Responses to anonymous referee #3

General comments:

This paper proposes a method for determining the supersaturation in a fog or cloud. The
topic 1s highly important due to the crucial role played by supersaturation in determining
the concentration and shape of the cloud droplet size distribution. The measurement
concept seems novel and robust, and is reasonably well explained in the paper. There
are a few places that are not clear, which I note below. I'm not sure why this was
submitted to ACP instead of AMT, but that’s for the editors to decide regarding
appropriateness. I consider the manuscript suitable for publication after the following
comments are addressed.

Response: Thanks for your comments, the key reason that we decided to submit this
manuscript to ACP not AMT is because that this paper is not about instrument
development, but about the concept and theoretical framework behind the effective
supersaturation measurements using advanced optical systems, and the system could be
achieved based on different ways, for example, totally different optical sensors.

Therefore, this manuscript is more about physics not techniques.

Major Comments:
Comment: One key question that arises after reading the paper is how the proposed

technique can provide information about supersaturation fluctuations versus mean



supersaturation. The authors nicely describe the importance of quantifying fluctuations,
but then it is not clearly explained later how this can be accessed. I believe it is related
to the sigma value in Equation 2 (see my comment below) but I did not find a discussion
of this topic in the paper, except a brief mention in the Discussion (limitation 1).  Please
provide more discussion of this topic.

Response: Thanks for your comment, this comment really helped us a lot to add further
clarification and refinement.

We added the following paragraph in Sect.2.1 to make it clear what types of

supersaturation fluctuations could be measured using the proposed framework:

“Two types of supersaturation fluctuations have been previously identified. The first type
involves fluctuations in supersaturation directly governed by water vapor pressure and temperature, as
described by Siebert and Shaw (2017). These fluctuations are linked to turbulence and water phase
changes that influence water vapor pressure and temperature. The second type concerns fluctuations
in effective supersaturation, which are associated with the activation and deactivation processes of
aerosols, as noted by Ditas et al. (2012). The first type of fluctuations dictates the instantaneous growth
and evaporation of droplets, thereby controlling the activation and deactivation of cloud droplets. As
such, the second type of fluctuation is inherently driven by the first type. The theoretical framework

proposed in this study enables the measurement of fluctuations in effective supersaturation.”

We added the following paragraph in the discussion part to demonstrate the potential

applications of the measured effective supersaturation fluctuations:

“As mentioned in Sect. 2.1, the theoretical framework proposed in this study is designed to
observe effective supersaturation fluctuations, rather than supersaturation fluctuations themselves.
While there are non-negligible uncertainties associated with observing effective supersaturation using

the proposed theory, the size and hygroscopicity distributions of total interstitial and activated aerosol



populations remain nearly constant when measured with second-scale or shorter time resolution. The
parameter that changes over time is the dynamic exchange between interstitial and activated aerosols.
Consequently, fluctuations in the scattering signals of interstitial and activated aerosols can reflect this
exchange at high temporal resolution. Since effective supersaturation fluctuations result from
underlying supersaturation variations, they could, in principle, provide insights into the causes of these
fluctuations, such as turbulence, though this would require further investigation and endeavor. In
addition, for size-resolved AR, both ¢ and MAF are crucial parameters. However, using scattering
coefficients at just three wavelengths of Aurora 3000 nephelometer is insufficient for accurately
retrieving o and MAF. If o and MAF could be measured more precisely through the extended optical

framework, it would provide deeper insights into supersaturation fluctuations.”

Specific comments:

Comment: Lines 84-85: the statement “estimated from vertical velocity measurements”

would be better supported by citing a paper that uses that approach, such as the paper

by Cooper 1989 (J. Atmos. Sci.). Also, it would be more correct to state “estimated from
vertical velocity and droplet size distribution measurements.

Response: The reference is added, and the sentence is revised accordingly.

Comment: Lines 117-119: “The k-Kohler theory tells that if the critical diameter of
aerosol activation (D_a) and corresponding aerosol hygroscopicity parameter K are

known, the surrounding supersaturation can be retrieved based on air temperature

measurements and by assuming ¢ s\a the surface tension of water.” This statement is

correct, but it assumes knowledge that is not stated, such as how kappa and the critical



diameter are related to each other. Please explain more thoroughly.
Response: Thanks for your comment, the following discussions are added after this

sentence to explain more:

“Note that D, and x are not independent with each other, average k of aerosols with diameter D,
is needed. Previous studies have shown that the reduction in surface tension (Noziére et al.,
2010;Gérard et al., 2016;0Ovadnevaite et al., 2017) associated with surfactants in atmospheric aerosols
can affect aerosol activation and, consequently, the derivation of effective supersaturation. However,
if the derivation of k (as done in this study) assumes a constant water surface tension, the impact of
surface tension changes is minimized, as these effects are already incorporated in the k calculation.
Nonetheless, differences in surface tension between supersaturated and subsaturated conditions
(Davies et al., 2019;Petters and Kreidenweis, 2013), and their impact on effective supersaturation, still
exist. Additionally, prior research has suggested that slightly soluble components in aerosols can
influence k values under both supersaturated and subsaturated conditions (Ho et al., 2010;Petters and
Kreidenweis, 2008;Lee et al., 2022;Han et al., 2022;Riipinen et al., 2015;Wang et al., 2019). Therefore,

« observed under subsaturated conditions would affect the derivation of effective supersaturation.”

Comment: Line 126: In describing Equation 2 it is stated that “o is associated with the
slope of the curve near D _a”. Please provide a physical interpretation of what factors
contribute sigma. Would it be true that for a monodisperse aerosol, and uniform
supersaturation, sigma would be zero?

Response: Thanks for your comment, this sentence is revised as:

“c Is associated with the slope of the size-resolved AR curve near D, and mostly influenced by the
heterogeneous distribution of aerosols near D, as well as supersaturation fluctuations (note that not

effective supersaturation fluctuations)”



Comment: Lines 134-136: This part of the sentence is not clear and should be revised:
“which brings uncertainty in Da derivations due to that the maximum activation fraction
of aerosols larger than Da does not equal to unit although usually very close to (Tao et
al., 2018b).

Response: Thanks for your comment, this sentence was revised as:

“which brings uncertainty in D, derivations due to that not all aerosols larger than D, are activated,

because the MAF in Eq.2 does not equal to unit although usually very close to (Tao et al., 2018)”

Comment: Figure 3: Include brief discussion in the figure caption to explain the
underlying concept of the instrument, at least for panel a. For example, explain the
purpose of the drier versus the cooler (for controlling humidity).

Response: Thanks for your comment, following sentences are added to explain:

“The heater upstream of the sample is used to reduce the relative humidity (RH) to below 60%,
ensuring the evaporation of most of the water content, to make sure the consistency of needed PM;
cut. The cooler upstream of the 'wet' nephelometer increases the sample RH to approximately 90%,

allowing hygroscopicity measurements under conditions close to supersaturation.”

Comment: Discussion: some discussion of the expected precision versus accuracy, as
well as estimated uncertainties should be included.

Response: Thanks for your comment, the following paragraph was added in Sect.4:
“The uncertainty in effective supersaturation observations using this framework primarily arises
from the uncertainties in deriving D, and kp_. The uncertainty in D, observations using the Aurora

3000 nephelometer as the optical sensor under varying conditions is detailed in Fig. 1c. Factors



affecting the accuracy of kp_ include: (1) the size dependence of x of activated aerosols; (2)

uncertainties related to surface tension, slightly soluble components, and other factors that lead to
differences in k differences under subsaturated and supersaturated conditions. Based on previous
studies on the size dependence of k (Peng et al., 2020) and the differences between subsaturated and

supersaturated conditions (Whitehead et al., 2014;Liu et al., 2018;Tao et al., 2023), a 50% uncertainty
(three times the standard deviation) was assumed in the derivation of k,_for the uncertainty analysis.

Using this approach, the uncertainty in effective supersaturation measurements, estimated through the
Monte Carlo method, is shown in Fig. 4. The analysis indicates that applying this framework with the
Aurora 3000 nephelometer as the optical sensor results in an uncertainty of approximately 5%. The
precision of effective supersaturation measurements is directly linked to the accuracy of the optical
sensor's scattering signal. For example, the Aurora 3000 has an accuracy of 1 Mm™, which leads to
different levels of precision in D, and hygroscopicity measurements depending on the scattering
signal strength. If the scattering signal from the total aerosol population is 100 Mm™, the precision of
the observed interstitial aerosol scattering fraction f;,, is about 1%. Based on the relationship between
fsp @and D, shown in Fig. 1b, this leads to a precision of approximately 3 nm for D,, which results in
an effective supersaturation precision of ~0.01% when supersaturation is near 0.2%, or ~0.0002%
when supersaturation is near 0.02%. However, if the scattering signal is lower (e.g., 10 Mm™), a bias
of 1 Mm™* could result in effective supersaturation bias to as much as ~0.07% when supersaturation is
near 0.2%, making the measurements unreliable. In summary, while the proposed framework
demonstrates the feasibility of observing effective supersaturation with an advanced optical system,
the accuracy and precision depend on the resolution of the optical sensors, the scattering parameters
being measured, and the scattering signal levels of aerosols in clouds. Enhancing the sensor precision
to 0.1 Mm™ or even 0.01 Mm™, and incorporating ultraviolet wavelengths and multiple scattering
angles, might enable high-accuracy supersaturation measurements across a broad range of

supersaturation conditions, especially in cleaner environments.”

References:



Davies, J. F., Zuend, A., and Wilson, K. R.: Technical note: The role of evolving surface tension in the formation of
cloud droplets, Atmos. Chem. Phys., 19, 2933-2946, 10.5194/acp-19-2933-2019, 2019.

Ditas, F., Shaw, R. A., Siebert, H., Simmel, M., Wehner, B., and Wiedensohler, A.. Aerosols-cloud microphysics-
thermodynamics-turbulence: evaluating supersaturation in a marine stratocumulus cloud, Atmos. Chem. Phys., 12,
2459-2468, 10.5194/acp-12-2459-2012, 2012.

Geérard, V., Noziere, B., Baduel, C,, Fine, L., Frossard, A. A., and Cohen, R. C.: Anionic, Cationic, and Nonionic
Surfactants in Atmospheric Aerosols from the Baltic Coast at Ask®d, Sweden: Implications for Cloud Droplet
Activation, Environmental science & technology, 50, 2974-2982, 10.1021/acs.est.5b05809, 2016.

Han, S., Hong, J,, Luo, Q., Xu, H., Tan, H., Wang, Q., Tao, J,, Zhou, Y., Peng, L., He, Y., Shi, J,, Ma, N., Cheng, Y., and
Su, H.: Hygroscopicity of organic compounds as a function of organic functionality, water solubility, molecular
weight, and oxidation level, Atmos. Chem. Phys., 22, 3985-4004, 10.5194/acp-22-3985-2022, 2022.

Ho, K F. Lee, S. C.,Ho, S. S. H., Kawamura, K., Tachibana, E., Cheng, Y., and Zhu, T.: Dicarboxylic acids, ketocarboxylic
acids, a-dicarbonyls, fatty acids, and benzoic acid in urban aerosols collected during the 2006 Campaign of Air
Quality Research in Beijing (CAREBeijing-2006), Journal of Geophysical Research: Atmospheres, 115,
https://doi.org/10.1029/2009]D013304, 2010.

Lee, W.-C., Deng, Y., Zhou, R, Itoh, M., Mochida, M., and Kuwata, M.: Water Solubility Distribution of Organic Matter
Accounts for the Discrepancy in Hygroscopicity among Sub- and Supersaturated Humidity Regimes, Environmental
science & technology, 10.1021/acs.est.2c04647, 2022.

Liu, P., Song, M., Zhao, T., Gunthe, S. S., Ham, S., He, Y., Qin, Y. M., Gong, Z., Amorim, J. C., Bertram, A. K., and Martin,
S. T.. Resolving the mechanisms of hygroscopic growth and cloud condensation nuclei activity for organic
particulate matter, Nature communications, 9, 4076, 10.1038/s41467-018-06622-2, 2018.

Noziere, B., Ekstrom, S., Alsberg, T., and Holmstrém, S.: Radical-initiated formation of organosulfates and
surfactants in atmospheric aerosols, Geophysical Research Letters, 37, https://doi.org/10.1029/2009GL041683,
2010.

Ovadnevaite, J., Zuend, A., Laaksonen, A., Sanchez, K. J., Roberts, G., Ceburnis, D., Decesari, S., Rinaldi, M., Hodas,
N., Facchini, M. C., Seinfeld, J. H., and C, O. D.: Surface tension prevails over solute effect in organic-influenced
cloud droplet activation, Nature, 546, 637-641, 10.1038/nature22806, 2017.

Peng, C., Wang, Y., Wu, Z., Chen, L., Huang, R.-J,, Wang, W., Wang, Z., Hu, W,, Zhang, G., Ge, M., Hu, M., Wang, X,
and Tang, M.: Tropospheric aerosol hygroscopicity in China, Atmospheric Chemistry and Physics, 20, 13877 -13903,
10.5194/acp-20-13877-2020, 2020.

Petters, M. D., and Kreidenweis, S. M.: A single parameter representation of hygroscopic growth and cloud

condensation nucleus activity - Part 2: Including solubility, Atmospheric Chemistry and Physics, 8, 6273-6279, 2008.
Petters, M. D., and Kreidenweis, S. M.: A single parameter representation of hygroscopic growth and cloud
condensation nucleus activity - Part 3: Including surfactant partitioning, Atmospheric Chemistry and Physics, 13,
1081-1091, 10.5194/acp-13-1081-2013, 2013.

Riipinen, I., Rastak, N., and Pandis, S. N.: Connecting the solubility and CCN activation of complex organic aerosols:
a theoretical study using solubility distributions, Atmospheric Chemistry and Physics, 15, 6305-6322, 10.5194/acp-
15-6305-2015, 2015.

Siebert, H., and Shaw, R. A.: Supersaturation Fluctuations during the Early Stage of Cumulus Formation, Journal of
the Atmospheric Sciences, 74, 975-988, https://doi.org/10.1175/JAS-D-16-0115.1, 2017.

Tao, J., Zhao, C., Ma, N., and Kuang, Y.: Consistency and applicability of parameterization schemes for the size -

resolved aerosol activation ratio based on field measurements in the North China Plain, Atmospheric Environment,
173, 316-324, https://doi.org/10.1016/}.atmosenv.2017.11.021, 2018.
Tao, J.,, Kuang, Y., Luo, B, Liu, L., Xu, H., Ma, N., Liu, P., Xue, B., Zhai, M., Xu, W., Xu, W., and Sun, Y.: Kinetic Limitations



https://doi.org/10.1029/2009JD013304
https://doi.org/10.1029/2009GL041683
https://doi.org/10.1175/JAS-D-16-0115.1
https://doi.org/10.1016/j.atmosenv.2017.11.021

Affect Cloud Condensation Nuclei Activity Measurements Under Low Supersaturation, Geophysical Research Letters,
50, €2022GL101603, https://doi.org/10.1029/2022GL101603, 2023.

Wang, J,, Shilling, J. E,, Liu, J., Zelenyuk, A., Bell, D. M., Petters, M. D., Thalman, R., Mei, F., Zaveri, R. A., and Zheng,
G.: Cloud droplet activation of secondary organic aerosol is mainly controlled by molecular weight, not water
solubility, Atmos. Chem. Phys., 19, 941-954, 10.5194/acp-19-941-2019, 2019.

Whitehead, J. D., Irwin, M., Allan, J. D., Good, N., and McFiggans, G.. A meta-analysis of particle water uptake
reconciliation studies, Atmos. Chem. Phys., 14, 11833-11841, 10.5194/acp-14-11833-2014, 2014.



https://doi.org/10.1029/2022GL101603

