This is the review of the manuscript entitled “Surface-based observations of cold-air outbreak
clouds during the COMBLE field campaign” written by Mages et al.

Generally, I found the study quite interesting and scientifically worth to publish. However, in
quite many passages, the authors stay vague with their statements. They leave open questions,
which need to be resolved before one can actually trust the argumentation line of the authors.
Respective passages in the text hint to deficiencies in the applied techniques, which either need
to be addressed, discussed, or negated. That’s the reason why I had to provide a rather long list
(of partly short) major concerns. I need to see detailed answers in order to be convinced that the
presented results and conclusions are indeed reasonable and defendable. I thus strongly
recommend a second review round.

Thank you to Reviewer #2 for providing valuable feedback. It is much appreciated, and it
improved our paper!

Major concerns:

Comment 1: In Line 137, please prove the statement “These updraft occurrences CLEARLY
CORRELATE WELL with periods when the MWR detects the presence of columns with liquid
water exceeding 0.25 kg m™.” using statistical methods. Or do you mean that the visual

inspection of the time series suggests a correlation?

Response: An excellent comment. We agree that the use of the expression “clearly correlate
well” is unfortunate. The relationship we are referring to is that of upward motions (positive
KAZR Doppler velocities) and LWP values from the MWR. This correlation is easy to see when
perusing time series data like those illustrated in Figure 2c. In Figure 7, we tried to illustrate this
relationship, but the original version of Figure 7 does not capture this relationship. Thus, we have
revised one of the panels of Figure 7, and we now show the relationship between the LWP
measurements from the MWR and the maximum observed KAZR Doppler velocity in the
column.

Change: A preliminary visual inspection of the KAZR and MWR CAO observations indicated
that strong updraft motions indicated by the positive KAZR Doppler velocity measurements (Vp
> 2 m s!) are usually during periods when the MWR indicated the presence of high values of
liquid water path. A LWP threshold of 0.25 kg m™ was selected to identify these periods. The
selected periods have very little sensitivity to the selected LWP threshold.

Comment 2: In Lines 142-144, wouldn't also the Doppler lidar data (doi: 10.5439/1178583) help
to validate the retrieval? One could use the Doppler-lidar-derived vertical velocity at cloud base
to obtain the motion of the high number of small cloud droplets, which is most-likely the air

motion. These values could then be correlated to the Doppler velocity and reflectivity
observations of KAZR.

Response: This is a very insightful comment, and we could not agree more with this suggestion.
We were surprised at the beginning phase of this study when we learned that the Doppler lidar
was not collocated with the profiling radar. Clearly a missed opportunity because as the reviewer



suggests, the coincident measurements from the two instruments would have helped with the
subsequent analysis. We originally intended to do our vertical velocity retrievals with KAZR and
the Doppler lidar in tandem. The Doppler lidar is located nearly 600 km to the north at an
ancillary site on Bear Island while KAZR is located at AMF1 in Andenes.

Comment 3: In Line 156, why do different Z-Vp relationships apply to each day? What are the
potential meteorological drivers?

Response: Figure 9b shows how variable temperature profiles were during our cases, with two
main regimes appearing. A varying temperature profile would influence our Z-Vp relationships,
and without looking at other meteorological variables, we decided to apply a daily Z-Vp
relationship to each case rather than a COMBLE-wide one. There are certainly enough nuances
on each day to warrant more exact relationships; we did not want to lose any of the small
dynamical features unique to each day.

Comment 4: You motivate why you need to remove values exceeding 0.25 kg m™ in lines 137-
140. Here, in lines 157-158, you did the test also for higher LWP values and it also works? How
and why?

Response: We tested different LWP thresholds to confirm our choice of 0.25 kg m™. For each
threshold, we plotted the Z-Vp relationships in the convective regions and the non-convective
regions. For the 0.25 kg m™ threshold, both relationships had similar shapes, but for the other
two thresholds, you could see evidence of the updrafts influencing the relationship, especially in
the higher reflectivity bins. This confirmed that our 0.25 kg m isolated the convective regions.
We will add a figure to the appendix to show this.

Change: Sensitivity tests for these fits are performed using two other LWP thresholds of 0.5 kg
m2and 0.8 kg m 2, and we found that once we exceeded 0.25 kg m™, the convective updrafts
began influencing the Z-Vp relationships, supporting this threshold’s ability to isolate the
convection. Figures A2c and A2e show the median DV values in the higher reflectivity bins
approaching and even exceeding zero. Also noteworthy is that the median DV values in Figures
A2a and A2b are similar while the ones in Figures A2c and A2d and Figures A2e and A2f are
not, reinforcing our choice of LWP threshold.
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Figure A2. For March 28™, joint PDFs of KAZR reflectivity and Doppler velocity in the
vertical profiles with a liquid water path (LWP) greater than 0.25 kg m™? (a), less than 0.25
kg m2 (b), greater than 0.5 kg m2 (c), less than 0.5 kg m (d), greater than 0.8 kg m*2 (e),
and less than 0.8 kg m (f). Solid lines indicate the median Doppler velocity in each
reflectivity bin for that LWP threshold, and dashed lines indicate the median Doppler
velocity in each reflectivity bin for the other two LWP thresholds.



Comment 5: In Lines 159-160, shouldn't also the observed particle phase state play an important
role in the selection of valid datapoints? Ice/snow falls very differently and produces very
different reflectivities, compared to liquid water droplets.

Response: We agree. However, no liquid-dominated radar signatures are observed in the
analyzed dataset. No melting layer signature is observed, and the Doppler velocities and their
relationship to the observed radar reflectivity points to solid hydrometeors.

Comment 6: In Line 177, can you provide a literature basis for the retrieval? It is similar to what
was done by Li et al. in the group of D. Moissev? (Li, H., Mdhler, O., Petéji, T., and Moisseev,
D.: Two- year statistics of columnar-ice production in stratiform clouds over Hyytiél4, Finland:
environmental conditions and the relevance to secondary ice production, Atmos. Chem. Phys.,
21, 14671-14686, https://doi.org/10.5194/acp-21-14671-2021, 2021.)

Response: We want to be sure that the reviewer understands that our COMBLE secondary ice
retrieval is based on the methodology of Luke et al. published in PNAS: Luke, E. P., Yang, F.,
Kollias, P., Vogelmann, A. M., and Maahn, M. New insights into ice multiplication using
remote-sensing observations of slightly supercooled mixed-phase clouds in the

Arctic. Proceedings of the National Academy of Sciences 118, €2021387118,
doi:10.1073/pnas.2021387118 (2021). While the objectives of Luke et al. and Li et al. have
similarities, they apply different methodologies. Probably the best way to specifically answer the
reviewer’s question is the following direct quote from Li et al.: “Our results are similar to the
conclusion reached by Luke et al. (2021), who used a different approach for establishing the
range of ice crystal concentration from radar observations.” We appreciate the reviewer’s
question as we are pleased when other studies corroborate with our findings.

Comment 7: In Lines 178-179, where is the spectral energy density defined? You might just add
this variable name to Line 100, where Ka-SACR is introduced and where you only write about
'Doppler spectra'.

Comment 8: In Lines 179-180, how comes this value of 0.28 m s71? Is turbulence always the
same so that this correction is always the same? I would expect that different corrections are
required, depending on the convective situation. How would a variable ‘correction value’ affect
the overall retrieval?

Response: This response addresses both Comments 7 and 8. The reviewer is correct to point out
that the description of the technique for the identification of SIP areas in CAOs in incomplete.
We will revise.

Change: During COMBLE, there were periods when the Ka-band Scanning ARM Cloud Radar
(Ka-SACR, Kollias et al., 2014a,b) was pointing vertically. During these periods, the Ka-SACR
recorded co- and cross-polar radar Doppler spectra. The radar Doppler spectrum represents the
frequency (velocity) distribution (spectral density, mm®m>/ms™!) of the background radar signal
at a particular range. In a vertically-pointing radar, the Doppler spectra provide the distribution
of backscattered signal, and the backscattered signal’s intensity is controlled by the
hydrometeor’s number concentration and size over a range of Doppler velocities. These



velocities are dependent on the hydrometeor’s sedimentation velocity and the vertical air motion
fluctuations within the radar sampling volume. The cross-polar Doppler spectrum provides
information about the location (velocity) of non-spherical particles. The recorded co- and cross-
polar radar Doppler spectra can be used as input to a novel retrieval technique that identifies the
presence of secondary ice production (SIP) in supercooled mixed-phase clouds (Luke et al.,
2021). Var is estimated from the radar Doppler spectra using the location (in ms™) of the slower
falling edge of the supercooled liquid spectral density’s principal peak and is adjusted by a value
of 0.28 ms™! to compensate for turbulence broadening. The selected velocity adjustment for
turbulence broadening of the radar Doppler spectra is applicable only to radars operating with
similar characteristics to the ARM KAZRs. The value of the “climatological correction” is based
on multi-year analysis of KAZR observations in mixed-phase and liquid clouds (Luke et al.,
2021; Zhu et al., 2022). Our primary measurements in this analysis are linear depolarization ratio
(LDR) determined by the ratio of the cross-polarized to co-polarized spectral density, calibrated
co-polarized spectral reflectivity normalized to units of dBZ/ms™!, and spectral terminal fall
speed computed as the difference between Var and spectral Vp.

Comment 9: In Lines 191-192, when clouds only extend over 0.5-3 km (this was mentioned
earlier), how many 20-minutes samples could be derived given these short spatial scales?

Response: For clouds with durations less than 20 minutes, we use all the cloud profiles to
retrieve EDR. The number of the retrieved EDR for clouds with spatial scales of 0.5 — 3 km
depends on the horizontal wind speed. For example, if the wind speed is 5 ms™, a cloud with a
horizontal scale of 2 km corresponds to roughly 7 minutes of radar observations. In this case, all
7 minutes of observations are used for the retrieval, and one EDR product will be retrieved for
this cloud. We thank the reviewer for pointing this out and have added a description to the
manuscript.

Change: For clouds with durations less than 20 minutes, Doppler velocities for all the collected
cloud profiles are used to generate S(f) ...

Comment 10: In Lines 212-213, which ‘typical’ studies used the ‘typical’ value of 2 m s™! to
discriminate stratiform from convective situations?

Response: We will add references for typical vertical velocity values in stratus and
stratocumulus.

Change: In addition, the 2 m s Var threshold ensures we exceed the typical vertical air motion
values observed in stratus and stratocumulus (Guibert et al., 2003; Peng et al., 2005; Guo et al.,
2008; Ghate et al., 2010; Hudson and Noble, 2014).

Added Citations:

Ghate, V.P., Albrecht, B.A., and Kollias, P.: Vertical velocity structure of nonprecipitating
continental boundary layer stratocumulus clouds, Journal of Geophysical Research:
Atmospheres, 115, https://doi.org/10.1029/209JD013091, 2010




Guibert, S., Snider, J.R., and Brenguier, J.: Aerosol activation in marine stratocumulus clouds: 1.
Measurement validation for a closure study, Journal of Geophysical Research: Atmospheres,
108, https://doi.org/10.1029/2002JD002678, 2003.

Guo, H., Liu, Y., Daum, P.H., Senum, G.I., and Tao, W.: Characteristics of vertical velocity in
marine stratocumulus: comparison of large eddy simulations with observations, Environmental
Research Letters, 3, https://doi.org/10.1088/1748-9326/3/4/045020, 2008.

Hudson, J.G, and Noble, S.: CCN and Vertical Velocity Influences on Droplet Concentrations
and Supersaturations in Clean and Polluted Stratus Clouds, Journal of the Atmospheric Sciences,
71, 312-331, https://doi.org/10.1175/JAS-D-13-086.1, 2014.

Peng, Y., Lohmann, U., and Leaitch, R.: Importance of vertical velocity variations in the cloud
droplet nucleation process of marine stratus clouds, Journal of Geophysical Research:
Atmospheres, 110, https://doi.org/10.1029/2004JD004922, 2005.

Comment 11: In Lines 220-222, what makes the authors assume that the updraft regions travel
with the horizontal wind? Can they rule out the presence of standing/rolling waves? The frequent
appearance of cloud straits in cold-air outbreaks make we wonder whether the clouds travel
parallel to the wind vector or if they are trapped in a roll-over vortex. Satellite images might help
to demonstrate the validity of the assumption of the authors.

Response: We agree that it is difficult to understand how atmospheric variables in horizontal
space impact measurements from vertically-pointing instruments. We assumed the regions travel
with the horizontal wind and that we could rule out rolls because our updrafts are vertically
oriented and do not display any sort of tilt.

Comment 12: In Line 232, how was cloud top derived? Are there uncertainties related to the
derived cloud height values?

Response: We will make this clearer in the paper. We simply looked at the heights at which we
saw the last echo in the KAZR field during this period and gave the temperature range at those
heights from the nearest sounding in time.

Change: Meanwhile, temperatures ranged from -44.6 °C to -37.5 °C near cloud top, where we
took the cloud tops to be the last detectable echoes in the KAZR columns.

Comment 13: In Line 233, to which height region does the statement about wind shear apply?
Or was it the same in the whole troposphere (or at least at all height levels)? This is rather
unlikely in convective situations.

Response: This extends to the top of the cloud layer you see in Figure 2. We will make this
clearer.



Change: Within the region from the surface to the range of cloud tops, the lapse rate was about
8.4 °C km!, and the prevailing wind was predominantly from the northwest with at most 8 — 9°
of wind shear.

Comment 14: In Line 237, how can a cloud with top temperatures of below -40°C show no ice
formation? Could it be that the cloud was snow-dominated, but melting was not detected due to
the cold cloud base and low (below 0°C) dew point? In general, dew point needs to exceed 0°C
to trigger melting of the particles. This is, e.g., the general assumption in the ACTRIS Cloudnet
algorithms.

Response: The reviewer is correct. The selected CAO cases show no evidence of the melting
process. No radar bright band is observed, and no increase in the Doppler velocity is observed.
The CAO cumulus clouds are composed of solid hydrometeors, except the areas with strong
updraft motions where the presence of supercooled liquid is possible considering the large LWP
values recorded by the MWR.

Comment 15: In Lines 244-245, can Mie-scattering conditions be excluded? Or could it be that
large cloud droplets or rain produced artificially high brightness temperatures and consequently
overestimated values of LWP?

Response: The two-channel MWR used in ARM uses wavelengths of 23.4 and 31.8 GHz. The

use of low frequency channels greatly reduces the impact of Mie-scattering on the observed
brightness temperatures.

Comment 16: In Lines 268-273, really nice approach! Just wanted to point this out.
Response: Thank you very much for your positive comment!

Comment 17: In Lines 299-302, why does Vair drop for high LWP values? Mie effects? Can
Mie effects be negated?

Response: We have made changes to Figure 7 and have ignored the high LWP values which
occur infrequently. The very small sample size is responsible for the apparent drop in Vair.
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Figure 7. For all 13 COMBLE cases, (a) the relative frequency of liquid water path (LWP)

in bins of width 0.1 kg m2, (b) the median, 25™, and 75" percentile of the maximum

Doppler velocity (Vp) in the atmospheric column for each LWP bin of width 0.25 kg m2 or

0.5 kg m2, (c) the median, 25, and 75" percentile of the sum of vertical air velocity (Vair)

in the updraft depth for each LWP bin of width 0.25 or 0.5 kg m2, and (d) the median, 25%,

and 75" percentile of the maximum Vg in the updraft depth for each LWP bin of width
0.25 or 0.5 kg m2,

o
Maximum V, o in Updraft Depth (m s
I

Comment 18: In Figure 1, what is the saturation region of KAZR? I.e., what is the upper limit of
detectable reflectivity? How would any saturation effects of the cloud radar affect the presented
retrieval?

Response: Excellent comment. Saturation of millimeter-wavelength radars is common in the
presence of strong echoes near the radar (within the first 1-2 km). All the analysis presented in
this manuscript has been conducted using the KAZR general mode, which operates a short pulse.



The use of a short pulse results in a higher value of reflectivity where saturation occurs. Receiver
saturation depends on height. The figure below provides the maximum reflectivity recorded by
the KAZR at each range gate. As we can see, the KAZR radar reflectivity continues to grow or at
least is not decreasing as we get closer to the radar. This suggests that even the highest radar
reflectivities recorded by the KAZR did not saturate the receiver. This was one of the changes
introduced to the ARM KAZRs more than a decade ago (Kollias et al., 2020).
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Minor comments:



Comment 19: In Lines 34-36, I suggest providing some quantitative information, i.e. how large
were the eddy dissipation rates? How was the evidence of secondary ice formation derived? How
intense was it during COMBLE?

Response: We accept this suggestion and will add quantitative information about the eddy
dissipation rates and brief background information about how the secondary ice production
evidence was derived. However, we cannot make any definitive statements about COMBLE, as
we only show data from one of our 13 cases.

Change: The CAO cumulus clouds exhibit values between 1073 and 10 m? s in the lowest 2
km of the atmosphere, and using a radar Doppler spectra technique, evidence of secondary ice
production is found during one of the cases.

Comment 20: In Lines 97-102, KAZRs provide usually General Mode and Sensitive Mode.
Which one was used? Or even better - link to the utilized datasets in the ARM database. Same
holds for the other instruments.

Response: We will make note of this in the paper; we used the general mode of KAZR. All the
COMBLE-specific DOIs for each instrument are listed in the Data Availability section.

Change: In this study, the radar reflectivity factor and mean Doppler velocity from the general
mode are used.

Comment 21: In Lines 104-106, how often were sondes launched?

Response: The sondes are launched every six hours, where the maximum number of sondes per
day would be 4 (~0600 UTC, ~1200 UTC, ~1800 UTC and ~0000 UTC). We will make note of
this.

Change: The balloon-borne sounding system (SONDE), in which soundings are launched every
6 hours, and the Interpolated Sonde (INTERPSONDE) value-added product...

Comment 22: In Line 109, further questions arise about the ceilometer dataset: (1) which of the
three cloud bases was selected? (2) The doi links to many different CEIL datasets. It is possible
to only link to the COMBLE dataset? (3) which type of ceilometer was operated?

Response: We will make note of this in the paper; we used the first or lowest cloud base height
detected. Regarding the DOV, if you click on it, you are given general information about the
ceilometer on the ARM archive, but the DOI listed is the COMBLE-specific DOI. Finally, ARM
used a Vaisala Laser Ceilometer, which we will make note of.

Change: We use a Vaisala laser ceilometer, which sends a laser pulse at a 910 nm wavelength to

detect light scattered by clouds and precipitation, to retrieve the lowest or first cloud base height
(Morris, 2016).



