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We are grateful to both the reviewers for taking the time in going through our manuscript 
and provide insightful feedback and comments regarding our study. We have carefully 
addressed the reviewers’ comments and suggestions in the responses provided below. 
Red colored text indicating reviewers’ comments, and black font indicating our 
responses to reviewers’ comments. Rewritten and newly added texts in the manuscript 
are provided below in italics for convenience. A revised version of the manuscript will be 
uploaded for the handling editor’s consideration. 

 

The following are our responses to comments from the first reviewer- RC1: 

RC1: This manuscript presented the retention coefficients of trace gases in the freezing 
rain size droplets. This study used acoustic levitator to freeze droplets initiated by silver 
iodide and then measured the remained substances in the frozen droplets. The pH and 
temperature dependences are also investigated. New parameterization of the retention 
indicator are proposed. The topic of this study fits the scope of this journal. This 
manuscript is well written. There are several issues need to be addressed before 
publication. 

 Major comments: 

1. RC1: L35-58, do we expect significant difference in retention of volatile gases 
regarding the physical mechanism between cloud and rain droplets? A better 
rationalization focusing on rain droplet size is needed.  

Response:  

Yes, we do expect a difference between the retention of µm sized cloud droplets 
and mm sized rain drops. Firstly, the freezing initiation is different for cloud 
droplets where they freeze upon contact with a frozen substrate. The geometry 
would also change for droplets upon contact with frozen substrates. Due to 
ventilation in the experiments involving cloud droplets, spreading factor upon 
contact has to be accounted for, influencing the heat transfer into ice. The surface 
temperature of the freezing droplets  on ice surface would also be warmer than the 
ambient temperature.  

Incase of our current experimental setup, freezing is initiated via ice nucleating 
particles, without any contact from an additional hydrometeor. Geometry and 
shape are not affected during the freezing.  

Secondly, the surface to volume ratio is three orders of magnitude higher for cloud 
droplets, which would affect the mass transfer timescale. Smaller droplets would 
have faster solute mass expulsion time.  

Text has been added in the manuscript in L54-59 as: 
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“A significant difference from a physical perspective in terms of retention of trace 
gases for cloud droplets and rain drops would be the initiation and pathway of 
freezing. For riming experiments involving cloud droplets freezing is initiated upon 
contact with a frozen substrate, whereas, for rain drops investigated in this present 
study, immersion freezing was implemented. The geometry of the droplets upon 
contact also changes leading to spreading of the droplets under ventilated 
conditions in the riming-retention experiments. This change in geometry 
influences the heat transfer into the ice as it freezes. Moreover, the surface to 
volume ratio for cloud droplets is about 3 orders of magnitude higher as compared 
to rain drops. This higher surface to volume ratio would facilitate faster mass 
expulsion time for cloud droplets.” 

 

2. RC1: L95, this study only investigated at concentration of 20 mg/L. What are the 
typical concentrations of investigated substances in the real rain drops? Are the 
retention coefficients also depending on the initial concentrations? 

Response:  
 
Typical concentration of trace gases lies in the range of ppb to tens of ppm. 1 ppm 
corresponds to 1 mg/L. Yes, in our case retention coefficients do depend on the 
initial concentrations as we have non-equilibrium conditions in our experiments. 
However, in nature, one can assume the trace gases to be in equilibrium in the 
atmosphere. 
 
Firstly, using higher than typical concentrations is due to the detection limit of the 
Ion chromatography (IC) column. One sample of 10 collected frozen drops 
corresponds to a volume of 40 µL. The minimum injection volume of the IC is about 
250 µL. Filtration of samples is another necessary step to safeguard the IC column. 
During filtration about 50 µL of the total injection volume is also used up. Hence, 
the initial sample volume of 40 µL is diluted by about 9 times to obtain a clear 
signal in the chromatograph. The need for dilution during our quantitative 
measurement phase led us to opt for a higher initial concentration as compared to 
typical atmospheric conditions.  
   
High initial concentration of 20 mg/L would also imply that the internal partial 
pressure of any dissolved substances would be high enough to overcome the 
internal resistances inside the liquid drop. Higher concentrations used in our 
experiments would serve as the upper limit for minimum possible retention of the 
dissolved substances. But in this case retention is close to 1. This means lower 
concentrations would have also retentions of 1. 
 
Text has been added in the manuscript in L102-107 (previously L95) as:  
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“Typical concentration of dissolved gases in the atmosphere lies in the range of 
ppb to tens of ppm. This higher concentration of 20 mg/L helped us maintain 
proper detection levels during our quantitative analysis. A high initial 
concentration of 20 mg/L would also imply that the internal partial pressure of any 
dissolved substances would be high enough to overcome the internal resistances 
inside the liquid drop. Higher concentrations used in our experiments would serve 
as the upper limit for minimum possible retention of the dissolved substances.” 
 

3. RC1: Section 3.2, for higher pH, NaOH is used to control the pH of the solution. 
There is no H+ for the investigated acids to be partitioned into gas phase, so of 
cause the retention coefficient would be close to 1 even without freezing. Please 
comment on this. 

Response:  
 
We agree. Increasing pH would modify the availability of H+ ions. At pH 7 there 
would be 3 orders of magnitude lower H+ as compared to pH 4. But still there 
would be H+ ions remaining in liquid phase. Lowering of H+ ions would affect 
effective Henry’s Law coefficient, H*. For example, in the case of formic acid, H* 
increases by 2 orders of magnitude at ph 7 compared to ph 4. This is true also for 
smaller cloud droplets. With higher H* values, the retention coefficient is expected 
to shift towards right hand side of the sigmoid behavior seen in Fig. 4 in the 
manuscript. However, for large drops, gaseous and aqueous phase diffusivity were 
found to be the controlling factor for higher retention values (see Table 3, in the 
manuscript).  
 

 Other comments: 

1. RC1: Title, Retention of what? It is suggested to include the subjects in the title. It 
would be more specific. 

Response:  

Title has been changed for better clarity. New title: “Retention During Freezing of 
Raindrops, Part I: Investigation of Single and Binary Mixtures of Organic and 
Inorganic Trace Gases” 

2. RC1: L8, which physical properties? 

Response:  

The physical properties referred here are the drop size and ice-shell formation 
during freezing, which has been explained further in L10. Text has been added in 
L8 as: 
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“Our results show the dominance of physical aspects such as drop size and ice 
shell formation over their chemical counterparts on overall retention for the 
investigated large drops.” 

3. RC1: L50, which studies mentioned? Please be specific. 

Response:  

Here we refer to all the above-mentioned studies, as all the studies were focused 
on µm sized cloud droplets. Text has been changed in L51 (previously L50) as: 

“All the above mentioned experimental studies concerning riming-retention were 
mostly related with cloud sized droplets (i.e. diameters in the μm size range), for 
which the chemical properties were determined to be the dominant factors.” 

4. RC1: Section 2.1, what are the temperature uncertainties? 

Response: 

 The temperature mentioned here corresponds to the temperature of the cold 
room. The uncertainty of the cold room temperature is about ± 1°C. However, this 
uncertainty is not important, provided that we are recording the drop surface 
temperature in our measurements via an infrared thermometer. All the analysis 
has been made with regard to drop freezing temperatures, recorded via the infrared 
thermometer. The uncertainties concerning the drop freezing temperatures have 
been mentioned explicitly throughout the manuscript.  

Accordingly, the text has been changed in L91 for better clarity as: 

“We first characterized the INP at three different concentrations (0.2, 0.01, and 
0.0003 g/L) at three different cold room temperatures (-15, -20, and -28 ◦C).” 

 

5. RC1: L352, temperature at fice of 50% is the median freezing temperature, not 
mean/average. 

Response:  

Thank you for pointing it out. Text has been changed in L399 (previously L 352) as: 

“The temperature at which fice was 50% was taken as the ’median drop freezing 
temperature’ for each set of concentration and cold room temperature pair.” 

6. RC1: Missing page information for some references. 

Response:  

Thank you for pointing it out. Page information has been added for the missing 
references. 
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The following are our responses to comments from Gabor Vali- RC2: 

RC2: Referee comment by Gabor Vali on "Retention During Freezing of Raindrops, Part I: 
Investigation of Single and Binary Mixtures" by Gautam et al. 

This manuscript extends to raindrops the work previously done by the authors and 
their colleagues on retention coefficients for cloud droplets. Acoustic levitation in a cold 
room and chemical analyses before and after freezing constitute the essence of the 
experiments. The levitation system and the use of infrared thermometry avoid the need 
for contact with any support. This is a near ideal arrangement. The paper presents a good 
description of the experiments and sound analyses of the retention coefficients. The 
paper is well constructed and well written (with a few odd phrasing). The topic is quite 
appropriate for ACP.  

This reviewer has not been involved for decades with the topic of retention of 
foreign material from ice growth and will only address in these comments the physical 
aspects of the experiments, how to interpret the results, and to what extent the results 
apply to processes in atmospheric clouds. 

 

RC2: Two features of the experimental approach are the focus of these comments: the 
large difference in temperature between the drop and the surrounding air, and the near-
absence of ventilation.  

The 2-mm diameter raindrops used in the experiments are up to 100 times larger than the 
cloud droplets used in the previous experiments and thus have about 100 times larger 
volume to surface ratios. That would lead one to anticipate significantly slower freezing 
and, consequently, larger rejection of foreign substances as ice forms. The results here 
presented show the opposite. For two of the substance involved in both experiments 
(formic and acetic acids), values near 0.7 were obtained in the riming experiments and 
near 1.0 for the raindrops. The authors' chief argument for this is that the larger drops in 
free air had an ice shell form on their outside trapping most of foreign substances.  

The formation of the ice shell after nucleation is well documented in the paper. It is also 
what one would expect for an isolated drop with the air temperature considerably lower 
than the drop temperature even before nucleation and pronouncedly so during the 
freezing of the drop when the surface temperature rises to near 0ºC (Fig. A1). In contrast, 
in the atmosphere, the temperature of the drop would be close to the air temperature 
before freezing. It would also have asymmetric heat transfer when nucleation and initial 
ice formation leads to latent heat release within the drop. The resulting surface 
temperature and the formation of ice within the drop will be influenced by the asymmetry 
and by the rate of heat transfer to the environment. Theoretical analyses of the problem 
have been made with respect to hailstone formation and growth (e.g. List, 2014). These 
analyses also consider evaporation from the drop surface and collection of cloud 
droplets, but do not treat explicitly how ice forms inside the drop. For the current 
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discussion, more relevant are the many experiments, and drops caught in clouds, that 
demonstrate that frozen drops often have protuberances and other deformation on their 
surfaces.  

Response:  

We agree with the reviewer’s comment, that the heat transfer and the temperature 
difference between the freezing drop and the environment may influence the freezing and 
retention. In addition, also an asymmetric flow field affects the freezing and its rate. 
However, in our understanding freezing takes place in two freezing stages: the adiabatic 
freezing stage and the diabatic freezing stage (Pruppacher and Klett, 1997). The adiabatic 
freezing accounts for rapid crystal growth, where only a small fraction of liquid freezes 
and majority of latent heat released during cooling contributes to warming the 
supercooling drop to 0°C (Stuart and Jacobson 2003, Szakall et al., 2021).  We assume 
that ice shell formation occurs right after or in between the adiabatic freezing stage, which 
is time independent and where no exchange with the environment occurs. Thus, we 
expect that this freezing stage should not be affected by the temperature difference 
between the drop and the ambient air.  

The adiabatic freezing time recorded by the infrared thermometer with a resolution of 0.5 
s in our experiments, was about 1 s. The freezing of supercooled drops can be divided into 
two stages, diabatic and adiabatic (Pruppacher and Klett, 1997). The adiabatic freezing 
accounts for rapid crystal growth, where only a small fraction of liquid freezes and 
majority of latent heat released during cooling contributes to warming the supercooling 
drop to 0°C (Stuart and Jacobson 2003, Szakall et al., 2021).  Ice shell formation takes 
place soon after adiabatic freezing stage. And dDiabatic freezing is where heat exchange 
takes place between the drop and ambient air (also shown in Fig A1, Appendix A1 in the 
manuscript). Definitely the temperature difference and ventilation do influence the 
diabatic freezing rate and deformation, as well as potential for crack formation. A typical 
total freezing time of our drops is 50 s. When we compare this with the results from 
numerical calculations of Stuart and Jacobson (2006), using a ventilated 2 mm drop 
falling at terminal velocity it is approximately 60 s at -5 °C, 30 s at -10 °C, and 15 s at -20 
°C, ambient temperature (700 hPa). This shows that for temperatures similar to those in 
our experiments the total freezing time for a fully ventilated drop is lower by a factor of 
about 4. Ice shell formation should have occurred even faster as in our experiments. A 
faster ice shell formation means a higher retention of the species. Hence, our results can 
be assumed as a lower limit for retention. However, for our experimental setup with low 
ventilation coefficient of approximately 5 the retention values were already close to 1, 
even for very volatile species. All species are impeded by the aqueous phase mass 
transport, meaning that when we increase heat transport also the mass transport should 
be enhanced. But if we have the aqueous diffusion as a limiting factor, mass transport of 
the species to the environment should be limited. This higher ventilation means higher 
retention.  We do believe that naturally falling rain drops, freeze faster than in our case 
which would lead to retentions of 1. 
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We went through the theoretical heat transfer analysis in List (2014), however it is not 
completely applicable in our case of a motionless water droplet in air. There is a near 
absence of evaporation and heat transfer due to accretion of cloud droplets, for our 
experimental set up because of the short time (approx. 10 to 20 sec) the drop levitates in 
the acoustic field before freezing. Equation(3) in List (2014) is most relatable to our case, 
where they describe heat transfer by conduction and convection. But factors accounting 
for turbulence and surface roughness described in Eq(3), List (2014), would not be very 
realistic in our case. Moreover, due to the presence of ultrasonic field while levitating the 
drop, precise measurements for heat and mass transfer cannot be evaluated. A simplified 
theoretical estimation was reported for the heat and mass transfer was described in 
Appendix B1, Szakall et al., (2021), where they integrated the heat flux density over the 
entire drop surface. They considered the diffusional heat transfer as a function of drop 
radius, while latent heat from condensation and evaporation was not included for the 
case of isolated levitating drop. In reality, a static heat from the ultrasonic field also exists 
which was not considered in their heat transfer derivation as the contribution from 
ultrasonic heating effect was negligible at subzero temperatures. Overall, the changes in 
drop surface temperature measured from the infrared thermometer accounted for 
influences from the ultrasonic field collectively. Calculating the thermal conductivity in 
air from Eq(13.18a) in Pruppacher and Klett (2010), the heat transfer rate for a 2 mm drop 
at a temperature of -15°C was found to be 2.01*10-3 Joules/s. 

Text has been added in L334 as: 

“The temperature difference between the freezing drop and the environment may 
influence the freezing and retention. During the initiation of freezing the drop temperature 
rises to 0◦C (FigA1), where fraction of liquid freezes and majority of latent heat released 
during cooling contributes to warming the supercooling drop to 0°C (Szakáll et al., 2021). 
We assume that ice shell forms very rapidly at this stage, which can be perceived as 
adiabatic freezing (see A1) with no exchange of heat to the environment. Thus, we expect 
that this freezing stage should not be affected by the temperature difference between the 
drop and the ambient air” 

 

RC2: Cracks in the ice shell may lead to the expulsion of liquid to the surface and perhaps 
to the air. The theory of ice multiplication in clouds by splintering is based on those 
observations (Field et al, 2017; Lauber et al., 2018). The potential for cracks in the ice shell 
may also have to considered for the experiments described in the paper. Internal pressure 
rises as the drop freezes and is likely to produce cracks in the ice shell (e.g. Korelev and 
Leisner, 2020; Kleinheins et al., 2021; references herein). Because of the low air 
temperature in the experiments, any excluded water is likely to freeze onto the surface 
quite rapidly. This would slow internal freezing. The cited papers describe work with water 
without added substances. Dissolved gases or ions may modify the freezing behavior. 
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Response:  

Thank you for the valuable comment. We calculated the internal pressure inside the liquid 
drop for our experimental setup, using Eq(3) in Kleinheins et al., (2021). The drop sizes in 
our study are larger by an order of magnitude compared to the ones reported in Kleinheins 
et al., (2021). For our temperature graph shown in Fig A1, the highest temperature 
deviation can be seen at about 55 seconds. Using Eq(3) from Kleinheins et al., (2021), the 
internal pressure was found to be by 80.76 bar for a freezing point depression of 0.6 K. 
This internal pressure is quite less for splitting events to occur, which took place well 
above 100 bars as reported in Kleinheins et al., 2021(their Fig 6, Experiment type A: 
Stagnant air). This eliminates the potential for cracks in the ice shell during the freezing 
and subsequent source for secondary ice production with our existing setup, as 
mentioned in Field et al, (2017) and Lauber et al., (2018). Furthermore, fluctuations in our 
temperature graph could also be due to deformations from the spherical shape of the 
levitated drops as is undergoes diabatic freezing. The semi frozen drop protrudes in the 
vertical direction and aligns itself according to the ultrasonic field, thus, influencing the 
emissivity measured by the infrared thermometer. The internal pressure built up during 
freezing of the levitated drop in our experiment might not be enough for eclosed liquid and 
or solute to be expelled outside. We did observe rapid melting and refreezing of water (in 
the vertical direction, on the surface) as the semi-frozen drop tried to expand and align 
itself along the acoustic field. This can potentially lead to expelling molecules from the 
drop, i.e., working against retention. This rapid melting and refreezing events took about 
2.6ms, perhaps not long enough for dissolved solute to be expelling out from the drop. 
Further investigation into the crack propagation and internal pressure build up for our 
experimental setup via high speed imaging is ongoing. 

 Text has been added in L328 as: 

“Observations of naturally frozen drops and laboratory experiments (Lauber et al., 2018) 
have shown frozen rain drops having deformations and protuberances. Rise in internal 
pressure during freezing could have potential for cracks or splitting of ice shell during 
freezing, leading to expulsion of solute mass and perhaps source for secondary ice 
production (Field et al., 2017; Korolev and Leisner, 2020). Kleinheins et al. (2021) reported 
cracking of ice shell for internal pressure above 100 bar for 300 μm sized drops. The 
internal pressure built up during freezing in our experiments was found to be about 81 bar. 
Within our experimental conditions, these occurrences were however not seen.” 

 

RC2: Most of the foregoing work was done with droplets of hundreds of micrometer in 
diameter, not far but still below the size of 2 mm involved in the current experiments. That 
discrepancy and the complex nature of the phenomenon make any extrapolation difficult 
and it is even more speculative how all of the above influence retention of foreign 
substances. In that light, it is a welcome development to have the results presented in 
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this paper. However, it is clear that more work is needed and that the authors of this paper 
should express their views on the matter in the manuscript.  

Response:  

We agree. The presence of foreign substances could affect the freezing as well. And as 
mentioned above, further work is undergoing to understand the complexity and the 
factors affecting the freezing process for an isolated and freely levitating drop. 

Presence of ventilation in our experiments could increase the internal circulation inside 
the levitated drops, a occurrence similar to the case of an ultrasonic bath. Increased 
circulation could lead to an increase in internal pressure as well.  We are currently 
modifying our setup to investigate the effect of ventilation with high speed camera setup 
and observe any potential cracks or liquid expulsion events. We are also undertaking a 
detailed investigation of the ice shell propagation and subsequent ice formation inside 
the supercooled drop, after the ice shell is formed. However, the results are preliminary 
and an in-depth investigation is required and ongoing. 

For the case of dissolved substances, yes, they could lower the growth of ice crystals or 
freezing rate for solute concentrations (Pruppacher 1967). The solute concentration in our 
study was about 20 ppm, which corresponds to about 4.3*10-4 moles/L for formic acid 
(substance with the least molar mass among the investigated chemical species). At such 
concentrations, the influence of dissolved substances on the freezing could be 
considered rather negligible.    

Text has been added in L107 as: 

“Additionally, high solute concentration could decrease the freezing rate (Pruppacher, 
1967). For 20 mg/L, the effect of dissolved substances influencing the freezing process 
could be considered negligible as compared to pure water. In terms of molar 
concentration, 20 mg/L corresponds to 4.34 ×10−4 moles/L for formic acid - which has 
the least molar mass among the investigated species - is 2 orders of magnitude lower to 
significantly affect the freezing process (Pruppacher, 1967).” 

 

RC2: Another dimension of the problem is how the high retention found in this work might 
be envisaged on the molecular scale. Some discussion of the results of molecular 
simulations of crystal growth may help readers' understanding of the results. 

Response:  

Thank you for pointing it out. In our experiments we have fast freezing rates which implies 
the molecules do not have time to diffuse away from the forming ice front. This means the 
molecules are easily captured by the ice and form defects in the ice crystal lattice. Stuart 
and Jacobson (2006) reported the formation of liquid pockets that can trap solutes during 
freezing from their numerical simulation, informed from previous studies of dendritic 
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crystal growth in solution. Formation of liquid pockets was also seen during the diabatic 
freezing stage in our experiments after the ice shell has been formed. The ice shell 
formation impedes further retention because diffusion in ice is orders of magnitude lower 
compared to the liquid. Moreover, the liquid-to-ice partitioning coefficient—indicating the 
extent to which solutes are incorporated into the ice—is relatively high for malonic and 
acetic acids, particularly at high freezing rates, often exceeding 0.8 (Hey, M., 2022). As a 
result, only a small fraction of the solute is expelled. This high degree of solute 
incorporation into the ice is the primary factor contributing to the observed retention. 

We did try to simulate the numerical model from Stuart and Jacobson (2006) for our 
experiments to further investigate on a molecular level. We attempted to build upon the 
existing model to match our setup, by adjusting the parameters such as ventilation, 
Reynolds number, aqueous and gaseous diffusivities, Henry’s law coefficients for each 
chemical substance, but it did not turn out to be very representative of our experimental 
results. Hence, we proceeded with a simpler retention indicator timescale investigation 
approach for our experiments, as described in Stuart and Jacobson (2003) and Jost et al., 
(2017).   

Text has been added in L321 as: 

“The fast freezing rates observed in our study implies that the molecules do not have 
much time to diffuse away from the forming ice front. This means the molecules are easily 
captured by the ice and form defects in the ice crystal lattice. Stuart and Jacobson (2006) 
reported the formation of liquid pockets that can trap solutes during freezing from their 
numerical simulations, informed from previous studies of dendritic crystal growth in 
solutions. These liquid pockets were also seen in our experiments. The ice shell formation 
impedes further retention because diffusion in ice is orders of magnitude lower compared 
to the liquid. As a result, only a small fraction of the solute is expelled. This high degree of 
solute incorporation into the ice is the primary factor contributing to the observed high 
retention in our study.” 

 

RC2: Section 3.5 deals with the retention indicator defined by the relative timescales of 
mass expulsion and that of freezing. It is unclear if this measure is intended to describe 
and idealized freezing front or is applied to specific geometries, spheres in this case. 
Perhaps the authors can illuminate this by justifying their choose of the parameters used 
to calculate the retention indicator. Specifically, the choice of the time of ice shell 
formation as the freezing time needs justification. 

Response:  

Retention indicator is the ratio between the expulsion timescale and the freezing 
timescale which can be divided into the adiabatic and diabatic phase. The expulsion 
timescale is well established in atmospheric chemistry applications (Seinfeld and 
Pandis, 2006, Schwartz, 1986) to describe the uptake of gases by droplets. We have 
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adjusted it for ventilated conditions. It approximates the mass transfer similar to the 
resistances in an electrical circuit. The freezing time assumes that the ice front 
propagates radially through the spherical drop or in case of riming (Jost et al, 2017) in an 
approximated cylindrical geometry. Also, previous studies have utilized the retention 
indicator, showing it to be an effective parameter for describing retention as shown in 
Stuart and Jacobson (2003) and Jost et al., (2017). 

The geometry of the freezing particle is taken into consideration in our case. The freezing 
timescale analysis in Jost et al., (2017) considered a cylindrical shape factor for cloud 
droplets for their experiments. This shape factor has been adjusted for spherical case for 
our timescale calculations. The choice of gaseous, aqueous diffusivity, mass transfer 
parameters were taken from Stuart and Jacobson (2003) and Jost et al., (2017), which 
were reported to be the most probable controlling factors for retention of solutes during 
freezing.  

In our present study we found that once the ice shell is formed during the adiabatic 
freezing stage, it does not create cracks/splits in the diabatic freezing stage. Thus, the ice 
shell prevents any further expulsion of solute and liquid mass until the drop is completely 
frozen. Stuart and Jacobson (2003, 2006) also state that if an ice shell is formed 
immediately after adiabatic freezing stage, it limits the solute transfer and impedes 
further expulsion into the gas phase. Hence, the ice shell formation time during the 
adiabatic freezing stage has been considered as the freezing time for our retention 
indicator analysis.  

Text has been added in L285 as: 

“The ice shell formation takes place very rapidly during the adiabatic freezing stage of the 
drop, where drop surface temperature rises to 0◦C (see A1). After the formation of the ice 
shell the dissolved solute remains inside and retained during freezing. Hence, this ice 
shell formation time was considered as the freezing time for the retention indicator 
calculation.” 

 

RC2: Unless the points raised in the foregoing can be shown to be unimportant, the 
Conclusion section should include less definite statements about complete retention in 
clouds.  

Response:  

Changes and text have been added as mentioned in the responses above.     

Text has been changed and added to the conclusion section, in L354 as: 

“This indicates that during the freezing of mm sized raindrops all dissolved trace gases 
may be removed by precipitation in deep convective clouds or transported within the ice 
phase into the UT where it can be released upon sublimation. Concurrently, factors such 
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as ventilation, temperature differences, crack formation during freezing and 
concentration of dissolved solute needs to be dealt meticulously. Our results, combined 
with results from riming-retention studies facilitates the extrapolation of retention of the 
investigated trace gases from μm to mm sized drops in computational studies.” 

And in L 369 as:  

“Furthermore, in-depth investigation of the effect of ventilation and examination of 
internal pressure build up during freezing for rain drops also provides an interesting aspect 
to investigate in future studies.” 

 

Minor points: 

RC2: Unless already well embedded in the literature, the terms "riming-retention" and 
"freezing-retention" should be reconsidered. The latter could apply to both riming (small 
droplet) and raindrops. The 'droplet' vs. 'drop' distinction is generally accepted in the 
literature and although imperfect as a definition it may be better to use the terms 
'retention in freezing droplets' and 'retention in freezing drops'. Unfortunately, while it 
would be useful, it is impractical to also include in the terms some indication of what is 
being retained. Maybe acronyms have to be relied on. 

Response:  

The term riming retention was considered to clearly distinguish between the freezing 
processes involving cloud droplets and raindrops, and in order to avoid any confusion 
between previous studies involving µm sized cloud droplets and current study involving 
larger mm sized drops.  

After discussion with our coauthors, we have decided to hold on to our current notations. 
Droplet vs drop distinction is quite well known in the cloud physics community, but 
perhaps not so in atmospheric chemistry community.  

RC2: line 18-20: suggest using " ...aerosols from the boundary layer .." and " ... 
troposphere, and that can alter ...." 

Response: Changes have been made in L20 

RC2: line 58: suggest 'visualize' instead of 'conceptualize' 

Response: Changes have been made in L65 (previously L58). 

RC2: line 62-62: suggest to replace 'infer a more systematic understanding' with a simpler 
'improve understanding' 

Response: Changes have been made in L68 (previously L62). 

RC2: line 67: omit 'which was' 
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Response: Changes have been made in L74 (previously L67). 

RC2: Eqn (3) might add the explicit result combining (1) and (2). Also would be informative 
to get some idea of the magnitude of D for the experiments for different temperatures. 

Response:  

Magnitude of desorption D, in our study has already been uploaded in our data repository. 
With the thought of avoiding any potential point for confusion to the readers, the 
magnitude of D was not included in the main manuscript.  

Text has been added in L153 to highlight this point, as: 

“The experimental data for retention coefficients of the investigated species and their 
desorption can be accessed at Gautam and coauthors (2024).” 

RC2: line 143 and others: it would better to avoid the phrase 'freezing profiles' as there are 
too many different contexts for freezing already. Perhaps 'temperature graph' or just 
'temperature] could be used. Even less useful is 'INP freezing profile'. 

Response: Thank you for pointing it out. The changes have been made in the manuscript 
accordingly. 
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