Reviewer #2
General comments:

This paper describes an improved droplet freezing instrument and gives examples of its
performance. The authors took care to account and correct for temperature gradients within the
plate by applying a rigorous temperature calibration. Like this, they achieve a temperature
uncertainty of + 0.6°C. Moreover, they developed user-friendly software with automatic freezing
detection.

We would like to thank the reviewers for their thoughtful comments that helped improve our
manuscript. We revised the manuscript accordingly and think it has strengthened as a result. Please
find our point-by-point response in blue text. Additions to the text are shown in italics with an
underline. All line numbers refer to the new version of the draft. A tracked changes version is also
included.

To achieve the low temperature uncertainty of + 0.6°C, the temperature of each individual well is
measured with an infrared camera. These measurements show a temperature increase in two steps
due to the heat release during freezing over a temperature decrease of the ethanol bath by about
1°C. The authors assign ice nucleation to the first heat release without explaining why. Yet, to
achieve the high accuracy of + 0.6°C, the correct detection of the instance of ice nucleation is
crucial. If the exact instance of ice nucleation is not identified, this will add to the temperature
uncertainty.

Thank you for your comment. We agree that detecting the instance of ice nucleation is critically
important. This comment is related to your later specific comment in Lines 153—155 and Figure 3.

Figure 3 demonstrates a decrease in grayscale as the chamber cools. The figure should be
interpreted from right to left, as the experiment represents a cooling process. Consequently, the
first significant change in grayscale indicates the onset of ice nucleation. The second change in
grayscale is caused by the freezing of the remaining droplet solution (David et al., 2019). We have
also checked previously published papers, and most figures depict the temperature decrease from
right to left. Therefore, we have decided to retain the figure as it is.

We modified the text accordingly: “The grayscale value of a well stays constant until a sudden
decrease is observed during a cooling experiment, indicating the onset of freezing. From 0.0 °C to
—35.0 °C, the maximum decrease in grayscale value was used to identify the freezing event and
the temperature at which it occurs.”

Moreover, according to the infrared camera measured temperature during a cooling experiment
(Fig. C1), only one latent heat release process happened. Similar to Fig. 5d in the manuscript, here
we show the temperature profile of a well during the cooling process.
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Fig. C1. The temperature profile of a well is measured by the infrared camera after its calibration.

To account for horizontal temperature differences within the well plate, a temperature correction
for each well is performed. Such a correction requires that the wells’ temperature deviations from
the average of the thermocouples is highly reproducible. The authors need to evaluate this potential
contribution to temperature uncertainty.

The horizontal temperature heterogeneity is caused by the ethanol circulation in the chiller, which
has been discussed in previous studies, e.g., the DRoplet Ice Nuclei Counter Zurich (DRINCZ)
(David et al., 2019), IR-NIPI (Harrison et al., 2018), and Micro-PINGUIN (Wieber et al., 2024).
For a specific chiller and fixed temperature cooling rate, the temperature deviation is reproducible.

The horizontal temperature distribution might slightly change over time. To avoid a bias in the
temperature calibration, we plan to conduct the whole temperature calibration procedure yearly.

Moreover, the freezing temperature measured for pure water should be compared to additional
instruments.

Thanks for your suggestions. We compared with more DFT studies, including FINC (Miller et al.,
2021), Micro-PINGUIN (Wieber et al., 2024), DRINCZ (David et al., 2019), IR-NIPI (Harrison
et al., 2018), and INDA (Chen et al., 2018b).

Below is the updated Figure 8. Our Milli-Q water background (denoted by solid lines) is still one
of the lowest among the above-mentioned studies. We changed the main text accordingly.

“The FF of Milli-Q water droplets using DFTs with different volumes, including Freezing Ice
Nuclei Counter (FINC) (Miller et al., 2021), microtiter plate-based ice nucleation detection results
in gallium (Micro-PINGUIN) (Wieber et al., 2024), Droplet Ice Nuclei Counter Zurich (DRINCZ)
(David et al., 2019), InfraRed-Nucleation by Immersed Particles Instrument (IR-NIPI) (Harrison
etal., 2018), and Ice Nucleation Droplet Array (INDA) (Chen et al., 2018b), are shown in Fig. 8
for comparison. In general, FINDA-WLU (Tsy, =—26.5 = 0.04°C) shows a considerably lower Ts,
compared to those measured by INDA (Tsy = —25.5 °C), FINC (Tsq = —25.4 °C), DRINCZ (T5, =
—22.2 °C), IR-NIPI (Ts, = —-21.0 °C), and Micro-PINGUIN (Tsy = -20.8 °C).”
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“Figure 8: Frozen fraction of Milli-Q water. The results of FINDA-WLU are shown as solid lines.
The shaded area indicate the measurement uncertainties. Results for other droplet freezing
techniques, including FINC (Miller et al., 2021), Micro-PINGUIN (Wieber et al., 2024), DRINCZ
(David et al., 2019), IR-NIPI (Harrison et al., 2018), and INDA (Chen et al., 2018b), are shown
as triangles, squares, dots, and circles, respectively.”

Overall, the manuscript is well written except for the introduction. Here, the strength and
weaknesses of the different immersion freezing setups are not enough pointed out and discussed.
The state of the art of freezing instruments does not discriminate sufficiently between different
types of setups in terms of temperature range that is accessible and how the covered sample volume
depends on the droplet preparation technique. Moreover, the references given in the introduction
are not sufficiently balanced (see specific comments).

Thanks for your suggestion. As you mentioned, Miller et al. (2021) summarize different DFTs.
Below, we have incorporated additional information—such as temperature cooling rate,
temperature uncertainty, and Tso of water background—into a new table that is based on the
original Table 1 from Miller et al. (2021). Nevertheless, given that Miller et al. (2021) have already
presented the majority of the pertinent information, we have chosen not to include this table in the
manuscript unless the reviewers strongly recommend otherwise.

We did modify the text in the introduction. A more detailed response is given in the specific
comment.

Table 1. Comparison of droplet freezing techniques (DFTs).
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Specific comments:



In the title, the abstract, and in the text, the impression is given that the FINDA-WLU is based on
a previous design that has been improved. Yet, no reference to the previous design is given. Please
explain.

The first generation of FINDA was designed in 2021 by Kai Bi (one of our corresponding authors)
from the Beijing Weather Modification Center. The original version FINDA was used to measure
the INP of hailstones in China (details in Ren et al. (2024)). The new version was redesigned in
cooperation with Westlake University. We updated the setup, hardware, and temperature
calibration procedure for the version of FINDA-WLU.

(a) FINDA photograph (b) sample array schematic: top view
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(c) FINDA schematic: side view
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Fig. 2 in Ren et al. (2024) shows the original verion of FINDA.

Based on your suggestion, we modified the introduction to include this information. “In this study,

we present the newly developed Freezing Ice Nucleation Detector Array at Westlake University
(FINDA-WLU), building on the original version of FINDA briefly introduced in Ren et al. (2024).”

Lines 50-54: The references given for in-situ methods and laminar flow reactors are not
sufficiently balanced and seem to have a bias to references from authors of the manuscript. Specific
examples of ice nucleation chambers, laminar flow reactors, and droplet freezing devices should
be given together with appropriate references. See Miller et al., 2021 for an overview of
instruments.

Thanks for your suggestion.

Regarding the ice nucleation chambers and laminar flow reactors, we cited the CSU-CFDC
(Rogers, 1988; Rogers et al., 2001; Demott et al., 2015), SPIN (Garimella et al., 2016), HINC
(Lacher et al., 2017), PINC (Kanji et al., 2013), and PINE (Mohler et al., 2021a). Regarding the
offline DFTs, we cited the CUS-IS (Hill et al., 2014), BINARY (Budke and Koop, 2015), FINC
(Miller et al., 2021), PKU-INA (Chen et al., 2018a), INDA (Chen et al., 2018b), LINA (Chen et
al., 2018b), IR-NIPI (Harrison et al., 2018), DRINCZ (David et al., 2019), and INSEKT (Steinke
et al., 2020).



We modified the introduction accordingly, including the above-mentioned instrument papers.

Lines 61-64: “However, ice nucleation chambers and reactors are typically expensive and have
higher detection limitations compared to DFTs, especially at higher temperatures (T > —20°C)
where increased background noise caused by ice residues falling from chamber walls or counting
statistics of low ice crystal numbers makes detecting INPs with low concentrations challenging.”
What is meant by "higher detection limitations”? To my knowledge, ice-nucleation chambers do
not have a problem with falling ice. Please give references for this statement.

Thank you for pointing that out. Continuous Flow Diffusion Chambers (CFDCs) indeed suffer
from the falling ice issue. We quote from Lacher et al. (2017), which explains the working
principle of the Horizontal Ice Nucleation Chamber (HINC), a typical CFDC designed at ETH.

“During an ice nucleation experiment, erroneous counts in the OPC ice channel can arise from
electrical noise in the OPC or from internal ice sources such as frost falling off the warmer
chamber wall giving rise to particle counts that are falsely classified as ice.”

While an expansion chamber (e.g., PINE) does not encounter the falling ice issue, it can still
produce erroneous counts in the OPC at warmer temperatures, especially when INP concentrations
in the air are low. And generally, the optical detection of single frozen droplets as used in ice-
nucleation chambers requires much higher INP concentrations, which is what we ultimately mean
by higher detection limits.

To clarify, we have revised the text to “However, ice nucleation chambers and reactors are
typically expensive and have higher detection limits compared to DFTs. This enables them to
measure often only at lower temperatures (T < —20 °C), particularly for typical atmospheric INP
concentrations. Background noise caused by ice residues falling from chamber walls (e.g., CFDCs)
or counting statistics of low ice crystal numbers make detecting INPs with low concentrations
challenging (e.g., for both CFDCs and expansion chambers).”

Lines 65—69: The references cited here are mostly about measurement campaigns and do not give
detailed instrument descriptions. Moreover, they are all given as one list. Instead, they should be
split up into microliter and picoliter setups, and into microfluidic devices and instruments working
with well plates. References about measurement campaigns need to be replaced by references
describing the instrument setup.

Thank you for your suggestion. In response to your previous comments, we have revised the cited
references to include more classical and instrumental sources.

As for Lines 6670, the revised text now reads: “As an alternative, offline DFTs have been
developed to measure the temperature-dependent freezing abilities of droplets containing aerosol
particles. While different DFTs follow similar principles, the methods may differ for sample
collection, droplet preparation, and sample cooling (Hill et al., 2014, Budke and Koop, 2015,
Chen et al., 2018a; Miller et al., 2021; Chen et al., 2018b, Harrison et al., 2018; David et al.,
2019, Steinke et al., 2020).”



When comparing the DFTs’ performance of MilliQ water samples, we include the droplet size
information (Fig. 8 in the revised manuscript). Moreover, when summarizing the DFT instruments,
we also include the droplet size information. However, we chose not to separate the microliter and
picoliter setups, as we did not specifically discuss their common features or differences. We
believe that dividing them would disrupt the logical flow of this section.

Lines 71-74: “Typically, the sampling time, droplet volume, and aerosol suspension concentration
can be adjusted, which affects the particle number within each droplet and, thereby, its freezing
ability. For example, particle numbers within a droplet can be enhanced by extending the aerosol
sampling time, enlarging the droplet size, or reducing the dilution ratio of aerosol suspensions with
water.”: The possibilities of adjustment that are pointed out here are typically small, because most
instruments can work only in a narrow volume range (within less than an order of magnitude).
Variations in sampling time are also within a quite narrow range. Droplet experiments are usually
performed with a cooling rate of 1 K/min because at higher cooling rates the temperature accuracy
decreases and experiments at lower cooling rates become time consuming. The authors need to
demonstrate the volume and cooling rate range that they can cover with their setup.

Thanks for your suggestions. In this study, we used a fixed cooling rate of 1 K min™! and a droplet
volume of 50 pL.

FINDA-WLU, similar to other DFTs, can change the droplet volume (a relatively narrow range)
and the cooling rate range. However, the volume and cooling rate range may impact the
temperature uncertainty, which means a companion calibration should be provided. We would
perform such a calibration if experiments with different droplet sizes and cooling rates are needed.

We agree that the possibilities of adjusting droplet size for FINDA are small. But the aerosol
sampling time and aerosol suspensions can be adjusted for a large range, e.g., we adjust the solution
by about 2 and 9 orders of magnitude for ATD and Snomax® solutions. Also, if microfluidic chips
are used for droplet generation, the volume can be largely modulated.

Lines 75-77: “In this way, this approach enables the quantification of low-concentration INP
species in the atmosphere, which overcomes the high detection limitations of ice nucleation
chambers. Due to these advantages, DFTs are widely used in current ice nucleation studies.” DFTs
operating with well plates are widely used because they are rather cheap and easy to use.
Instruments working with smaller volumes like microfluidic devices and continuous flow diffusion
chambers are complementary to well plate setups because they can monitor ice nucleation down
to the homogeneous freezing threshold while setups with well plates only deliver results down to
temperatures where freezing on “pure water” impurities sets in, which is well above the
homogeneous freezing threshold. The limitations of the FINDA setup should be pointed out clearly.
The temperature ranges covered with the different setups should be discussed.

We agree with you that (1) DFTs operating with well plates are widely used because they are rather
cheap and easy to use; (2) Instruments working with smaller volumes, like microfluidic devices
and continuous flow diffusion chambers, are complementary to well plate setups because they can
monitor ice nucleation down to the homogeneous freezing threshold.



In lines 57-61, we include the above discussion:* To measure the immersion freezing of droplets
containing INPs, ice nucleation chambers are operated under mixed-phase cloud-relevant
conditions, with T above —38 °C and RH with respect to water at ~100%. The continuous flow
diffusion chambers (CFDCs) (Demott et al., 2017; Lacher et al., 2017; Demott et al., 2018,
Brunner and Kanji, 2021) and cloud expansion chambers (Mohler et al., 2021a; Mohler et al.,
2021b) are two types of ice nucleation chambers operating on different working principles.”

We also modified the text in Lines 61 to 65.

“However, ice nucleation chambers and reactors are typically expensive and have higher
detection limits compared to DFTs. This enables them to measure often only at lower temperatures
(T <-=20 °C), particularly for typical atmospheric INP concentrations. Background noise caused
by ice residues falling from chamber walls (e.g., CEFDCs) or counting statistics of low ice crystal
numbers make detecting INPs with low concentrations challenging (e.g., for both CFDCs and
expansion chambers).”

Lines 101-102: “FINDA-WLU detects LED light reflected by freezing of water droplets placed in
a 96-well PCR plate over time.” Sentence needs to be improved.

The full sentence is “Using a CCD camera (Fig. 1a), FINDA-WLU detects LED light reflected by
freezing of water droplets placed in a 96-well PCR plate over time.”

It was changed to: “4 CCD camera (Fig. la) is used to detect the reflected LED light over the
water droplets placed in a 96-well PCR plate during the experiment.”

Lines 103—104: “The camera is fixed above the PCR wells region using an adjustable camera zoom
lens (12-120 mm Focal Length, Qiyun Photoelectric Co., China).” Sentence structure needs to be
improved.

It was changed to: “The camera is fixed above the region of the PCR wells using an adjustable
zoom lens (12-120 mm Focal Length, Qiyun Photoelectric Co., China).”

Lines 114-116: “These sensors are embedded and sealed within thermally conductive epoxy
(Omegabond 200, Omega Engineering, Inc., USA) within tubes cut from a PCR plate, ensuring
consistent heat transfer between the PCR plate and Pt100 sensors.” How are the tubes cut? Does
this mean that the commercial plates are modified?

We cut a well from the PCR and put the temperature sensor in the well, with thermally conductive

epoxy. Below is the figure of this setup.
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Fig C2. (a) The modified Pt100 sensors. (b) The modified Pt100 sensors with thermally conductive
epoxy inside a PCR well.

The cut well is outside of the PCR plate, as shown in Fig. 1b and c. Therefore, the commercial
plates are not modified in each experiment.

Lines 153—155: Figure 3 shows an increase in grayscale not a decrease. Please revise the text
accordingly. Moreover, Fig. 3 shows that a large change in grayscale (by about 80) is always
preceded by a smaller change by around 20 at about 1 K higher temperature. What makes you sure
that the second larger change marks ice nucleation and not the smaller one at higher temperature?
As the accuracy of the instrument is given as = 0.6 K, it is important whether the first small or the
second larger step marks nucleation. This needs to be investigated and discussed.

Figure 3 demonstrates a decrease in grayscale as the chamber cools. The figure should be
interpreted from right to left, as the experiment represents a cooling process. Consequently, the
first significant change in grayscale indicates the onset of ice nucleation. The second change in
grayscale is caused by the freezing of the remaining droplet solution (David et al., 2019). We have
also checked previously published papers, and most figures depict the temperature decrease from
right to left. Therefore, we have decided to retain the figure as it is.

We modified the text accordingly: “The grayscale value of a well stays constant until a sudden
decrease is observed during a cooling experiment, indicating the onset of freezing. From 0.0 °C to
—35.0 °C, the maximum decrease in grayscale value was used to identify the freezing event and
the temperature at which it occurs.”




Moreover, according to the infrared camera measured temperature during a cooling experiment
(Fig. C1), only one latent heat release process happened. Similar to Fig. 5d in the manuscript, here
we show the temperature profile of a well during the cooling process.
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Fig. C1. The temperature profile of a well is measured by the infrared camera after its calibration.

Lines 235-236: “This phenomenon also explains why freezing is most often triggered at the
droplet bottom from our observation.” What observation do you refer to? Can you observe where
freezing starts? Also, the temperature difference of just 1°C between the bottom and the top of the
well is not sufficient to trigger freezing always from the bottom, especially when freezing occurs
over a large temperature range.

In our experiment, we observed that ice nucleation began at the bottom of the PCR well, not only
for FINDA-WLU but also for other PCR well-based cold stages. However, this observation cannot
be demonstrated through the figures. Therefore, we have removed the sentence to avoid any
ambiguity.

Lines 119-120, line 245, Figure 6: The figure shows that almost 5°C are required until the
temperature difference becomes linear. As samples may freeze already at around -5°C, consider to
starting the ramp at 5°C so that a good linearity is achieved when temperature reaches subzero
temperatures. Just one cooling ramp is shown in Fig. 6. Have the cooling ramps been repeated?
What is the reproducibility?

This experiment was repeated multiple times with multiple well positions in a PCR, and it is
reproducible. We agree with you that starting the freezing from 5 °C will solve this problem.

Importantly, the purpose of this test in Fig. 6 is to verify which temperatures (bottom of the
aluminum block, bottom of the empty PCR plate, Milli-Q water surface, and ethanol surface)
should be used for horizontal temperature calibration. Section 2.4.3 and Figure 6 do not include
the temperature calibration; therefore, the non-linear correlation above —5 °C will not affect the
calibration results.

Line 250: David et al. (2019) does not use an aluminium block.



In the original text, we stated:* The temperature bias across 96-well PCR plates has been discussed

for aluminum block-based instruments with simulations (Beall et al., 2017), calibration substance
freezing experiments (Kunert et al., 2018), and by comparison of temperature differences between
corner and center wells (David et al., 2019).”

We are trying to say that David et al. (2019) compares the temperature differences between the
corner and center wells. We did not mean it use the aluminum block-based instruments, but Beall
et al. (2017) use the aluminum block-based instrument.

Line 265, Figure 7: how many times has the well calibration experiment been performed? What
was the variability between experiments? Has it been performed with different PCR plates? There
might be additional variability introduced when the position of the plates within the block has
some variability.

We performed the single-well calibration experiment only once. As we responded in the previous
comments, the horizontal temperature heterogeneity is caused by the ethanol circulation in the
chiller, which has been discussed in previous studies, e.g., the DRoplet Ice Nuclei Counter Zurich
(DRINCZ) (David et al., 2019), IR-NIPI (Harrison et al., 2018), and Micro-PINGUIN (Wieber et
al., 2024). For a specific chiller and fixed temperature cooling rate, we assume the temperature
deviation is reproducible.

The horizontal temperature distribution might slightly change over time. To avoid the bias of
temperature calibration, we do the whole temperature calibration procedure yearly.

We used PCR plates from the same brand, as different brands may have varying thermal
conductivities. Therefore, when using PCR plates from different brands, additional temperature

calibration is required.

The aluminum block is fixed inside the chiller, ensuring that the PCR position remains consistent
across all experiments.

Line 333: The method by Agresti and Coull (1998) should be described in some sentences.

It was explained in Lines 281-284.

“Cinp(T) is calculated from statistical analysis; therefore, it is necessary to assess the reliability
of the results. According to the binomial distribution method proposed by Agresti and Coull (1998),

the 95% confidence interval of the FF at temperature T, Clgsy, (T), is calculated as...”

Line 346, Figure 9: Can you specify what kind of uncertainty the shaded area shows? Min-max or
percentiles? How many times was a measurement repeated?

The corresponding shaded areas indicate the 95% confidence interval of n,,, derived by Agresti
and Coull (1998). We modified the figure caption accordingly.

Line 355: a reference to Fig. A2 in the appendix would be helpful here.



As all FF of Snomax are from this study, a reference to Fig. A2 is not needed.

Line 369: References to the “previous studies” should be given.

Done. We added previous studies (Wieber et al., 2024; Tarn et al., 2018; Polen et al., 2016).

Line 373, Figure 10: the figure caption needs to be reformulated. Moreover, the references to the
studies should be added. The freezing experiments seem to have been carried out several times as
uncertainty ranges are indicated in the figures. It needs to be stated how many times.

The references are added.

We only did one experiment for each dilution of the Snomax® samples. The uncertainty range is
the 95% confidence interval of n,, derived by Agresti and Coull (1998).

Technical comments:

Line 220: “bottom of the” instead of “bottom of”
Changed.

Line 332: “Fig. 6” should be “Fig. 9”

Changed.

Line 335: “overlapping” instead of “overlapped”
Changed.

Line 351: “bacteria” instead of “bacteriuma”
Changed.

Line 356: “scale” instead of “are scaled”
Changed.

Line 370: “Caution” instead of “Cautions”
Changed.

Line 380: “overlapping” instead of “overlapped”
Changed.

Line 381: “who” instead of “which”
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