshold is of limited use for atmospheric modeling. Enough data
is available in the experiments to calculate the nucleation rate. This would be more
meaningful and useful. It would also refute/corroborate the Koop2000 approach of
estimating the nucleation rate of solutions at low T based on that of pure water at much
higher T. Does the Koop2000 parameterization for J match the measured nucleation
rate? This would be a much better test of the Koop2000 hypothesis than the mere
calculation of the freezing threshold.

We understand that the application of the new fit line for the sulfuric acid AIDA data in
atmospheric models should not be used suggested. We therefore removed any statement
suggesting this and added some notes of caution when applying the fit line to
atmospheric conditions. For details on the changes in the manuscript, please see the
responses to referees #1 (major comment 4) and #2 (major comment 4).

Our experiments at the AIDA chamber are not designed to explicitly calculate nucleation
rates with a high accuracy, which would be needed to describe the dependence of water
activity on the nucleation rate coefficient, as it is done in Koop et al. (2000). Méhler et al.
(2003) give an estimate of homogeneous freezing nucleation rates to which the
determination of the freezing onset in AIDA experiment is sensitive. The article also
discusses the uncertainties of this estimation, including the estimation of the freezing
probability, which is prone to uncertainties of the ice crystal number determination, the
estimation of the volume of particles which freeze, and the uncertainty of the time
determined for the occurrence of the freezing onset. Therefore, we can only provide an
upper and lower limit of nucleation rates to which the AIDA measurements are sensitive
to. Based on this estimation in Moéhler et al. (2003), we compared our AIDA results to the
WAC-lines for the given range of nucleation rates. Due to the mentioned uncertainties, a
more accurate determination of nucleation rates is not possible with our experimental
set-up.

Technical comments

Line 13. Please spell out “several thousand”
Corrected.



Line 31. Organic monolayers also promote freezing, not only solid ice-nucleating
particles.

We changed the sentence as follows:

In regions with low concentrations of sehd ice-nucleating particles, [...].

Line 50. This is probably backwards. Higher aw leads to higher J in the Koop2000 model.
Corrected as follows:

Also shown are homogeneous freezing onset lines calculated according to Koop2000 for
nucleation rate coefficients of Jy = 103> cm™3s™? (Aaw = 0.32, dashed line) and Jy = 5 - 108
cm3st (Aaw = 0.32, dotted line) (Méhler et al., 2003).

Line 129. At least for these experiments the FTIR data should give some insight on
whether the equilibrium assumption is correct. Does the aw calculated with the E-AIM
model using the measured mass concentration match the relative humidity in the cloud
chamber?

An accurate analysis of the FTIR data would in principle even be much more insightful, as
it could provide the composition of the solution droplets (wt% H>S04) upon freezing, i.e.
the same quantity as inferred from the freezing experiments by Koop et al. (1998) with
deposited sulfuric acid solution droplets. However, due to the lack of accurate infrared
optical constants of dilute sulfuric acid solution droplets at such very low temperatures,
this analysis is affected by a large uncertainty. It can be seen in the compilation of Fig. 1
in the manuscript that previous studies that have employed infrared spectroscopy to
analyze the freezing of H,S04/H20 aerosol particles (e.g. Bertram et al., 1996 and Clapp
et al., 1997) show large deviations from the WAC line, probably due to uncertainties in
the determination of the composition of the solution droplets at the freezing onset (Koop
et al., 1998). Since 1997, some new low-temperature refractive index data sets for
H.S04/H>0 have been published, and we have used them in Wagner et al. (2008) to
develop an approach to quantitatively analyze the dilution of the sulfuric acid solution
droplets during expansion cooling in the AIDA chamber and determine their composition
prior to freezing. However, these new data sets still do not fully capture the range of
temperatures and compositions covered by our expansion cooling experiments, so that
the analysis remains highly uncertain. Generally, the ay calculated with the E-AIM model
using the droplet composition estimated from the FTIR measurements is 20-30% smaller
than the measured relative humidity. But this might again be due to uncertainties in the
E-AIM calculations and the saturation water vapor pressure parameterization and cannot
be taken as an argument that the equilibrium condition is incorrect.

Line 137. Typo in “aerosol”.
Corrected.

Line 165. How important is the Kelvin effect overall? The E-AIM model does not account
for it.

For our AIDA experiments, we assume that the Kelvin effect is not contributing to the
observed freezing behavior, as the majority of the injected aerosol particles generally
were larger than 100 nm in diameter. From the mentioned process modelling studies
(Haag et al., 2003 and Wagner et al., 2008), we learned that smaller particles, which are
affected by the Kelvin effect, do not maintain the same equilibrium compositions as the
larger particles in the aerosol population. Consequently, their freezing behavior should be
affected if the water activity is crucial for the homogeneous freezing onsets.

Line 176. Is there an induction time between the onset of ice and the observation a
rozen droplet? In other words, how long does it take for ice to propagate inside a
droplet?

In general, the diffusive growth of an ice particle is very fast. Of course, it is important to
show that this is also the case for low temperature experiments. In the response to
major comment 3 of referee #1, we calculated the diffusion length for a water molecule
on a time scale of 6s. This diffusion length is significantly larger than the mean particle



diameter in all the experiments. This indicates that the diffusion of water in the aerosol
and therefore the growth of the initial ice nucleus is fast. An additional indication that the
ice growth is very fast also at low temperatures is the experiment we show in Fig. 5 in
the manuscript. Here, we can see that in the minutes of constant but high relative
humidity, no ice is detected. This would be the case, if the ice onset already happened at
or below this relative humidity, but the detection of the formed ice particles would be
delayed due to a significant induction time. In addition, the relative increase in the
activated fraction and depolarization (third panel in Fig. 5) is strong and comparable to
the increase observed in the experiments at higher temperatures. Regarding our OPCs,
their detection range starts at about 0.7 pm. As discussed in Jarvinen et al. (2014) the
OPCs overestimate the size of aspherical ice particles by a factor of about 2.2. This
means that an initial ice embryo needs to grow to an ice particle with a diameter of about
0.32 um. In our uncertainty analysis, we considered the change in relative humidity and
temperature in a specific time interval. Based on the diffusion lengths estimated above,
this time interval is expected to cover the time the ice crystal needs to grow in the
detection range of the OPC. This is also supported by the observation that the ice onsets
determined by the OPCs agree well with the onsets determined by the light scattering
measurements of the SIMONE instrument (see Fig. Al in the manuscript). Therefore, a
potential induction time is not expected to change the determined ice onsets in the given
uncertainty range.

We added a statement on the potential induction time to Section “2.4 Analysis of
uncertainties”:

We determined an uncertainty of £3 s for the onset time. Based on estimates for the
diffusion length of water molecules in the H>S04/H>0 aerosol particles at low
temperature, which are discussed in greater detail in Sect. 3, we assume that
this uncertainty covers the time the initial ice nucleus needs to grow into the
detection range of the OPCs. The variability of the gas temperature T in this 6s time
interval is a first factor contributing to the uncertainty of Tic.

Line 203. Please define the freezing probability.

We added the following to the text in the manuscript:

These nucleation rate coefficients were determined for sulfuric acid aerosol particles with
diameters between 0.5 and 2 pm with an estimated freezing probability between 0.02
and 0.5. For the definition of the freezing probability, see Eq. 2 in Mdhler et al.
(2003).

Line 204. Given that the whole nucleation “pulse” lasts about 100 s this time delay could
be significant.

In the AIDA experiments, we do not have a kind of “nucleation pulse”. Temperature is
decreasing during the experiment run and the relative humidity is increasing accordingly,
until a specific nucleation rate is reached, which causes the observed ice onset in the
chamber. This ice onset is characterized by the current temperature and relative
humidity inside the chamber. At lower temperatures, the relative humidity changes more
slowly over time, so that the uncertainty of ice onset relative humidity is reduced.

Line 252. Please spell out “several thousand” or rephrase it.
Done.

Line 272. This is a key line. Do the authors suggest that such is not the case? If aw-awi
is not constant, then the Koop2000 approach is not valid at these conditions. If this is
what the authors meant, please spell it out.

No, we do not want to suggest that it is not the case, that the nucleation rate coefficients
can be described only in dependence on water activity and temperature. As already
stated in our response to referee #1, we do not want to suggest that the WAC and the



underlying assumptions are not correct. Instead, we want to show that the conversion of
data from different experimental set-ups like the AIDA chamber to compare with the
WAC brings uncertainties into the description of homogeneous freezing. For this
conversion, calculations based on parameterizations for e.g. the water vapor saturation
pressure with respect to supercooled liquid water are needed, which are uncertain
especially at low temperatures.

Line 288. This is a large uncertainty. What is the equivalent in aw space?

The uncertainties of Sice converted into the aw-space gives uncertainties of ay between
+£0.036 and £0.076. This is also plotted in Fig. C1, which has been added to the
manuscript appendix, and mentioned in the figure description.

Line 316-320. I don't see how these results indicate no internal kinetic limitations or that
there is no induction time. In fact, in Line 204 it was indicated that it could be as much
as 10 s. All that the experiment does is to show that droplet growth is slow (which could
be due to glass formation) before nucleation, not that the equilibration time scale is
much smaller than the nucleation time scale. Please explain.

We added a more detailed discussion on the kinetic limitations and phase state of the
sulfuric acid aerosol particles to Section “3. Results and discussion”. Please see response
to major comment 3 of referee#1.

We also added a more detailed description of the mentioned experiment shown in Fig. 5
in the manuscript including a new additional panel showing a direct comparison of the
relative humidity and the forward scattering intensity measured by SIMONE. We do not
agree that the experiment shows that the droplet growth is slow. Rather, the additional
panel emphasizes that the particles react instantaneously to the changes in relative
humidity. As soon as the pumping speed is reduced and the relative humidity is
controlled for a duration of about 300 s to a constant value clearly above the Koop et al.
(2000) line, there is no further increase of the forward scattering intensity, which could
be ascribed to a delayed water uptake. Rather, the scattering intensities instantly follow
the smooth variations in the relative humidity. This observation (which is now much
better described in the revised manuscript version), together with the estimates for the
diffusion length of the water molecules in the H2S04/H20 aerosol particles, indicates
that kinetic limitations of the particles growth due to water uptake are not expected
during the experiment.

Line 321-323. How does the aw calculated with the measured mass concentration
compare against the relative humidity? Does the equilibrium assumption hold?
Please see the response to the comment to line 129 above.

Line 340. Freezing thresholds are not very useful for atmospheric modeling. The authors
should report nucleation rates instead.

Please see the response to the last general comment about the difficulty of calculating
nucleation rates with high accuracy from the AIDA experiments.

Line 345-355. This is confusing. Please just report the recommended correlation.

We decided to keep the unconstrained version of the fit and removed the constrained one
from Fig. 6 and the corresponding text. For details on the changes made in the
manuscript, please see the response to the minor comment 8 of referee#1.

Line 385. There is the implicit assumption that the nucleation rate is still a function of aw
only, which seems to contradict the premise of this work.

At first, we decided to remove the constrained fit, which is described in this line, and to
only keep the unconstrained one, as it was suggested to only keep one of the fit



versions. However, in general, the assumption that the nucleation rate coefficient is still a
function of Aaw as suggested by Koop et al. (2000), does not contradict the conclusion
and discussion of this study. Rather, we show that we observe deviation from the WAC-
derived homogeneous freezing lines, but relate this deviation to the conversion from
different parameter spaces into each other, and not to an invalidity of the ideas behind
the WAC. See also our answer to line 272 above.

Line 392. There is not enough data here to assert this. Koop2000 also parameterizes
nucleation rates which is much more useful and completely omitted in this work.

We understand that it should not be suggested to replace the well-established Koop2000
freezing lines. We therefore adjusted this section in the manuscript as follows:

Consequently, a precise description of homogeneous freezing processes is crucial to
understand cloud radlatlve effects |n the present climate as well as in predlctlons of
climate change.
ef—the—Kema%GGG—hemegeﬁee&s—ﬁreeﬁng—ensePHHes— Th|s may in partlcular be reIevant for
cirrus clouds in the cold tropical tropopause layer

(TTL). (This section was moved from Section “4. Conclusions” to Section “3. Results and
discussion”)
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