Response to Reviewer:

We thank and appreciate the reviewers for their valuable scrutiny and feedback on our manuscript and the
opportunity to submit a revised version. All the suggested changes and feedback have been duly addressed
and implemented, with our responses for each comment presented as follows.

The major changes are:

1. A supplementary material has been added alongside to the revised manuscript containing the validation
of the estimated cloud base and LWP calculations.

2. The CFAD analysis is completely revised.

3. The wording of the manuscript has been significantly improved to remove redundancies and increase
clarity. Additions have been made as per reviewer suggestions.

Note: line numbers must have changed in the revised manuscript.
Reviewer 1 Comments:

Question 1: The authors developed a radar-based methodology to derive cloud base. However, they
themselves state that it does not agree with the standard method based on lidar observations. The lidar-
based method has been proven to work well in many previous studies and since the authors do not
independently validate their new method the reader concludes that the radar-based method is not accurate.

Response: While it is true that lidar-based methods have been established for cloud phase identification
primarily by Sassen (1991), Intrieri (2002), Shupe (2007) and been used in many literatures, however all
those studies focused mainly on Arctic mixed-phase Clouds which have different characteristics compared
to those over the Southern Ocean (SO) studied in this paper. Furthermore, using solely lidar-based
evaluation is not accurate because lidar signals attenuate easily for optically thick cloud layers (Sassen,
1991), particularly for aircraft flew on the top of cloud layer (>80%). Hence, most studies over the SO
either uses a synergistic method based on a combination of in-situ measurements and radar-lidar remote
sensors onboard as shown by D'Alessandro (2021), Romatschke and Vivekanandan (2023).

Our analysis showed that while HSRL lidar backscatter signal was efficient for estimating cloud base but
only when the flight flew below the cloud base offering a zenith-viewing direction for the lidar, which is
also presented in Kang (2024). When aircraft flew on the top of clouds, it is impossible to use lidar signals
to estimate cloud bases. However, the HCR radar reflectivity and spectrum width profiles were found to
be comprehensive enough for estimating both cloud top and cloud base heights at both the zenith and nadir-
pointing directions. Similarly cloud base estimation using lidar at the nadir pointed view was found to be
erroneous and we estimated an offset of ~400 meters between the cloud base estimated by the two
instruments (HCR and GV-HSRL).



Hence, the HSRL measurements are not optimal for phase-estimation of SO clouds sampled during the
SOCRATES campaign, while HCR measurements are more robust. The significance of millimeter-
wavelength radar for cloud observation has been widely acknowledged (Huang, 2019; Hobbs, 1985;
Lhermitte, 1987; Kollias, 2005, etc.). The objective of this paper is to develop (propose) an airborne radar-
based phase estimation method which will comprehensively estimate low-cloud phase since low-clouds
over the SO sampled during the SOCRATES campaign which have exhibited to have thicker cloud layers
(~3 km) which the lidar signals cannot detect accurately. The sampled low-level clouds also display
significantly lower concentration of larger ice particles (>10*° um) as shown in Figure 2, which is where
the lidar signals might have been a more useful addendum to the phase-estimation algorithm. The reliability
of a radar-based phase estimation method for SO clouds has already been established in Xi et all (2022)
using data from the ship-based MARCUS campaign. The validation of the results has been carried out by
comparing it to some existing published methodologies for cloud phase-estimation, like D’Alessandro
(2021), Shupe (2005, 2007), and Intrieri (2002), on the same SOCRATES low-cloud dataset, which has
yielded close agreements in phase percentage retrievals for Liquid, Mixed and Ice phases. Finally, the usage
of aircraft-based remote sampling data makes this phase-estimation method closest to the ground truth we
can have currently due to the proximity to which the aircraft can fly near the cloud layers.

2: The authors then develop a new cloud phase classification method based on in-situ and radar
observations. The method heavily relies on spectrum width observations but fails to account for
shortcomings in the spectrum width observations, which leads to inaccurate conclusions.

Response: Using radar-measured spectrum width as one of the key parameters for cloud phase-estimation
is not unprecedented and its reliability as a phase-identification factor has been presented in multiple if not
all existing phase-evaluation methodology studies including Xi (2022), Shupe (2007), Romatschke and
Vivekanandan (2023), Desai (2023) across multiple campaigns as well. The simple logic behind this being
lower spectrum widths are exhibited by homogenous single-phase cloud particles (ice and liquid) while
higher values are exhibited by mixed-phase clouds. However, it should be noted that spectrum width is used
along with doppler velocity and reflectivity to correctly estimate phases, where a combination of all three
measurements is used together and not in separate steps. This has been explained thoroughly in Section 4.1
and Figure 6. The synergistic usage of all three remote-sensed measurements i.e. reflectivity, spectrum
width and doppler velocity has been done considering the methodology in Shupe (2007), although we
developed the thresholds based on the nature of the SOCRATES-sampled datasets specific to the low-clouds
over SO for this study. The usage of aircraft-sampled dataset for the radar reflectivity, doppler velocity and
spectrum width make this closest to the ground truth we can achieve over the SO, due to the proximity of
the aircraft to the cloud layers compared to ground-based or satellite remote sensing, which also adds a
certain degree of volatility in retrievals which has been mentioned in Section 4.3.2.

3: It also relies on the liquid water path, which is derived along the aircraft track from in-situ measurements
and then applied to the whole vertical column of the radar observations. In my opinion, it is not an accurate
assumption to claim that LWP is constant throughout a cloud. The authors themselves state that the resulting
2D classification does not look accurate. Nonetheless, they collapse it back into a 1D classification and use
both throughout the rest of the study.



Response: The validation of the LWP calculation has been carried out and added to the supplementary. In
short: Validating the calculated LWP as in eq. 3 in the manuscript with the LWP measured across the
sawtooth regions where the sampling height is the flight altitude and LWC is measured along that same
height as well (i.e. LWP = LWC*flight_altitude for the sawtooth regions) shows excellent agreement. The
correlation value (r) is found to be 0.85 with a strong statistical significance (p<<0.001). Further comparing
and validate LWP calculations with existing geographically and spatio-temporally collocated
measurements during the MARCUS campaign which provided radiometer measured LWP values over the
SO. We compare the LWP by creating a lat-lon grid box with overlapping measurements for low level
clouds between the two campaigns SOCRATES and MARCUS for the similar climatological months (Jan,
Feb and March), and found excellent agreement in the resulting values. LWP measurements also show an
excellent agreement with mean values: 110 g/m? (SOCRATES, as calculated in this study) and 127 g/m?
(MARCUS, radiometer-measured), and a difference of ~17 g/m?.

Currently there is not much available methods known to us to reliably estimate LWP as a height-resolved
variable from in-situ measured LWC, furthermore, LWP is not a directly measured variable during the
SOCRATES flight-tracks. Frisch (1995, 2002) does offer a way to estimate vertical profiles of LWC and
R. (effective radius) as a function of radar reflectivity Ze and number concentration, but it needs to be
majorly corrected for signal attenuation, which is beyond the current scope of this paper. The aircraft
measures cloud particle and drizzle size distributions along the flight-track which has been correctly
identified by the reviewer, but also -above, -below and inside the cloud layers during the whole sampling
leg. We used this in-situ measured PSD and DSD to calculate cloud and drizzle LWC following the method
in Kang (2021) and Zheng (2024), and then estimate the LWP. Since our paper is not focused on finding
novel LWP-calculation methods, we relied on the simplistic method of integrating LWC measurement
across the entire cloud vertical profile following Oh (2018) and Mioche (2017), the calculated LWP as a
function of cloud thickness might have some offset from a radiometer measured LWP but is not inaccurate
when calculated over multiple range gates (of 19.2 m each). At 150 m/s (avg. cruising speed) * 10 secs
(temporal averaging) =~ 1.5 km, clouds are reported to be globally homogenous This method based on single-
frequency radar retrieval does have the limitation of assuming of weak vertical changes in microphysical
properties within 500 m thick cloud layers (Tridon, 2013b), and can be mitigated through an averaging of
radar observations (Chandra, 2015) as has been done in this study. The LWC and LWP uncertainty has
been taken care of and duly mentioned in the literature. We have acknowledged that this is a coarser LWP
estimation but this method of finding LWP from LWC as a function of cloud thickness has been in standard
use in the industry for very long, including Oh (2018), Mioche (2017), Toledo (2021). Furthermore, it
should also be noted that LWP is used along with the remote-sensed parameters for phase-estimation and
not uniquely. The estimated LWP was also compared with reported LWP measurements over the SO for
low-clouds, and we found a decent agreement in the values (Xi, 2022; Mace, 2023; Tan, 2023).

We did identify a typographical error or lack of clarity in our writing in Section 4.2 which might have given
the reviewer a feeling that we are not confident in the 2D phase retrieval, what we wanted to say was that
the 2D phase profile presented in Figure 7g is just a small transect of the entire cloud profile, chosen for
offering the best visual clarity, and is not depictive of the actual ‘dominant’ cloud phase (Fig 7h) on which
the second half of this paper is based on i.e. validating the findings based on the statistical analyses. We
carry out a scrutinized estimation of the dominant phase based on sample counts for each phase along each
vertical layer (based on the temporal interval) which has been explained in the revised manuscript. We have



improved the writing for this part to ensure no further confusions are created due to the nature of wording
or typographical errors.

4: The authors compare some of their results with methods from previous studies (even though for some
reason they do not compare it with the phase classification that is provided in the radar/lidar dataset itself)
and note that their results do not agree very well with previous studies.

Response: We have not identified any standard dataset in the SOCRATES repository that provides phase-
identification directly from radar-lidar readings. All phase-related work is normally a modified product by
independent research teams who have developed some method to identify cloud phase, and each is unique
and independent based on the underlying methodologies developed like D’ Alessandro (2021), Romatschke
and Vivekanandan (2023). We tried to compare our phase estimation results with MLR algorithm-based
phase identification by D’Alessandro (2021) and lidar PLDR-based estimation method developed for the
Arctic clouds using ground based lidar observations by Shupe (2005, 2007) and Intrieri (2002). We have
duly mentioned in the literature that these three classification methods are different yet as highlighted in
Table 4b there is some decent level of agreement in the results based on the percentages for total liquid,
mixed and ice phase distributions for the low-level SO clouds. The dominant phase retrieval from this study
has an agreement of around 55.5% with results from MLR. The MLR method determines cloud
hydrometeor phase based on tuning a MLR (multinomial logistic regression) model to cloud hydrometeors
sampled using the in-situ probes onboard the aircraft during SOCRATES only at the flying or sampling
altitude of the SOCRATES aircrafts, while we used both in-situ and radar measurements in this study. The
lidar method is purely dependent on the PLDR thresholds. The lidar detects a smaller (spatial) sample of
the cloud fraction compared to the HCR radar, as lidar signal is highly attenuated for thicker cloud layers
(along the vertical) whereas radar can offer a well-resolved cloud profile. Therefore, while the comparison
between these three methods is not entirely straightforward, it provides a reasonable rough estimation for
comparing the phase estimations across a linear time dimension.

5: I am not sure why the authors chose to develop their own method, when proven methods are readily
available, and then decide to use their own method, even though they themselves have found that it does
not produce good results.

Response: We are aware of some of the existing published methods of phase identification, acknowledge
the quality of those methodologies, and duly acknowledge them while developing our study. However,
phase identification for low-level Southern Ocean (SO) clouds is a work in progress and significant more
commitment and future studies are needed to develop data products and methodologies that can be used
as industry standard. Every existing study has their own unique methodology using datasets from multiple
platforms, focusing on multiple geographic regions of study, and tuned to specific cloud distributions
over different climatic regions. Hence, each yield in different results. The lack of ample cloud phase-
identification studies focused on low-level clouds over the SO drove us to develop our own method, using
the SOCRATES aircraft campaign dataset which offers proximus sampling of the cloud layers and can be
considered as closest to the ground-truth. Furthermore, using an array of in-situ and radar-retrieved
parameters that do not attenuate easily for thicker cloud layers as observed over the SO. Low-level
optically thick clouds are poorly misinterpreted in climate models, leading to greater uncertainties in
estimating shortwave fluxes and predicting climate change. Understanding the dominant cloud phase and



phase-related statistics of the low-level SO clouds is crucial to expanding our current understanding of the
region along with developing better parametrization for the increased accuracy of the global climate
model predictions (Zhao, 2023; Liu, 2023). This clarification and the need for development of more
phase-classification methodologies and data products, and the uniqueness of this study and their
importance has been highlighted in the literature.

Furthermore, we note that the nature of wording we used in this paper might have confused the reader to
believe that we are stating our results to be inaccurate, whereby we just wanted to acknowledge the levels
of uncertainties or offsets from the methodology, volatility in measurements due to nature of sampling,
and the biases arising from the selected cloud samples studied for this work. This was done with the best
intention of doing free and fair scientific work and inviting critical analysis in the form of future work
which would either further validate our methodology and findings or suggest ways to improve our current
work. This is a piece of investigative research which presents our analysis and attempts to develop a new
methodology aimed at addressing the common challenge of understanding cloud phase and macrophysical
properties. We sought to employ the best possible means known to us, a challenge that has also been
approached by other studies through various methods. The existence of previous studies and the
acknowledgment of uncertainties or biases in the measurements and results should not be interpreted as a
lack of confidence or inaccuracies in the methodology or findings, or to refute the significance of such
work. This is standard industry practice in the pursuit of robust scientific work.

Reviewer Specific Comments:

6. Line 147: Please explain what is meant with “interpolated to fixed radar-heights at a range gate of 19.2
meters”. The range gates are already fixed. And why 19.2 m?

Response: Yes, and that fixed range gate height for the HCR radar onboard SOCRATES is 19.2 m. There
are negative range gate values for below surface level measurements, these were all corrected with respect
to the relative height to the aircraft altitude, and to keep the range gates at a 19.2 m fixed height interval.
We have rectified the writing.

7. Section 2.2: I am very skeptical about the method that derives cloud base. How was that method
validated? Using data from the GV-HSRL to determine cloud base is the state-of-the-art methodology. If
the method proposed by the authors does not agree with the GV-HSRL measurements, that would generally
indicate that it is not accurate. If the authors really want to claim that their method is superior, they need to
find an independent validation method. Simply plotting the results on the radar observations is not
sufficient.

Response: We thank the reviewer for raising this question and acknowledge that this would improve the
findings of our study. We do acknowledge that this is also a coarse approximation but is seen to work well
in the absence of a ceilometer detected cloud height, as was the case with SOCRATES. Using the lidar
estimated cloud base as in Kang (2024) resulted in huge offsets in cases when the flight flew above the
layer and the radar/lidar pointed nadir because lidar signal attenuates for thicker cloud layers. For zenith
pointing measurements, the lidar and radar determined cloud base height tend to overlap to a certain degree.
We did not include this analysis in the manuscript or supplementary as it does not answer the proposed
objectives of this research.



Similar to the LWP validation explained in response to comment 3, we also compare and validate our cloud
base estimations with existing geographically and spatio-temporally collocated measurements during the
MARCUS campaign which provided ceilometer and micropulse lidar estimated cloud base over the SO.
We compare the cloud base height values by creating a lat-lon grid box with overlapping measurements for
low level clouds between the two campaigns SOCRATES and MARCUS for the similar climatological
months (Jan, Feb and March), and found excellent agreement in the resulting values. The mean cloud base
height difference was found to be around 159 meters where SOCRATES mean cloud base height (derived
using the method described in this study) was 1055 meters and for MARCUS was ~900 meters. This is
expected as MARCUS being a ship campaign sampled more lower clouds (closer to the surface) than
SOCRATES, and the mean difference is within a decent agreeable range for cloud base heights. Detailed
explanation will be added to the Supplementary.

8. I would also like to point out that spectrum width in regions with low signal to noise ratios, which are
often observed at the cloud edges, are often noisy and not all that reliable. Using their gradient to derive
cloud boundaries is therefore not recommended. You can see in Figure 1c that there is a similar gradient at
the top of the cloud as at the bottom. The argument that this gradient implies drizzle or precipitation (as
stated at line 177) is therefore highly questionable. The fact that the algorithm finds cloud base in the middle
of a cloud layer where there is clearly no precipitation at all (Fig. 1 around 26.44) is also suspicious.

Response: The gradient of Spectrum Width can be used to differentiate between the precipitation, drizzle
and cloud layers as it is sensitive to particle sizes along with the spread of the doppler velocity spectrum.
In Figure lc, the presence of very high spectrum width values at the cloud base allowed us to presume the
high incidence of drizzle and precipitation at the cloud base. The cloud base height retrieval method only
considers the spectrum width gradient starting from the lowest radar height range gate and starts working
towards the cloud top, one height bin at a time. When moving from the clear sky to the precipitation and/or
drizzle layer at the cloud base, the gradient is the highest (or maximum positive), then where the large
precipitation droplets and/or drizzle particle layer moves into the cloud layer with smaller cloud and drizzle
particles we see the maximum negative change (or lowest gradient value for that vertical layer) in the
spectrum width gradient, where we predict the cloud base to exist. Even if the spectrum width at around
cloud top appears to be similar as at the cloud base for some instances, it will not have the same width
gradient, otherwise the algorithm detects it. Also, the lowest height bin to have the maximum negative
gradient is only considered to be the base height. This method works only on a bottom-up approach from
the lowest height bin to the highest. As mentioned, the GV-HSRL retrieved cloud base is around 400 meters
higher than using HCR on an average, which we found were incorrect especially in regions where the
instruments pointed nadir.

Furthermore, Figures 1a-d are simply a small segment from RF01 which illustrates a small fraction
of the dataset, hence the existing noise and outliers from the height estimation are prominent in this figure.
For the entire dataset covering RFOl to RF15, the outliers and noise do exist as this is a coarse
approximation, which is integral to a radar measurement but does not contribute majorly towards any
misleading results as the final statistics are calculated based on analyzing the entire dataset together based
on the central measurements (using median) which reduces the impact of outliers. Also between 26.42 and
26.44 it can be observed that there are valid cloud signals observed by both the reflectivity (Fig. 1b) and
doppler velocity (Fig. 1d) measurements of the radar, hence spectrum width being either very low or
invisible at that region could be attributed to stagnant cloud particles (as doppler velocity for that small



region is ~0 m/s, Fig. 1d), very thin non-precipitating and homogenous cloud layer (as is noticeable from
the figures) or signal attenuation. Note: the time axis has been corrected so 26.42 is now 2.42 hours UTC
(decimal time).

9. Table 2: What is meant with “may not be single layer”? Does this mean that they could be multi-layer or
deep? I don’t think it makes much sense to put both of these cloud types together in one category. The same
is true for the HML category. That seems to be a deep cloud but the name of the category seems to indicate
that it is a multi-layer cloud.

Response: The cloud classification (Table 2) is based on Xi (2010). For the categories that have been
mentioned as may-not-be single layer are cases where the height classification holds but the reflectivity
profile indicated one or more separate cloud layers present. Since the average flying altitude of SOCRATES
aircrafts is around 6 km, we do not observe any significant instances of such double layered clouds.
Furthermore, we do not use these category of clouds for any further analysis as this study depends solely
on single-layered low level clouds (<3 km).

10. Line 217: What is meant with “due to the selected cloud cases”? What cases were selected? How many?
And based on which criteria?

Response: It was an error in writing. Removed this sentence.

11. Section 2.4: I’'m afraid I do not understand how LWP is calculated. Do the authors assume that the LWC
is vertically constant throughout the cloud? That does not seem like valid assumption.

Response: See our response to comment 3, for LWP validation.

12. Figure 3: How do these results compare to similar classifications in the literature? (Mace and Protat
2018, Truong et al. 2020, Romatschke 2023)

Response: Currently it is not feasible or practical to carry out such a comparison as all the mentioned
methods are very different and have different approaches and results. We did not identify any existing phase
retrieval study that could offer a pixel-by-pixel comparison with this study. Hence an aggregate comparison
is the best we could do here as is presented in Table 4a and 4b. We are however planning a future study
that will comprehensively combine all the phase estimation studies including ours for a more robust and
synergistic analysis of SO clouds.

13. Table 3: The LWP values have very large SDs. Are they actually meaningful?

Response: Yes this is expected and consistent with findings over the SO. The difference was insignificant
when these results were compared to the average LWP values observed over the SO by previous studies
like Xi et al. (2022) and Mace et al. (2021). The greater degree of uncertainty present in the estimated
average LWP (Table 3) is consistent with other studies. Even for a greater precision calculation of
constrained height-resolved LWC as in Huang (2009) and Hogan (2005) using dual-frequency radars, the
retrieved LWP still showed a mean difference of 70-120 g/m?* with microwave radiometer (MWR) measured
LWP.



14. Section 4.1: The authors develop a new methodology to derive cloud phase from radar observations.
However, they do not validate the method. This leads to the following questions: a) Why was a new method
developed when a phase classification is already provided in the dataset? Why do the authors think their
methodology is valid if it is not verified? Why do they believe that their method is better than previous
methods (that have actually been validated)? Why was it not validated?

Response: Existing phase methodologies especially the UWILD characterization (Atlas, 2021) and/or the
MLR method (D’Alessandro, 2021), Romatschke and Vivekanandan (2021) PID method, along with the
lidar-based phase detection methods developed over the arctic like Shupe (2007) are valuable but
characteristically quite different than our proposed methodology. A pixel-by-pixel is not possible with any
existing datasets currently, and any such comparisons are not deemed apple-to-apple. However, the
comparison as presented in table 4a and 4b show decent agreement between the overall findings of this
study and existing methods and helps in validating our final results to some extent. Validation of our
‘proposed’ phase-retrieval method can only be carried out through further synergistic investigation
comparing existing studies over the SO relevant to cloud-phase estimation. We are planning a future study
on the same, but it is beyond the scope of the current manuscript.

15. At line 375 the authors say that they compared with previous work. What exactly does that mean? What
were the results of these comparisons? Also, the classification heavily relies on LWP and spectrum width.
As mentioned earlier, I am not sure how trustworthy LWP is, as it is assumed to be vertically constant (see
first paragraph of Section 4.2). Again, spectrum width is noisy in low SNR regions and some, if not many,
of the high values may be unreliable. (Romatschke and Vivekanandan decided not to use spectrum width
in their algorithm for this reason.)

Response: The used radar signal (dBZ, WID and V) thresholds were compared with the thresholds defined
in the referenced studies to check for consistency in phase-retrieval. Decent agreements were found in this
step. Spectrum width has been consistently used for phase retrieval in existing studies like Xi (2022), and
Shupe (2007). As per Romatschke and Vivekanandan (2021), the Doppler spectrum width field was also
included in earlier versions of the PID algorithm but was later eliminated to simplify the algorithm. Radar
signal does suffer from noise but those are majorly concentrated at near-surface levels where they face near-
surface contamination problems related to echo.

16. In Section 4.2., the authors state that “phase retrieval method but may be not highly depictive of the
actual cloud phase”. In that case, what is the value of the 2D derived cloud phase? What is the purpose of
this effort? The 2D cloud phase is then again collapsed into a 1D cloud phase product which apparently
“returns reasonably accurate findings compared to other phase detection studies over the SO”. These
comparisons are later shown (see below) but they are not convincing.

17. What is the purpose of developing this new product if other phase classifications already exist? Why
start with the 1D cloud probe observations, expand them to low-quality 2D observations, and then collapse
them again into 1D phase estimations? Why not use the cloud probe measurements directly and the phase
classifications that were derived from them in previous studies?

18. Starting line 442, the 1D phase classification is compared with phase classifications from other studies.
Unfortunately, the classifications from the current paper do not agree well with the classifications from



previous studies. The authors speculate about the causes of these discrepancies but fail to explain why the
reader should trust their results over those from previous studies.

Response: We believe we have provided sufficient justification for comments 16, 17 and 18 in Responses
to comments 2, 4, 5, and 14.

19. Starting line 474 the authors suggest tuning thresholds from previous studies to match their results but
I am not convinced that this is the right thing to do. Again, why do the authors think that their results are
more accurate?

Response: Majorly the nature of the clouds as described in the Introduction section, which also accounts
for the different microphysical nature, spatial heterogeneity, and the nature of ice-liquid phase partitioning
in SO clouds compared to MBL clouds over the Arctic region. However, as observed, the PLDR thresholds
we propose based on our findings in Section 4.2 are very close, if not at all the same as those defined over
the Arctic. Further scrutiny will definitely help to better validate the results of our ‘proposed’ methodology.

20. Section 4.3: Given all the problems pointed out earlier (unproven cloud base, unreliable phase
classification), I am not sure how trustworthy and valuable this analysis is.

Response: As mentioned, cloud base and LWP validation have been carried out and a detailed explanation
will be added to the Supplementary. Furthermore, all the above responses can be referred to here to justify
our findings and proposed further future investigations.

21. Section 4.3.1: For this analysis, is the 2D cloud phase or the 1D cloud phase product used?

Response: The analysis of Tip and Trase Was based on the 1D dominant phase profile (Figures 4b, and 4c).
Only Fig 4a was based on the 2D cloud phase as a pixel-by-pixel comparison was possible with the 2D
ERAS temperature.

22. Section 4.3.2: Given that the authors stated earlier that the 2D cloud phase product is not particularly
accurate, why is it used here?

Response: The wording has been revised significantly in the revised manuscript to improve clarity for this
part, especially relevant to the 2D phase profile. The 2D phase profile provides a way to visualize the
vertical distribution of the phases along the cloud layers, hence is used here.

23. Starting line 551: I disagree with the author’s interpretation of the CFADs. In my opinion, the CFADs
for the liquid (and mixed) clouds show a strong bright band signature at 0.2 km normalized height. This
bright band signature contradicts the author’s claims that the clouds are predominantly liquid. This confirms
that the phase classification algorithm does not produce high-quality results. Looking at Figure 7, one gets
the impression that the algorithm tends to classify deep clouds with strong reflectivity as mixed, deep clouds
with weak reflectivity as liquid, and thin clouds as ice. This is reflected in the CFAD categories of Figure
10. T do not see a connection with cloud phase. It is not surprising that the authors use the word
“surprisingly” a lot in the description of the CFADs since the CFADs do not actually show clouds of the
respective phases.



Response: We appreciate this comment as it helped us identify certain key issues in the CFAD presented,
which led us to reanalyze the CFADs and the new CFAD is presented in the revised manuscript. The key
changes are that since a direct pixel by pixel mapping of the phase profile was tampering the 2D time-height
structure of the reflectivity, spectrum width and doppler velocity profiles. In the new CFAD we carefully
remove all the surface values and only retain the profiles from the estimated cloud base height to the cloud
top height eliminating near-surface contamination or noise. Furthermore, the time averaging is increased to
1 minutes from the previous 10 seconds to further smoothen the data to handle outliers and remove
significant noise from the volatility of the remote sensed measurements. This helped significantly smoothen
and polish the dataset prior to plotting the CFADs. The revised CFAD highlight the dependence of dBZ on
particle size, while Vd and WID profiles reveal particle motion and turbulence, with findings showing
turbulence-induced broadening near cloud bases and transitions in particle sizes and phases from cloud tops
to bases. Mixed-phase and ice clouds show distinct patterns, with turbulence and particle growth playing
critical roles in their vertical evolution. The new findings suggest a median dBZ of around -26 for liquid
phase with a slight shift towards -30 from lower mid to cloud base (normalized height, H;<0.2), dBZ for
mixed-phase remains significantly high at around -20 dBZ for mixed phase displaying a greater spread
which can be attributed to the wider variability in particle size distributions, ice phase displays a median
dBZ of around -27 from cloud top to mid-cloud level but increases to -25 at the cloud base due to incidence
of larger particle sizes as ice crystals grow from the cloud top to cloud base by accumulation and
aggregation processes. The doppler velocity (Vq) shows similar trend across all the three phases increasing
significantly from the mid to cloud base level (Hi<0.2) due to significant downwelling motion. The
spectrum width (WID) of liquid and mixed phase cases are similar exhibiting sharp increase from H;<0.2
indicative of significant downwelling motion and greater turbulence at the cloud base. For ice phase the
median WID is significantly higher at the cloud top (0.7 m/s), decreases at mid cloud levels and again
increases to ~0.6 m/s at cloud base which is indicative of a broader spread in the ice particle size distribution
at the upper levels and significant turbulence and downwelling motion at the cloud base. The CFADs also
confirm the irregular shape or morphology of ice particles along with the higher incidence of larger drizzle
and ice particles at the cloud base, but not enough liquid samples at the lower bottom regions. The results
from Maciel (2024) have shown the presence of stronger in-cloud turbulence and updraughts in the clouds
sampled during SOCRATES, especially for cases when supercooled liquid droplets are surrounded by ice
crystals and/or mixed phase cases. This is demonstrated by the nature of the CFADs where a stronger
turbulence causes an increase in Vd and WID values near the cloud base (Hi<0.2). Detailed analysis is
presented in the revised manuscript.

24. Line 586: The higher width values indicate that a significant portion of the data comes from low SNR
cloud edges where width tends to be noisy.

Response: The new CFAD in the revised manuscript will help address this.

25. Paragraphs starting line 599 and 609: Same as previous comment. Please do not over-interpret the high
width values in low SNR regions.

Response: The reviewer is correct in pointing out low SNR regions but the revised CFAD has tried to omit
near-surface regions and minimize this error. The co-dependency of Vd and WID are however valid
justifications for the interpreting the observed CFAD characteristics.



26. Conclusions: I am not convinced by the conclusions given all the issues pointed out in the previous
comments.

Response: See response to previous comments.

Technical Corrections

27. 1 would like to point out that there are many(!) grammatical issues throughout the paper which are too
numerous to list. Sentences are often very long and not only the reader, but apparently also the authors get

lost. Two of many examples are the sentence starting line 33 and the sentence starting line 80.

Response: Thanks for pointing this out, the writing has been improved significantly in the revised
manuscript.

28. Line 25: Please define “SLW”.

Response: Corrected as suggested

29. Line 109 and throughout the manuscript: The instrument is called the “GV-HSRL”.

A: Corrected it to GV-HSRL, but we keep just HSRL for the rest of the manuscript as it is indicative that
we refer to the same High Spectral Resolution Lidar instrument. Helps in reducing redundancy and word-
count.

30. Line 128: The SOCRATES acronym has already been defined earlier.

A: Corrected as suggested.

31. Line 132: Type RV -> GV.

A: Corrected as suggested.

32. Figure 1: Please correct the values on the time axis. (As far as | know, a day has only 24 hours.)

Response: The time axis has been corrected in the revised manuscript, and converted to have the corrected
UTC decimal time.

33. Line 340: This sentence is a duplicate of the previous one.
Response: Corrected.
34, Line 554: When using CFADs, please cite Yuter and Houze, 1994,

Response: Cited suitable in revised manuscript. Thanks for this suggestion.



35. Figure 10: Altitude unit is missing.

Response: This is the normalized height as explained in the caption (Fig. 10), which is a ratio and hence
do not have altitude units. 1 refers to cloud top height, 0 base.

36. Data availability: The authors only post a general link to the EOL Field Data Archive. It is important to
list the individual datasets with their respective DOIs in this section.

Response: Corrected in revised manuscript.
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