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Interactive comment on “Classification of Arctic multilayer clouds using radiosoundings
and radar data” by Maiken Vassel et al.
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Received and published: 28 September 2018

Review of “Classification of Arctic multilayer clouds using radiosoundings and radar
data” by Vessel et al.

We thank the anonymous reviewer for his/her review and the detailed comments. We
have revised the manuscript accordingly, including a revision of all sublimation cal-
culations, updates of all figures, and major changes of the text. Our replies to your
comments are given below in blue after the specific comment. Our page references refer
to the corrected version of the paper.

Recommendation: Might be acceptable for publication after mandatory revision

This paper analyzes a year of data collected by a radar and radiosoundings at Ny-
Alesund and attempts to determine the frequency of occurrence of multi-layer clouds,
and in the case of multi-layer clouds whether the cloud layer underneath is seeded by
the cloud above. The subject matter is timely because the Arctic is currently warming
quicker than other parts of the planet, yet models have a difficult time accurately pre-
dicting the amount of warming. Better knowledge of the properties of arctic clouds, and
on what controls them, is necessary in order to improve these predictions: any paper that
hence contributes to our data base on the phases, heights and geometrical characteristics
of clouds is beneficial. The paper is well written and the presented analysis easy to
understand. Nevertheless, I fear that the paper as currently written is quite misleading.
There are so many uncertainties and problems with the analysis (which, in their defense,
the authors do a good job of identifying) that I fear the results that come out of the
paper are not terribly useful. However, I think if the data were presented in an alternate
way the study could be of potential use and hence I am recommending major revision
rather than rejection.

Step 1 of their analysis uses the radiosonde data to identify the presence of multi-layer
clouds. However, even though the probability of detection of the multi-layer clouds is
99% with this method, the false alarm rate of 58% “reveals that about half of the MLC
detected by radiosounding is no MLC by radar.” Thus, it seems that the paper should be
reworded to emphasize that the use of the radiosonde data on its own does not reliably
identify the occurrence of MLCs, but can be used in combination with radar data to give
information on the presence of MLCs. The authors acknowledge the unreliability of the
radiosonde data on their own to identify MLCs as they state “even if the layers above
and below are supersaturated with respect to ice, the lack of suitable IN can prevent ice
cloud formation.” They also stated that “the results obtained by the radiosonde profiles
disagree with actual MLC occurrence observed by the radar.”



It is true that we find using only radiosonde data not being the best method to detect
cloud layers. The use of radar instead would lead to much more reliable statistics about
visible multilayer clouds. For this we refer to Nomokonova et al. [2018]. However, our
main idea was to investigate the possibility of seeding in connection with multilayer
clouds. In order to do so, a radiosonde profile is essential to calculate the possibility
of seeding (using the temperature and humidity profile of the radiosounding). Using
primarily radar and in a second step the radiosonde does not solve the problem, since
we show that seeding does hardly ever occur in between two in the radar visible cloud
layers (cat. 8 in Fig. 8 in Vassel et al. [2018]). That means seeding itself can very poorly
be differentiated from a cloud layer in the radar. Because of that we use primarily
radiosonde data and radar data only as a further measure, even if this leads to high
uncertainties. We have reworded some of the paragraphs in order to make clear that
both radiosonde and radar is needed (p.10 1.16-17, p.15 1.16-17).

The second major problem with the analysis presented is the reliance on the chosen ice
crystal size to calculate which of the upper layers of MLCs is seeding a lower layer. As
stated by the authors “varying the initial ice crystal size has a large, non-linear impact on
the distribution between seeding and non-seeding subsaturated layers.” Further, their
calculations substantially underestimate the variance that the size of the seeding ice
crystal size might have. In several studies of in-situ measurements of mixed-phase clouds,
the ice crystal sizes have been much larger than the 150 micrometer size assumed in the
calculations here. Further, the calculations assume a hexagaonal plate which is not
representative of the shapes of ice crystals in mixed-phase clouds. For example, Korolev
et al. (1998) found that over 98% of ice crystals in mixed-phase arctic clouds had
irregular shapes. Thus, the uncertainties will be much larger than those stated, and the
stated uncertainties are already huge. And, the base size of 100 micrometers is probably
much smaller than the size of particles that will be emanating from the upper layer.

This is a valid comment, and we have revised the calculations taking into account larger
crystal sizes. The upper cloud of a MLC, from where the falling ice crystals origin, can
either be a mixed-phase cloud or a cirrus cloud. In mixed-phase clouds Korolev et al.
[1999] measured ice crystals with radii of about » =400 pym. We also refer to Fig. 5e
in Mioche et al. [2016], where a radius of » =400 - 500 ym can occur in mixed-phase
clouds. For cirrus clouds Kramer et al. [2009] showed that the radii of ice crystals range
between r =1 - 100 gm. In order to account for both cloud types, we have redone our
calculations for the ice crystal sizes r =100, 200 and 400 gm. Our main focus is now on
r =400 pum, assuming in most cases the upper cloud to be mixed-phase.

We agree with you that the ice crystal shape should not be treated as a sphere. We
changed the calculation and the text accordingly (p.4 and p.6). We have selected the
four ice crystal shapes hexagonal plate, rimed particle, stellar and irregular particle which
are representative for mixed-phase clouds [Mioche et al., 2016]. For these particles we use
the fall speed calculation shown in Fig. 1 and given by Mitchell [1996]. The main focus
in the paper is on the hexagonal plate. The results for the other shapes is presented in
the Appendix. We do not account for the lower limit of ice crystal size given by Mitchell



[1996], since in our calculation we have to calculate the speed also for very small ice
crystals due to sublimation. Note that this might lead to a small error of too fast falling
small ice crystals.

We also corrected the capacitance. We are now using the calculation of Westbrook et al.
[2008]. The cases selected are listed in A1l of the paper, as well as the aspect ratios
chosen by us.

In Fig. 2 we present the variation of the different ice crystal shapes on the result of
classification step 2. As mentioned in the paper, on classification step 1 there is a small
variation, but on classification step 2 there is almost no impact of the ice crystal shape
on the result (p.10, 1.4 and p.12, 1.14-15).
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Figure 1: Ice crystal fall speed in dependence of particle size [Mitchell, 1996]
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Figure 2: Classification step 2 using different ice crystal shapes with » = 400 pm.

Another potential problem could be the lack of colocation between the radiosondes



(which can drift large distances in the background wind) and the radar, which is again
noted by the authors: “horizontal drift of the radiosonde away from the radar and in-
accuracies due to time averaging of the radar data can explain contradictions between
radiosounding and radar.” Was any effort made to consider the advection of air parcels
measured by the radiosondes so that the radar data at an appropriate time could be
used in the analysis (provided that the air parcel was within the radar view volume at
some time)?

In response to this comment, we have revised our calculations. In order to account for
the advection, we calculate the wind speed in each layer. Using this information together
with the distance between the radiosonde and the radar, we calculate the time the air
parcel needs to drift from the radar to the position of the radiosonde. For this we do
not consider the wind direction, but assume that the air parcel drifts the same direction
as the radiosonde. As an example we show the results of the calculation for 3 November
2016 (Fig. 3). For the 3 November 2016 the average time over all heights is 12.94 min.
For our statistics we have added the average time for each day to the time chosen for the
evaluation of the radar data. For the 3 November 2016 the resulting radar time period
is shown in Fig. 4. The results were changed only marginally by this correction.
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Figure 3: Advection on 3 November 2016: a) windspeed in each height layer, b) estimated
distance between radar and radiosonde, c) estimated time that the air parcel
needs to drift from the radar to the position of the radiosonde.
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Figure 4: a) Radiosonde data, b) radar time period corrected due to advection

MORE DETAILED COMMENTS:

Abstract: At first reading, I was confused that the 9% and 23% of the cases mentioned
because it did not add to 100%. Perhaps mention that other cases (of the 8 categories)
are included to avoid confusion.

Thanks for this comment, we added the following bracket to make it clearer: ”Seeding
cases are found often, in 23 % of the investigated days (100 % includes all days, also
non-cloudy days)”.

Page 1, Line 24: I find trying to differentiate between the terms multilayered clouds and
multilayer clouds (MLC) very confusing! To me, that is the exact same word.

We agree with you that the use of the terms multilayered cloud /multilayer clouds create
some confusion at the moment and are not used in a consistent way in literature. Verlinde
et al. [2007, 2013] describe a multilayered cloud as a continuous cloud layer with a variable
lidar signal inside this cloud layer. It refers to one cloud with different layers. We use
the word multilayer clouds referring to separate clouds with clear visible interstice in
between. In our case we refer to cloud layers in the atmospheric column, not layers
within the cloud.

Page 3, line 6: Do you expect any diurnal cycle in the cloud properties that would mean
that the derived statistics are not representative of the Arctic as a whole?

We did not investigate the diurnal cycle in the cloud properties. This is not possible
since the radiosonde is most of the year only launched once per day (11 UTC). Since
we do not expect any diurnal cycle, we consider the statistics as representative for the
location as a whole. However we want to point out that there are differences in the
weather at Ny-Alesund compared to other locations in the Arctic due to the location
in a fjord on the west coast of Svalbard compared to the typical sea ice influenced high
Arctic. We consider Ny-Alesund as an Arctic but not as a high Arctic location.



Page 3, line 10: I think data is plural, so it should be “data are” rather than “data is”
We have changed it at page 3, line 10. At other places either only radiosonde or only
radar is used in connection with data. Then it is grammatically correct to use “radar
data is”.

Page 3, line 28: What statistical test was applied to show that the results did not change
significantly?

No statistical test was applied. The use of the word significantly is wrong here. It is
now changed to substantially.

Page 7, line 9: Why is only the lowermost 100 m considered?

We rephrased the sentence to make this more clear to ”"For the subsaturated layer in
between only the lowermost 100 m are evaluated in order to address the question if the
ice crystal survives so far. If the layer is thinner than 100 m only the available vertical
thickness is considered.” If there is no radar signal in this lowest part, then the ice crystal
has not survived.

Page 10, line 11: Vali (200x7) has recommended that ice nucleating particles (INPs)
rather than ice nuclei (IN) be used in order to standardize terminology. Recommend
that you use INP rather than IN.

Thanks for the comment, we have changed it accordingly.

Page 15, line 1: The cloud layers can slope up and down frequently (in relatively short
distances or times) and that can have a big impact on averaging. Was this taken into
account?

The radar signal was averaged over a time of + 30 min. Sometimes we have conditions
like e.g. no cloud/high cloud at the start time (-30 min) and later (+30 min) a cloud
reaching much lower (e.g. 3.7.,31.7., 18.8., 2.10., 14.2., 21.5.). In these cases the layer is
almost half covered and half not covered and it is unclear if this should be counted as a
cloud containing layer or not. Then averaging is the most consistent solution. Reducing
the average time to &+ 15 min does not improve the results, the Heidke skill scores are
reduced in this case by 0.02 and 0.01.

Page 17, line 3: Perhaps I am not looking in the right place, but I cannot find the
supplement being referred to in this statement.
You are completely right. This is now corrected.
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Interactive comment on “Classification of Arctic multilayer clouds using radiosonde and
radar data” by Maiken Vassel et al.
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We thank the anonymous reviewer for his/her review and the detailed comments. We
have revised the manuscript accordingly, including a revision of all sublimation cal-
culations, updates of all figures, and major changes of the text. Our replies to your
comments are given below in blue after the specific comment. Our page references refer
to the corrected version of the paper.

Summary of the manuscript

The study titled “Classification of Arctic multilayer clouds using radiosonde and radar
data” by Maiken Vassel et al. describes an algorithm for the classification of multi-layer
cloud occurrence for a one year dataset in Ny Alesund, Svalbard based on radiosonde
and vertically-pointing cloud radar observations. The classification is two-fold: Firstly,
only the conditions for cloud occurrence based on radiosonde humidity profiles consist-
ing of two supersaturated layers separated by a subsaturated layer are analyzed. The
fall distance of a hexagonal ice crystal of 100 micron size before complete evaporation
in the subsaturated layer are estimated. The subsaturated layers are then classified into
two categories. The first category is called “seeding”, referring to layers with a vertical
extent lower than the fall distance before complete ice crystal sublimation. The second
category is called “non-seeding”, referring to layers with a vertical extent higher than the
fall distance before complete before complete ice crystal sublimation. These maximum
possible occurrence frequencies for multi-layer cloud occurrence based on supersaturated
layers as identified by radiosonde ascents are then verified by cloud radar reflectivity
profiles obtained within 30min before radiosonde launch and 30min after the radiosonde
has reached 10 km altitude. Multilayer mixed-phase cloud occurrence was found in 29%
of the cases based on the combined radiosonde-cloud radar estimation. One of the main
finding of the paper is that about 50% of the multilayer clouds estimated solely from
radiosonde humidity profiles are not classified as such by the radar. - But the conclusion
that radiosounding data is not sufficient for multi-layer cloud occurrence classification
since not only humidity but also concentrations of ice nucleating particle (INP) and
cloud condensation nuclei (CCN) are crucial is not made.

We added an explanation of the missing overlap of radiosonde and radar data on page
11 by referring to Spichtinger et al. (2002):“ In the ice-supersaturated layers above and
below missing cloud formation can be explained by the lack of aerosol as INP (Spichtinger
et al., 2002)”. Also in the conclusions we refer to this problem. Here we reworded the
sentence to: “A high amount of supersaturated layers found in the radiosonde profiles
does not coincide with observed cloud occurrence, probably due to lack of INP and
thereby missing cloud formation” (page 17).



I would suggest the manuscript to be published after major revisions. The authors
should address the following points:

Major comments:

The literature review in the introduction should be extended. For example: p.1 line
20: Some more recent publications on Arctic mixed-phase cloud properties should also
be included, for example Shupe 2011 (DOI: 10.1175/2010JAMC2468.1). In this paper.
e.g., the occurrence of mixed-phase clouds at Arctic sites was found up to altitudes of
7-8 km.

Thanks for the comment. We have corrected this and added the suggested reference.

p-2 line 18: Please give a broader and more detailed introduction on seeder-feeder mecha-
nism and why it is important to consider it in the Arctic. Also, be more specific in which
way the ice crystals falling from the upper cloud “influence” the lower cloud. Since this
is a central question of this study, it has to be properly introduced. The points made in
various parts of the manuscript (especially Section 2.3) need to be more precise instead
of using colloquial expressions like “surviving” ice crystals etc. (e.g., also: p.6 line 24-29;
p. 10 line 1-16, p.11, line 29-30, p.16 lines 18-20, etc.: very colloquial language).

We have added a more detailed description about the possible outcomes of the seeder-
feeder mechanism (page 2, line 17 onwards). Regarding the use of the term survive,
we have now defined it on p.4, 1.21 and use it further on. In some passages we have
exchanged surviving with not fully sublimated (e.g. section 2.3).

p.6 line 24-29: We have moved the sentence about the detection limit to the section
2.1.:“The detection limit is -19.47 dBZ at 223 m, -57.31 dBZ at 423 m and -28.61 dBZ
at 10 km”.

p. 10 line 1-16: We have reworded the passage to: ”For the seeding cases the cloud
categories are shown in Fig. 8...” (p.10, 1.21 - p.11, 1.15).

p-11, line 29-30: We have changed it to: “A discontinuous radar signal only existing of
small shreds of clouds is not counted as cloud and a continuous radar signal containing
some small cloud free holes is counted as cloud. ¢

p-16 lines 18-20: We have changed it to: ”Following from our sublimation calculation
we find that MLCs, which are clearly (visibly) separated in the radar, do not interact
through seeding. However, we have to keep uncertainties like the radar detection limit
in mind.

p-4 line 1-14: Please include a conceptual sketch of which kind of cloud layers you are
considering indicating minimum depth of the layers, minimum vertical spacing between
two supersaturated layers with a subsaturated layer between, temperature restrictions...
otherwise it is really hard to follow.

On p.6 we have added a conceptual sketch of how we consider the radiosonde and radar
data for potential MLCs.



p.4: It is mentioned that a simplified approach is used to determine the capacitance for
a hexagonal plate. (By how much) does the capacitance differ for different ice crystal
shape assumptions (columns/dendrites/quasi-spherical spheres)? Also, why do you use
a radius-volume relation of a sphere (p.5) if you consider hexagonal plates? As e.g.
shown by Mitchell, JAS 1996, ice particle fall speed is a strong function of ice particle
shape and density. Only assuming one particular ice crystal shape (hexagonal plates) is
not sufficient for the fall distance estimation. Sublimation calculations should at least
be repeated for two other ice particle shapes with very different fall speed characteristics
such as columns and dendrites which would lead to very different fall distances. Addi-
tionally, please mention the influence of up- and downdrafts on ice particle fall velocity
and thus fall distance.

The first reviewer also commented on the ice crystal shape. We agree with you that the
ice crystal shape should not be treated as a sphere. We changed the calculation and the
text accordingly (p.4 and p.6). We have selected the four ice crystal shapes hexagonal
plate, rimed particle, stellar and irregular particle which are representative for mixed-
phase clouds (Mioche et al., 2016). For these particles we use the fall speed calculation
shown in Fig. 1 and given by Mitchell (1996). We selected the particles to be realistic
for both mixed-phase clouds and cirrus clouds. Additionally we chose the four shapes
where the falls speeds varies the most. The main focus in the paper is on the hexagonal
plate. The results for the other shapes is presented in the Appendix. We do not account
for the lower limit of ice crystal size given by Mitchell (1996), since in our calculation
we have to calculate the speed also for very small ice crystals due to sublimation. Note
that this might lead to a small error of too fast falling small ice crystals.

We also corrected the capacitance. We are now using the calculation of Westbrook
et al. (2008). The cases selected are listed on p.19 in the paper, as well as the aspect
ratios chosen by us. In the last column the calculated capacitances for r = 400 pm are
shown. For the selected ice particle shapes the values range between C' = 2.00 x 10~ to
C = 3.88 x 10~*. Earlier we used a capacitance of C' = 2.55 x 10~% for r = 400 pm.

We added a sentence pointing to the uncertainty due to the missing consideration of the
up- and downdrafts.

In Fig. 2 we present the impact of the different ice crystal shapes on the result of
classification step 2. As mentioned in the paper, for classification step 1 there is a small
impact, but for classification step 2 there is almost no impact of the ice crystal shape on
the result (p.10, 1.4 and p.12, 1.14-15).

p-6 line 24-29: Very colloquial language describing the radar reflectivity above the de-
tection limit (p.6) - please rephrase. Please describe you averaging more in detail: I
assume you refer to temporal averaging at each altitude? Please include a third Panel
in Fig.2 showing the radar reflectivity sensitivity profile and the averaged reflectivity of
the example case (for 50% data points within the considered time span).

We have reworded it in the text to ”If more than 50 % of the selected radar data contain
radar reflectivity factor data (coloured in Fig. 3b), then it is defined as cloud by the
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Figure 2: Classification step 2 using different ice crystal shapes with » = 400 pum.

algorithm” (p.8,1.6 onwards). We consider a box with 100 m height (see dashed boxes
in Fig. 2 in the paper) and within this box we do not average but evaluate if more than
50% of the pixels contain radar reflectivity data. In Fig. 3 we show the radar sensitivity
and the averaged reflectivity for each layer for the 3 November 2016. The measured
reflectivity is above the radar sensitivity limit. On p.3 we added the sentence: ”The
detection limit is -19.47 dBZ at 223 m, -57.31 dBZ at 423 m and -28.61 dBZ at 10 km,
and the evaluated values are about these limits. “

p-8: T haven’t seen a definition for a cloud case — how long of a gap in time is needed to
refer to a scene having two separate clouds at one altitude— one radar profile (30s?) or a
few minutes? Or is this not considered at all and averaging over time around RS launch
is done in a way that separate cloud occurrences at one height are averaged into “one”?
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Figure 3: a) Radar reflectivity factor, b) Radar sensitivity: Minimum detectable radar
reflectivity as a function of height. It includes the effect of ground clutter and
gas attenuation but not liquid attenuation. The averaged reflectivity is shown
for each layer.

Two clouds at one altitude are not considered separately. The evaluation over time is
done so that separate clouds at the same altitude are considered as one cloud within this
timespan (+30 min).

p-10 lines 1-4: 1 do not fully agree with your conclusion that no cloud return in the
radar data always means cloud-free conditions. There could be situations in which the
sensitivity of the radar is not high enough (LWC and IWC too low). — I thus strongly
suggest to also use available profiling lidar data (ceilometer) instead of only radar data to
check for cloud occurrence in supersaturated conditions. Although the ceilometer suffers
from full attenuation at sufficiently optically thick clouds, it will likely increase the
number of detected cloud occurrences from ground-based remote sensing observations.

On p.11 we added the sentence: ”Indeed, a very low liquid and ice water content could
also result in a value below the radar sensitivity limit explaining these cases. “

From 10.6.2016 onwards radar data was recorded in Ny-Alesund and therefore we started
our time period on this date. We would have liked to include micro-pulse lidar data as
provided by https://mplnet.gsfc.nasa.gov/data?v=V2&s=Ny_Alesund&t=20160616,
but this record ended at 16.06.2016. In Fig. 4b) we show the ceilometer attenuated
backscatter coefficient for the 3 November 2016. It gives us the lowest cloud base height,
but not any information on the additional cloud base heights above.

Moreover, in the Arctic frequently clouds occur at very low altitudes which might some-
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Figure 4: a) Radar reflectivity factor, b) Attenuated backscatter coefficient measured by
Vaisala 910-nm CL51 lidar ceilometer in Ny-Alesund

times be below the lowest radar/lidar range gate. On page 16 (line 15-16) you mention
that a lidar would be useful. I strongly suggest making use of the existing ceilometer
data (https://www.awipev.eu/awipev-observatories/cloud-cover/) in your study.

In the comment before we explained the problems when including the ceilometer. You
are right, it is possible that we miss cloud layers existing only below 223 m. On p.3 we
have added: ”The detection height extend from 223 m until 10 km.“ and on p.11 we
have added: ” Additionally, the minimum detection height of 223 m might lead to some
cases not considered.“ in order to point out that we might miss some cases. However,
we have looked through this lowest layer in the relative humidity measurements and we
do not think that there are many cases we miss.

Minor comments:
We have added all the following minor corrections.

Title: I suggest adding “in Svalbard” to narrow down the geographical range of the
study. Also, since you are only considering T' < 0°C/, you can add “cold” clouds in the
title.

The new title is now: “Classification of Arctic multilayer clouds using radiosonde and
radar data in Svalbard”. We have added “in Svalbard” but we did not add “cold”. We
do not find this specification necessary. There is almost no case of MLC that we miss
due to the temperature restriction < 0°C.

p-4: For all variables in the equations the units should be included.



p-1 Line 10-13: It is unclear which kind of “deviations” you refer to — please specify
more in detail.

We have changed the sentence to the following: ”Since there are various deviations
between the relative humidity profiles and the radar images, e.g. due to horizontal wind
drift and time restriction, an evaluation by manual visual inspection is additionally done
for the non-seeding cases.”

p-1 line 16: it should be “improve” instead of “improved”

p.1 line 16: hydrometeor shape and density (and thus terminal fall velocity) are of great
importance, too.

p-1 line 21: You could add that the typical structure of stratiform mixed-phase cloud with
supercooled liquid top layer and precipitating ice points to heteorogeneous ice formation
processes (add citation).

p-1 line 21: rather from the “remote sensing point of view”

p-1 line 22ff: “variable lidar signals inside a more or less continuous radar signal” sounds
very imprecise — please rephrase and refer to “cloud profiles obtained with vertically-
pointing instruments” or sth. similar

We have changed the sentence to: “From the remote sensing point of view, Verlinde et al.
(2007, 2013) obtained cloud profiles with vertically-pointing instruments and described
multilayered clouds as multiple distinct liquid layers within one vertical extensive cloud.”

p-1 line 24: make it easier for the reader and put multilayered vs. multilayer in Italics
or bold font

p.1 line 24: In which measurement is the interstice of multilayer clouds visible — in
profiles of radar or lidar or both?

In both lidar and radar measurements the interstice of multilayer clouds could be visible.
However, since the lidar is usually not able to penetrate the lower cloud layer, we focus
here on radar measurements.

p-2 line 2: I suppose, you mean “at least” two clouds in different heights since there
can be very low boundary layer clouds, midlevel clouds, and high-level clouds occurring
simultaneously

p.2 line 20: Please modify the sentence since you look at one specific Arctic site (...
occur at Ny Alesund not “the Arctic”)

p-2 line 20: Why “thereby”?

We exchanged “Thereby we include...” with “We include...”

p-2 line 22: it should be “ground-based remote sensing” measurements
p-2 line 23: What do you mean by “easily accessible”?

Ground-based measurements are rare in the Arctic. Field campaigns are only limited to



a short time period. Radiosondings have the great advantage, that they are conducted
all year around, each day and at multiple places all over the Arctic. In order to construct
a classification, data availability over a full year is a great advantage. To compare various
Arctic sites, the same type of measurement (radiosonde) is favourable.

p.2 line 25: be more precise in your wording: Instead of “radar” it should be profiling/zenith-
pointing Doppler cloud radar

p-3 line 20: Please give a rough estimate of horizontal drift of the sondes based on their
GPS tracking.

The first reviewer commented this as well. We present the same correction to both of
you: In order to account for the horizontal drift, we calculate the wind speed in each
layer. Using this information together with the distance between the radiosonde and the
radar, we calculate the time at which the air parcel measured by the radiosonde was at
the position of the radar. For this we do not consider the wind direction, but assume
that the air parcel drifts the same direction as the radiosonde. As an example we show
the results of the calculation for 3 November 2016 (Fig. 5). For the 3 November 2016 the
average time over all heights is 12.94 min. For our statistics we add the average time for
each day to the time chosen for the evaluation of the radar data. For the 3 November
2016 the resulting radar time period is shown in Fig. 6.
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Figure 5: Advection on 3 November 2016: a) windspeed in each height layer, b)distance
between radar and radiosonde, ¢) time the air parcel needs to drift from the
radar to the position of the radiosonde.

p-3 line 23: Please also indicate the lowest radar range gate and mention that the cloud
Doppler radar is zenith-pointing. You mention a vertical radar range gate resolution
of 20m, is it really the same at all altitudes (i.e., all chirps) and was the RPG radar
really operated in the same mode (with the same vertical and temporal resolution) over
the entire year? 30s temporal resolution seems very low — please verify this temporal
resolution... or are you using data already averaged to Cloudnet temporal resolution?
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Figure 6: a) Radiosonde data, b) radar time period corrected due to advection. At the
time when the radiosonde reached the supersaturated layer 1 at 3.85 km the
radiosonde is 3.70 km away from the radar due to horizontal wind drift.

You are right, we use data already averaged to Cloudnet resolution. That is why our
data has a vertical resolution of 20 m at all heights and a temporal resolution of 30 s.
The lowest range gate provided in our data set is 223 m. We have highlighted in the
text that we use the averaged data. The original resolutions are different: The radar
was operated in the high resolution mode. Here the vertical resolution varies from 4 m
at 100 m height to 17 m at 10 km. The lowest range gate measured by the radar is
100 m. The temporal resolution is continuously 2.5 s.

p-3 line 25: Please indicate typical values of attenuation correction for the 94GHz radar
at Ny Alesund.

Typical values of two-way radar attenuation due to atmospheric gases are between
0.09 dB at 223 m height and 1.20 dB at 10 km height (Fig. 7).

p-3 line 25: What do you mean by “at all frequencies”?

We have deleted “by all frequencies”. It was formulated in this way as calibration
convention in the data description, but for this specific radar there is only one frequency.

p.6 line 4: ice crystal size r refers to maximum dimension? Motivate the choices of ice
crystal size of 50/100/150 microns by citing typical values found in Arctic clouds.

Already the first reviewer commented this. We present the same correction and answer
to both of you: This is a valid comment, and we have revised the calculations taking
into account larger crystal sizes. The upper cloud of a MLC, from where the falling



20 10

=== Radiosounding

Two-way radar attenuation|
L due to atmospheric gases

g 6f g 6
X X
& 8 c
£ @ £
e 5 s £ 5
= N D2
T T
af 4 / 1
2 2 / 2
I, 3
7
%
1 1r
b)
4 ; . | I
09:00 10:00 11:00 12:00 13:00 0 0.5 1 15
Time in UTC Gas attenuation in dB

Figure 7: a) Radar reflectivity factor, b) Two-way radar attenuation due to atmospheric
gases used for correcting Z.

ice crystals origin, can either be a mixed-phase cloud or a cirrus cloud. In mixed-phase
clouds Korolev et al. (1999) measured ice crystals with radii of about r =400 pm. We
also refer to Fig. 5e in Mioche et al. (2016), where a radius of » =400 - 500 pgm can occur
in mixed-phase clouds. For cirrus clouds Krémer et al. (2009) showed that the radii of
ice crystals range between r =1 - 100 gm. In order to account for both cloud types, we
have redone our calculations for the ice crystal sizes r =100, 200 and 400 gm. Our main
focus is now on =400 pum, assuming in most cases the upper cloud to be mixed-phase.
With r we refer to the maximum dimension, 7 = Dyax/2.

p-6 line 4: It is unclear what you mean by “mean conditions”: Mean over one hour after
radiosonde launch?

By mean conditions we mean the average of the variable (pressure, temperature, humid-
ity) over the height levels of the specific subsaturated layer.

p-6 line 5: “survive” is very colloquial, please replace or describe what you mean. Please
change accordingly throughout the text.

We have now defined seeding on p.4, 1.20 and use it therefore in the following text. In
some passages we have exchanged surviving with not fully sublimated (e.g. p.6 1.11).

p-6 line 17: The way it is presented it sounds like as if the radar is used to test for
cloud occurrence (above/between/below) in general and not only for cloud occurrence
in general (Also see Table 1). (?)

We have corrected the sentence to: “The aim of adding radar data to the classification is
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to cross-check the super- and subsaturated layers in the radiosonde profiles with actual
cloud occurrence.”

p.6 line 19-20: Clarify why you use 30min after the radiosonde reached 10km as end
time and not e.g. simply a one hour time around RS launch (start 30min before and
end 30min after launch)?

If we simply use a one hour time slot around the radiosonde launch start, we have cases
(30.6.16) where in the height levels above 8 km the averaging of the radar data ends
before the launched radiosonde reaches this height level. In order to avoid this we use
+ 30min after the radiosonde reached 10km as end time.

p.6 line 29-30: “Evaluated” in which way?

We have changed it to: “For the subsaturated layer in between only the lowermost 100 m
are analysed in order to address the question if the ice crystal survives so far.”

p.6 line 31: 50% of what? Of all pixel within a 100m x time from RS launch to 30min
after RS end? Or 50% of pixel at a certain altitude?

We mean the 50% data points in the area of 100 m x time from RS launch (- 30min +
advection time) to RS end (+ 30min + advection time).

p.6 line 34: Specify that the ice crystal is actually growing in the supersaturated layer
and which microphysical growth processes could occur and specify in which way the ice
crystal can “influence” the cloud.

We have changed it to: “The ice crystal begins to grow and can influence a cloud
no matter at which height it is within the supersaturated layer.” Further details on
the influence of additional ice crystals on the cloud is mentioned when explaining the
seeder-feeder effect (p.2,1.16-26).

p-7 line 12 -13: Why do you refer to seeding situations here when you describe non-
seeding situations in line 10-117

We have resorted and reformulated the sentences. We want to point out which two cloud
categories we have chosen to be MLC cases (one non-seeding and one seeding case).

p-9 line 8-10: Describe the influence of varying ice crystal size more in detail: 57% of
possible seeding for 150micron ice particle size and only 37% for 50micron...

We reworded it at p.10, 1.6-1.12.

p-9 line 11: Please expand your discussion of Figure 5. In number indicate the number of
cases considered for each month (February maybe has a much lower number of cases?).

We have added the number of cases (days) to Fig 5. You are right, during February
there are less analysed days. This is due to the lack of radar data during this month.
We reworded and expanded section 3.1.

p.10 line 2: Define acronym IN(P)
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We already defined INP on page 2.
p.16 line 2: vertically-pointing cloud Doppler radar (instead of only “radar”)
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Abstract. Multilayer clouds (MLC) occur more often in the Arctic than globally. In this study we present the results of a
detection algorithm applied to radiosondes and radar from an one-year time period in Ny—Alesund, Svalbard. Multilayer cloud
occurrence was-is found on 29 % of the investigated days. These multilayer cloud cases are further analysed regarding the
possibility of ice crystal seeding, meaning that an ice crystal can survive sublimation in a subsaturated layer between two cloud
layers when falling through this layer. For this we analyse profiles of relative humidity with respect to ice to identify super-
and subsaturated air layers. Then the sublimation of an ice crystal of an assumed initial size of =366 = 400 um on
its way through the subsaturated layer is calculated. If the ice crystal still exists when reaching a lower supersaturated layer,
ice crystal seeding can potentially take place. Seeding cases are found often, in 23 % of the investigated days (100 % includes
all days, also non-cloudy days). The identification of seeding cases is limited by the radar signal inside the subsaturated layer.
Clearly separated multilayer clouds, defined by a clear interstice in the radar image, do not interact through seeding (9 %

of the investigated days). Since there are various deviations between the relative humidity profiles and the radar images, for

the-non-seeding—eases—e.g. due to horizontal wind drift and time restriction, an evaluation by manual visual inspection is
additionally done for the non-seeding cases.

1 Introduction

Clouds radiate downwards in the long-wave part of the spectrum and thereby warm the surface in the Arctic during most of
the year (Shupe and Intrieri, 2004). However, the correct representation of cloud fraction, cloud water content and its phase,
particle size, shape, density and cloud temperature is difficult but essential to impreved-improve weather forecasting (Barrett
et al., 2017a, b). Therefore clouds are still a major contributor to uncertainty in both weather and climate prediction.

In the recent years, an emphasis of research has been on Arctic mixed-phase clouds (Andronache, 2018; Morrison et al.,

2012; Loewe et al., 2017). These clouds occur frequently in the Arctic, at all heights up to 6:58 km, and exist in the temperature

range between —34°C to 0°C rrer-et-als; Shupe, 2011; Intrieri et al., 2002). They often consist of a supercooled
liquid layer at cloud top and precipitating ice particles below, which points to heterogeneous ice formation (Whale, 2018
. From the measurement-remote sensing point of view, Verlinde et al. (2007, 2013) deseribed-multilayered-clouds-aslayers
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multiple distinct liquid layers within one vertical extensive cloud. In contrast to multilayered-eloudsmultidayermultilayered
clouds, multilayer clouds (MLCs) are described as two separate clouds with a clear visible interstice in between (Tsay and
Jayaweera, 1984; Intrieri et al., 2002; Khvorostyanov et al., 2001; Fleishauer et al., 2002; Liu et al., 2012). The coexistence of
at least two clouds in different heights, in the Arctic often a boundary layer cloud and a higher mixed-phase or cirrus cloud, can
be explained by horizontally inhomogeneous advection (Luo et al., 2008). When large-scale meridional transport brings warm
moist air into the Arctic, temperature and humidity inversions occur frequently (Nygard et al., 2014). Reaching supersaturation
and in the presence of sufficient cloud condensation nuclei (CCN) and ice nuelei-(HNnucleating particles (INPs), this horizontal
advection can result in cloud formation at multiple heights (Curry and Herman, 1985).

Christensen et al. (2013) analysed radar and lidar data collected by the satellites CloudSat (millimetre wavelength cloud pro-
filing radar) and CALIPSO (Cloud—-Aerosol Lidar and Infrared Pathfinder Satellite Observations) to investigate the occurence
of MLCs. They found, excluding the Arctic, the global average occurrence of MLCs to be 11 % of the data. For the Arctic,
Liu et al. (2012) analysed similar satellite data of CloudSat and CALIPSO and found Arctic MLCs to occur between 17-25 %
of the investigated time. The contribution of the MLCs to the seasonal variation of Arctic cloud coverage is only very weak.
Cloud detection by satellites is challenging in the Arctic. A poor thermal and visible contrast between clouds and the underly-
ing surface of snow and ice and small radiative fluxes from the cold polar atmosphere are only some of the uncertainties (Liu
et al., 2012). Therefore and since the minimum considered layer thickness for separation was 960 m, Liu et al. (2012) assumed

their estimated MLC occurence most likely to be underestimated.

Microphysical interaction between MLC layers can happen through the seeder-feeder mechanism (Fleishauer-et-al52002;-Avramov-and

Fleishauer et al., 2002; Avramov and Harrington, 2010; Hobbs and Rangno, 1998; Houze Jr, 1993). This means that falling ice
crystals from the upper cloud influence-thetower-clond—Hewever+ee-enrich the lower cloud by additional ice crystals havin

laciation). Vapour deposit at these ice crystals inside the

an influence on the evolution of the phase of the lower cloud (e.g.

lower cloud and the ice crystals grow. At the same time in the case of ice-supersaturation but liquid-subsaturation liquid water is
depleted (Bergeron-Wegener-Findeisen process, Korolev (2007)). In the case of ice-supersaturation and water-supersaturation
existing liquid drops compete for the water vapour with the ice crystals. Both the liquid and ice grow and the cloud strengthens.
Depending on what kind of regime exists, both precipitation formation and cloud dissipation as well as cloud thickening are
possible outcomes. However, if the fall speed of the ice crystals is large. then the time the ice crystals spend in the cloud layer
is too short and no influence is also a possible outcome. However, ice formation in Arctic boundary layer clouds is not fully

understood (Fridlind et al., 2012; Paukert and Hoose, 2014) and the frequency of seeding ice crystals from above into the lower

cloud still needs to be investigated.

The objective of this study is to answer how often MLCs occur in-the-Aretie—Thereby—we-at Ny-Alesund, Svalbard. We
include an estimate for the possibility of the seeder-feeder mechanism between MLCs. For answering this question we present
a MLC classification based on ground-based remote sensing and in-situ measurements. In this study the first step is the analysis
of radiosonde profiles to estimate the presence of MLCs. Radiosondes have the advantage to be relatively easy accessible in the

Arctic. In this way the algorithm for MLC detection could easily also be applied to various other Arctic locations. However,
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the use of only radiosondes has limitations and needs to be verified. For this we chose Ny-Alesund, Svalbard-as an example
study site where also profiling / zenith-pointing Doppler cloud radar data is available.

In Section 2 we present the datasets of radiosondes and radar used for the classification, we explain the methodology of
the classification, and we consider the possibility of the seeder-feeder mechanism. In Section 3 we separate the results of the
classification in seeding and non-seeding cases and compare them to a very simple visual detection. We present our conclusions

of this study in Sect. 4.

2 Methodology of the Arctic MLC classification algorithm
2.1 Datasets

Ny-Alesund is located along a fjord on the west coast of the Arctic archipelago Svalbard (78.9 °N, 11.9 °E). Due to its
location in the North Atlantic region of the Arctic, clouds above Ny-Alesund are not only influenced by typical high-Arctic
stable weather conditions but are also frequently connected with cyclonic systems, as well as influenced by the mountainous
orography of the archipelago. The occurring clouds might therefore differ from other Arctic sites, especially those over the
pack ice. However, due to the good access to a one-year dataset of both radiosonde profiles and radar, it is a suitable choice for
the evaluation of the detection algorithm.

For the classification radiosonde profiles and radar data from Ny—f\lesund between 10 June 2016 - 9 June 2017 are analysed.
Out of this 1-year period we analyse 278 days when both radiosonde and radar data is-are available. We consider the height
range between 0 and 10 km. For each day, only the time frame of one hour after the radiosonde launch was considered. The
regular launch time for the Ny—Alesund radiosondes is 11 UTC. During campaign periods (e.g. 5 - 20 December 2016), addi-
tional launches at 5, 17, and 23 UTC are available. Within the analysed 1-year period, the station has changed the operational
radiosonde type from Vaisala RS92 (until 11 April 2017) to Vaisala RS41 (from 12 April 2017), respectively. The humidity
sensor of the RS92 (RS92, 2013) has a manufacturer given uncertainty of 5% and a response time of < 0.5 s to < 20 s (for +
20 °C to - 40 °C, 6 ms~*', 1000 hPa), while the RS41 (RS41, 2017) is described with an uncertainty of 4% and a response
time of < 0.3 s to < 10 s (for + 20 °C to - 40 °C, 6 ms~!, 1000 hPa), respectively. The radiosonde data with 1 s resolution
were applied from Sommer et al. (2012) for the RS92 period, and from Maturilli (2017) for the RS41 period. All radiosondes
were launched on balloons with an ascent rate of approximately 5 ms~!. The horizontal drift of the sondes depends on the
atmospheric wind conditions.

A zenith-pointing 94-GHz Doppler radar has been operated in Ny-Alesund since 10 June 2016 by the University of Cologne
as part of the (AC)? project ("Arctic Amplification: Climate Relevant Atmospheric and Surface Processes and Feedback Mech-
anisms"; Wendisch et al. (2017)). The-vertieal-resolution-A detailed description of the radar is &MMM

We use averaged data having a vertical resolution of 20 m and i
contintotsty-with-a-a temporal resolution of 30 s. A-detated-deseription-tstoundinKiichleret-al(204+7)The detection height

extends from 223 m until 10 km. The radar reflectivity factor was corrected for gaseous attenuation and the calibration was

done in the way that a cloud at 273 K containing 1 x 1075 m~2 droplets of D = 100 um has a reflectivity factor of 0 dBZ.
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The detection limit is -19.47 dBZ at 223 m, -57.31 dBZ at al-frequencies—423 m and -28.61 dBZ at 10 km, and the evaluated
values are above these limits.
For the cloud classification as step 1, radiosonde profiles are analysed regarding ice-supersaturation and ice-subsaturation.

Secondly, as step 2, radar data is included in order to verify the ML.C occurrence in these super- and subsaturated layers.
2.2 Classification step 1: Potential ML Cs and sublimation calculation based on radiosonde profiles

The classification is divided into a step 1 and a step 2, as illustrated in Fig. 1. In step 1 we identify ice super- and ice subsaturated
layers in the radiosonde profiles and calculate if ice crystal seeding is possible between these layers. We use the relative
humidity with respect to liquid water from the radiosonde profile in combination with the temperature measurement and
the formula of Hyland and Wexler (1983) to calculate the relative humidity with respect to ice. A sensitivity study where
measurement uncertainties are accounted for by also considering the relative humidity & 5 % is shown in Appendix Fig. A2
and Fig. A3. Super- and subsaturated layers are identified using a threshold of 100 % relative humidity with respect to ice.
The same threshold was also chosen by Treffeisen et al. (2007). When using a different threshold, e.g. 120 %, the results do
not change significantlysubstantially. If the temperature at certain levels is above 0 °C, then relative humidity with respect to
water is chosen for limiting the subsaturated layer. Numerous very thin super- and subsaturated layers (< 100 m) exist in the
radiosonde profiles, but these layers are too thin to be considered a relevant contribution to the described processes. In order to
sort out some of these irrelevant layers, but also to include thin cloud layers (Luo et al., 2008), the minimum thickness limits for
the supersaturated and subsaturated layers are set to 100 m. This is in close agreement to Verlinde et al. (2007) finding layers
to vary between 50 m to 300 m in depth. In order to detect a potential MLC, the criteria of detection is one subsaturated layer
in between (in the following termed cloudfree layer) one supersaturated layer just above (cloud layer) and one supersaturated
layer just below (cloud layer)—, as illustrated in Fig. 2. Subsaturated layers between two supersaturated layers at temperatures
above 0 °C are not considered, as they are not relevant for our main point of focus, ice crystal seeding. Note that this means that
we might underestimate the amount of multilayer clouds. If there is no supersaturated layer or only one single supersaturated
layer, then these cases are not considered further for MLC detection (dark blue and green case in Fig. 1).

In the next step the sublimation calculation is done in order to answer if a falling ice crystal eeuld-survivewould not fully
sublimate (hereafter "survive") on its path through the subsaturated layer. For this the equation of vapour deposition is used to

calculate the reduction of ice crystal mass due to sublimation (ice to vapour),
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Figure 1. Overview of classification schemes: First only radiosonde data is used to detect one subsaturated layer in between two supersat-
urated layers, one just above and one just below. If this combination is found, then for the subsaturated layer the calculation of sublimation
leads to seeding or non-seeding cases. Liquid layers above 0 °C are not considered. In the next step radar reflectivity factor data is added in
order to detect cloud occurrence inside the investigated supersaturated layer above (cloud above), subsaturated layer in between (cloud in
between) and supersaturated layer below (cloud below). The cloud category 5 ’cloud above, cloud in between, cloud below’ is counted as
seeding MLC since it is most likely the seeding resulting in a radar signal in the subsaturated layer in between the cloud layers. The colours

yellow, orange and red represent the resulting MLC categories.

m is the mass in kg of one ice crystal and €' is its capacitance in m (Lamb and Verlinde, 2011). The capacitance replaces the
radius 7 of a liquid sphere and takes the shape of the ice crystal into account. In mixed-phase clouds Mioche etal. (2016)
found mostly hexagonal plates, rimed particles, stellars and irregular particles. Our main focus is on the hexagonal plates,
but by including this variety we cover the most usual shapes detected in both mixed-phase clouds and also cirrus clouds
(Mioche et al.. 2016; Mitchell, 1994). The calculation of the capacitance is based on Westbrook et al. (2008) and details are
listed in AL pi is the density of ice in kg m™?, G; the growth parameter and s; the supersaturation regarding ice, which is given

Si:m—l (3)
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Figure 2. Conceptual sketch of criteria how potential MLCs are identified. The grey areas symbolise the supersaturated layers, in between the
(dashed medium grey and black).

and relates the actual ice saturation e; in Pa to ice equilibrium saturation in Pa at a (1. In the case

of subsaturation, s; is less then 0. Further variables in equation 2 are the temperature 7 in K | the heat transport kr in
Jm~1s71 K1, the latent heat of sublimation [ in Jmol™?!, the universal gas constant R in Jkg™!

mass of water My in kg mol ™" and the diffusion coefficient Dy. Dy is in m? s~ and is calculated usin

mol !, the molecular

u( )
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with Ty = 273.15 K and pg = 1013.25 Pa (Hall and Pruppacher, 1976). By using equation 1 the change of mass dm with time
dt in s is obtained. Based on Mitchell (1996), but here in SI-units, we use the mass-diameter relation

ml%faﬂx 1073(d x 10%)7, ©

with the diameter d in m and obtain a new radius at each time step. The parameters o and 3 depend on the ice crystal shape
and are given by Mitchell (1996). For the calculation we use the hexagonal plates, rimed long columns, crystal with sector-like
branches, and assemblages of planar polycrystals provided by Mitchell (1996). In order to answer the question if these ice
crystals could reach the lower supersaturated layer, the mass, reduced due to sublimation, at each time step is combined with a
fall speed in order to yield a fall distance. The fall speed v in ms~! is provided by Mitchell (1996), here in SI-units, b

Pair0 2ag b Nb(B+2—0)—1
—1x10%-a- B — TR T) . 7
= X107 @y | TR g | X 102 ™

S 1€ & . 0 =0 S e cH1c £601 €S i O S— 1 T\/h/q
arameters -y and o depend on the ice crystal shape and also a and b are given by Mitchell (1996). The air density p; in
kgm ™3 is given by puir = p/ (Rs-T'), where p is the actual pressure and Ry is the specific gas constant of air. g is the gravity

in ms~2 and v is the kinematic viscosit . The calculation is done

using the forward Euler method and a time step of 0.01 s. The initial ice crystal size is assumed to be r = 100400 pm,

but also » = 50100 ym and 4+50-r = 200 um are evaluated in order to account for both mixed-phase and cirrus clouds
Mioche et al., 2016; Krdamer et al., 2009). Mean conditions of pressure, temperature and humidity of each analysed subsat-

urated layer are used. We do not take up- and downdrafts influencing the fall velocity into account. If the ice crystal survives
is not fully sublimated until the lower supersaturated layer, then it is called a seeding subsaturated layer. A non-seeding
subsaturated layer means that the given ice crystal does not reach the lower next supersaturated layer because it sublimates
completely.

As an example for the classification we show the classification for the case on 3 November 2016 in Fig. 3a. There are
four subsaturated layers regarding ice and these are indicated by red horizontal lines. For the subsaturated layer 1 between
4.26 km and 3.85 km height the sublimation calculation is shown in Fig. 4. In Fig. 4a the change of mass and the calculated
fall speed is shown and in Fig. 4b the resulting fall distance inside the subsaturated layer 1 is shown. An ice crystal of initial
size r = 100400 um will sublimate completely before reaching the lower supersaturated layer and therefore the subsaturated

layer 1 is a non-seeding one (red line in Fig. 4b).

In-the-subsaturated-In the subsaturated layers 2, 3 and 4 an ice crystal of initial size r = +66400 um will survive-not be full

sublimated and these layers are therefore determined as seeding layers (sublimation calculation not shown).
2.3 Classification step 2: Cloud occurrence based on radiosonde profiles and radar

The aim of adding radar data to the classification is to cross-check the super- and subsaturated layers in the radiosonde profiles

with actual cloud occurrence. We use the radar reflectivity factor Z from the Pepplerzenith-pointing Doppler cloud radar in
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Figure 3. 3 November 2016 in Ny-Alesund: a) Radiosonde profile between 10:48 -11:24 UTC (0 and 10 km height). Relative humidity (RH)
with respect to water in blue and relative humidity with respect to ice in red. b) Radar reflectivity factor Z. The red vertical line visualises
the ascend of the radiosonde. The black vertical lines visualise the time period considered for analysing the radar data. The red horizontal
lines and the numbers 1,2,3 and 4 visualise the subsaturated layers. The grey colour visualises the subsaturated layers. At the time when the
radiosonde reached the supersaturated layer 1 at 3.85 km due-to-horizontal-wind-drift-the radiosonde is 3-683.70 km away from the radar

Ny-Alesund —Fhe-(hereafter called the radar data). Out of the continuous radar data has-to-be-averaged—Here-we choose the

start time is-ehesen-to be 30 minutes before the radiosonde launch and the end time is-to be 30 minutes after the radiosonde
reached 10 km height. Additionally we calculate the average time due to wind advection of the radiosonde away from the radar.
We delay the start and end time of the included radar data by this. For the 3 November 2016 the evaluated time period of the
radar data is visualised by black lines in Fig. 3b. The heights of the super- and subsaturated layers, derived from the radiosonde
humidity measurement, are indicated by red horizontal lines in Fig. 3b. In the supersaturated layer above only the lowest part is

of interest for potential ice crystal seeding, since from here the ice crystal might fall. We consider only the lowermost 100 m of

supersaturated layer.

above (see Fig.
more than 50 % of the datapoints-selected radar data contain radar reflectivity factor data (coloured in Fig. 3b)meaning-that

cloud-droplets-oriee-erystals-were present—=so-, then it is defined as cloud by the algorithm. If less than 50 % ef-the-data
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Figure 4. Calculation of sublimation for the layer 1 between 4.26 km and 3.85 km height at 3 November 2016: a) Fall speed and change of
mass of ice crystal with time. b) Fall distance of ice crystal with time. The evaluated initial ice crystal sizes are 7 = 56100 um, 66200 um

and +56400 um.

points-contain radar reflectivity factor data (white in Fig. 3b), then it is defined as ne-eleud—not cloud containing. For the
subsaturated layer in between only the lowestpartis-evataated-lowermost 100 m are analysed in order to address the question
if the ice crystal survives so far. Thelowermost-100-are-considered;-but+f-If the layer is thinner than 100 m only the available
vertical thickness is considered. Again, if more than 50 % contain radar reflectivity factor data, it is considered as cloud. If
less than 50 % contain radar reflectivity factor data, it is considered as no cloud. In the supersaturated layer below any radar
signal at any height is of interest for potential ice crystal seeding. As soon as the ice crystal reaches this supersaturated layer it
has survived. The ice crystal does-not-deerease-in-size;so-thatit-begins to grow and can influence a cloud no matter at which
height it is within the supersaturated layer. For the supersaturated layer below the algorithm, starting from the top, searches
for any layer of 100 m containing more than 50 % radar reflectivity factor data. If no layer of 100 m containing more than
50 % radar reflectivity factor data is found, at the lower boundary of this supersaturated layer the evaluated vertical thickness is
decreased until 20 m. If no layer contains more than 50 % radar reflectivity factor data, it is considered that no cloud is present
in this layer (no cloud). In the example of 3 November 2016 (Fig. 3) the supersaturated layer above the subsaturated layer 1 is
cloud containing (cloud above), the subsaturated layer 1 is not cloud containing (no cloud in between) and the supersaturated
layer below is cloud containing (cloud below). The classification sorts the 3 November 2016 as MLC case. Analysing each
combination of supersaturated layer above, subsaturated layer in between and supersaturated layer below results in the eight
different cloud categories presented in Table 1.

Fer-the-non-seeding-cases-theclassification-considers-The classification sorts the cloud category 8 (cloud above, no cloud
in between, cloud below =) as MLC for the non-seeding cases (purple and red in Fig. 1). We here refer to the MLC def-
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Table 1. Overview of the classification into eight different cloud categories. N means no cloud and C' means cloud. SLC means single-layer

cloud, MLC means multilayer cloud.

Cloud category #
1 2 3 4 5 6 7 8
= -— = I - =
above N N N N C C C C
inbetween NN N C C C C N N
below N C C N C N N C

nocloud SLC SLC SLC seedingMLC SLC SLC non-seeding MLC

Verlinde-etal; 20072643 Theclasstfication-includes-therefore-for-Additionally, for including the seeding cases, the cloud
category 5 (cloud above, cloud in between, cloud below »-1) is sorted as MLC (light green and yellow in Fig. 1). Indeed,

since seeding ice crystals result in a signal in the radar data, it is difficult to distinguish this radar signal from the radar signal
caused by cloud particles (Verlinde et al., 2007, 2013). Therefore the classification’s result should be treated as upper limit for

MLC occurrence. A multilayer cloud containing several subsaturated layers of which some can be seeding and some non-

seeding (at least one of each kind) is sorted as own multilayer category (orange in Fig. 1). The 3 November 2016 is an example
to this category since layer 1 is a non-seeding layer and the layers 2, 3 and 4 are seeding layers. The classification sorts the
cloud category 1 (no cloud above, no cloud in between, no cloud below =) as no cloud (light blue in Fig. 1). The cloud
categories 2 (mr), 3 (WF), 4 (=) ¢ (W) 7 (==) are sorted as single-layer cloud (turquoise in Fig. 1). In the following

section we show the results given by our classification for the one-year dataset used for the analysis.

3 Results and discussion of the classification applied to the Ny-/oslesund dataset
3.1 Results of classification step 1

The classification step 1 evaluates relative humidity profiles in order to detect seeding and non-seeding subsaturated layers.
For the sublimation calculation primarily an-a hexagonal plate with initial ice crystal size of r = +06400 um is used. The result
is presented in Fig. 5. The criteria for potential MLC detection in classification step 1 is the combination of a supersaturated
layer above, a subsaturated layer in between and a supersaturated layer below. This combination occurs in 6869 % of the
profiles (2223 % yellow + 2829 % orange + +817 % red in Fig. 5), which means that in 6869% of the analysed radiosonde
profiles we find potential MLCs. The possibility of microphysical interaction by seeding exists in 5652 %. Varying-the-initial

iee-erystal-size-has-atarge;non-linear-A seasonal cycle (Fig. 6) in this one-year dataset is not visible. In several months the
amount of non-seeding layers is larger or similar to the amount of seeding layers. However, we only analysed a time period
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of one year, a seasonal cycle might become more distinct when analysing a longer time period. The impact of the ice crystal
shape is shown in Fig. Al. In comparison to the hexagonal plate as a standard, the rimed colums result in more seeding cases

and the sectored plates result in less seeding cases. This is in agreement with Mitchell (1996), saying rimed particles fallin

faster than non-rimed particles. The ageregates show the most seeding cases and this matches the large fall speed provided b

Mitchell (1996). In contrast to the ice crystal shape, the ice crystal size has a larger impact on the distribution between seeding

and non-seeding subsaturated layers. A smaller initial ice crystal size leads to more non-seeding layers -and a larger initial ice

crystal size leads to more seeding layerstnumbers-in-bracketsinFig—. The possibility of seeding changes from 39 % for the
ice crystal size = 100 5)y—-A-seasonal-eyele(Fig—6)-in-this-one-year-datasetisnot-visibleum to 46 % for the ice crystal size
7 = 200 um and to 52 % for the ice crystal size 7 = 400 um. The impact is non-linear and indicates that towards smaller ice

crystals the impact of ice crystal size on the possibility of seeding becomes more important.

No supersaturated layer: 10% Only non-seeding subsaturated layers: 17%
(r =100 ym: 29 %, r = 200 um: 22 %)

Only one single supersaturated layer: 22%

Both seeding and non-seeding subsaturated layers: 29%

(r =100 pym: 30 %, r = 200 ym: 29 %)
Only seeding subsaturated layers: 23%

(r =100 pm: 9 %, r = 200 ym: 17 %)

Figure 5. Classification step 1 using an-a hexagonal plate as initial ice crystal with the size of r = 466400 um: Relative occurrence of
supersaturated layers and seeding and non-seeding subsaturated layers. 100 % equals 278 relative humidity profiles. Percentages in brackets
refer to the calculation using the initial ice crystal sizes r = 56100 um and 456200 pm. For the categories "no supersaturated layer’ and *only

one single supersaturated layer’ there are no changes in percentage. The values are rounded to zero decimal places.

3.2 Results of classification step 2

}&maﬁyease&ef—*rhe%Relative humidity data alone is not sufficient to detect MLC cloud occurrence and hence radar data
s included in the classification step 2. The 69 % potential MLC occurrence the-results-obtained-by-the-radiosonde-profiles
ained in classification step 1 are

now cross-checked for actual cloud occurrence in the supersaturated layer above, in the subsaturated layer in between and in

the supersaturated layer belowsradar-data-is-incladed-in-the-elassifieationstep2-Ineluding-, Including the radar data leads to

eight different cloud categories (Sect. 2.3). Fhe-These cloud categories are then separated regarding if the subsaturated layer in

between is a non-seeding or seeding case according to step 1. For the non-seeding cases the cloud categories are shown in Fig. 7.
The cloud category 8 (cloud below, no cloud in between, cloud above) is counted as MLC and therefore coloured purple. All
other cloud categories occurring (1,2,3,5,7) are not considered as MLCs and are therefore coloured dark grey and light grey.

For the seeding cases the cloud categories are shown in Fig. 8. The cloud

11
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Figure 6. Temporal distribution of MLC days using classification step 1. For each month the left bar refers to the initial ice crystal size

r = 56100 um, the middle bar refers to the initial ice crystal size » = +66200 ym and the right bar refers to the initial ice crystal size
r = 456400 um. On the x-axis the given number in the labels refers to the number of days (d) considered for the specific month.

category 8 (no-cloud below, no cloud in between, no-cloud above;—dark-grey-in-ig—7)) does hardly occur, This is explained by
- 8. For distinguishing a seeding
Mkmmmmlayers above and below are-supersaturated-with-respeet-to-icesthe

These cloud categories
are 1 (no cloud below, no cloud in between, no cloud above), 2 (no cloud above, no cloud in between, cloud below), 6 (cloud
above, dark-grey-in-Fig—7cloud in between, no cloud below) and 7 (cloud above, no cloud in between, no cloud belows;), all
dark grey in Fig. 7 too-litle IN-ean-explain-the-and Fig. 8. In the ice-supersaturated layers above and below missing cloud
formation in-the-supersaturated-layers-Foreloud-category2-in-the seeding-ecase-can be explained by the lack of aerosol as INP
(Spichtinger et al., 2002). Ice-supersaturation without cloud formation is a global phenomena in the upper troposphere and
does also occur in the Arctic (Spichtinger et al., 2003). In the seeding case of cloud category 2 additionally the formation of
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so-. Indeed, a very low liquid and ice

water content could also result in a value below the radar sensitivity limit explaining these cases. Other contradictions between
relative humidity and radar data can be explained by the horizontal drift of the radiosonde away from the radar and inaccuracies

seeding ice crystals is prevented

due to time averaging of the radar data
and Fig. 6). Thisleads-to-the-The cloud signal inside the subsaturated layer in the cloud categories 3 (no cloud above, cloud in
between, cloud belowwmmm (cloud above, cloud in between, cloud below;tight
) can be explained by this and therefore these
cloud categories are not-counted-rejected as MLCs. Additionally, the minimum detection height of 223 m might lead to some
cases not being considered.

In Fig. 9 the result of the cloud classification step 2 using both radiosonde profiles and radar is presented. MLCs occur in 29 %

of the investigated profiles (6 % ’only non-seeding’, red + 3 % ’both seeding and non-seeding’, orange + 20 % ’only seeding’
MLC, yellow). Single-layer clouds occur in 50 % of the investigated profiles (28 % ’multilayer cloud by radiosounding, but
single-layer cloud by radar’, turquoise + 22 % ’single-layer clouds by radiosounding’, green). No cloud layer occurs in 22 %
of the investigated profiles (12 % ’multilayer cloud by radiosounding, but not cloud by radar’, light blue + 10 % ’no cloud
by radiosounding’, dark blue). A seasonal variation (Fig. 10) in between months in this one-year dataset is very weak for the
MLC categories (’only non-seeding multilayer clouds’, *both seeding and non-seeding multilayer clouds’ and ’only seeding
multilayer clouds’). There is a slight increase in MLC occurrence between July and November and February to March.

The impact of different ice crystal sizes used in classification step 2 is presented as numbers in brackets in Fig. 9 and as
bars in Fig. 10 . The main impact is that for a smaller ice crystal there are less ’only seeding multilayer cloud’ cases and more
’multilayer cloud by radiosounding, but single-layer cloud by radar’ cases. This is explained by the cloud category 5 (cloud
above, cloud in between, cloud below’) occurring frequently and sorted as MLC in the seeding cases and as single-layer cloud
in the non-seeding cases. Because of this different sorting of seeding and non-seeding cases, the impact of the ice crystal size
is less strong in classification step 2 compared to step 1. The impact of the different ice crystal shapes is even less, almost not

A sensitivity how the results would change assuming an uncertainty of the radiosonde humidity of + 5 % is shown in
Appendix Fig. A2 and Fig. A3. The measurement uncertainties lead to variations in the results of the same order of magnitude
as when varying the ice crystal size. If the relative humidity is on average overestimated, the impact on the results is of smaller

importance than if the relative humidity is on average underestimated. This might be explained by the minimum thickness

13
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Figure 7. Non-seeding cases: Cloud categories of all non-seeding subsaturated layers. In between refers to the subsaturated layer. Above
and below refers to the supersaturated layers above or below the subsaturated layer. 100 % equals all non-seeding subsaturated layers. Non-
seeding is calculated using an—iee-erystal-a hexagonal plate of the-initial size r = +66400 pym. The values are rounded to zero decimal
places.
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Figure 8. Seeding cases: Cloud categories of all seeding subsaturated layers. In between refers to the subsaturated layer. Above and below
refers to the supersaturated layers above or below the subsaturated layer. 100 % equals all seeding subsaturated layers. Seeding is calculated

using an-iee-erystal-a hexagonal plate of the-initial size r = +66400 um. The values are rounded to zero decimal places.

threshold of 100 m used for identifying supersaturated and subsaturated layers limiting the effect when overestimating the

relative humidity.
3.3 Discussion and evaluation of the results using skill scores

For evaluating the MLC occurrence derived by the classification steps 1 and 2 skill scores are used. First classification step
1 (using only radiosonde data) is compared to classification step 2 (using both radiosonde and radar). Secondly classification
step 2 is compared to a visual inspection. The visual inspection is done manually. We inspect the radar images and decide
whether it is a visual MLC or no visual MLC. For the visual inspection we consider a shorter time pertede-period like that
of the radiosonde ascent rather than the average over one hour like the detection algorithm does. Small-cloud-stains-are-A
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Only non-seeding MLCs: 6% (r = 100 um: 8 %, r = 200 um: 6 %)

No cloud by radiosounding: 10% Both seeding and non-seeding MLCs: 3% (r = 100 ym: <I %, r = 200 ym: 2 %)

No cloud: MLC by radiosounding, but
no cloud by radar: 12%

Only seeding MLCs: 20% (r = 100 um: 10 %, r = 200 um: 15 %)

Single layer clouds by radiosounding: 22%

Single layer cloud: MLC by radiosounding, but single layer cloud by radar: 28%
(r =100 ym: 38 %, r = 200 ym: 32 %)

Figure 9. Cloud occurrence derived from using both radiosonde and radar for detection. For the categories the same colours as in Fig. 1
are used. 100 % equals 278 days (analysed days within the one-year data set). Seeding and non-seeding is calculated using an-iee-erystat-a
hexagonal plate of the-initial size » = +66400 um. Percentages in brackets refer to the calculations using different initial ice crystal sizes
r = 56100 um and 56200 pum. The values are rounded to zero decimal places.
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Figure 10. Temporal distribution of MLC days using classification step 2. For each month the left bar refers to the initial ice crystal size

r = 56100 um, the middle bar refers to the initial ice crystal size » = +66200 um and the right bar refers to the initial ice crystal size
r = 456400 um. On the x-axis the given number in the labels refers to the number of days (d) considered for the specific month.
longer radar signal only existing of small strains is not counted as eleuds-and-clouds-eontaining-cloud and a longer radar signal

containing some small cloud free holes are-counted-as-eloudsis counted as cloud.
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The variables A,B,C,D needed for deriving the skill scores are given as in Table 2. Out of these variables the probability of
detection POD is defined as

A
POD =—— 8
A+C ®

and shows perfect detection at POD = 1 and no detection at POD = 0.
The false alarm rate F'AR is defined as

B
FAR = A:B ©)]

and gives FFAR = 0 for no false alarms and F' AR = 1 for only false alarms.
The Heidke skill score HSS

AD — BC
HSSZQ(A+C)(C+D)+(A+B)(B+D) (19)

evaluates the total predictability with values reaching from HSS = —oo to 1. HSS = 0 means that there is no predictability.

Table 2. Skill score evaluation: Definitions of the evaluation variables A,B,C,D used for the evaluation of the MLC occurrence derived by

the classification steps 1 and 2 in comparison to a best estimate of MLC occurrence.

Best estimate
MLC noMLC
MLC A B
noMLC C D

Classification

For the evaluation of classification step 1 (using only radiosonde) the variables A,B,C,D are presented in Table 3. There
the results of classification step 1 are divided into MLC and no MLC. MLCs in classification step 1 are defined as one su-
persaturated layer above, one subsaturated layer in between and one supersaturated layer below. If a MLC is detected by
classification step 1, the best estimate for evaluation is given by classification step 2 (MLC or no MLC by radar). If no MLC

is detected by classification step 1, the best estimate for evaluation is done by the manual visual inspection of the radar im-

ages. The manual visual inspection is necessary owing to the non-existence of classification step 2 if there is no MLC by

radiosounding. Out of Tab. 3 we see that classification step 1 represents a reliable upper limit (28.8 % + 39.6 % = 68.4 %
for identifying MLC days, but the actual number might be as low as less than the half (28.8 %). In Table 4 the resulting skill

scores are shown. The limited predictability leads to a low Heidke skill score of 5.5 =0.31 for 7 = 400 um, The good POD
of 0.99 (for r = +66400 pm) affirms that there is no big loss of MLC cases when applying classification step 1 (only 0.4 % for

—F AR being 0.58 reveals that about half of

the MLC estimated from radiosonde hum1d1ty measurements is 'no MLC by radar’. Therefore-classificationsteptrepresents
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It becomes clear that the use of the radiosonde
data on its own does not reliably identify the occurrence of MLCs, but can be used in combination with radar data to give
information on the presence of MLCs. Reducing the initial ice crystal size to 7= 100 pm —or » = 200 um shows a reduced
Heidke skill score. This indicates that the chosen initial ice crystal size impacts the predictability.

Table 3. Evaluation of the MLC results of radiosonde detection (classification step 1) in comparison to radar detection (classification step 2).
"MLC by radar’ is given by cloud category 8 for the non-seeding cases and by cloud category 5 for the seeding cases. The evaluation is done

for the ice crystal sizes r = 56100 um, +66200 pym and +56400 um. The values are rounded to one decimal place.

r =100 um r =200 um r =400 um
MLC by radar no MLC by radar MLC by radar no MLC by radar MLC by radar no MLC by radar
MLC by radiosounding 19:818.7 % 48:649.6 % 28:824.1 % 39:644.2 % 29.428.8 % 39:239.6 %
no MLC by radiosounding 0.4 % 313 % 0.4 % 313 % 0.4 % 313 %

Table 4. Skill scores for comparison of MLC results of radiosounding and radar. The skill scores are calculated for the ice crystal sizes

r = 56100 um, +66200 um and +56400 um. The values are rounded to two decimal places.

r=56100um r=466200 um 7 =4+56400 ym

POD 098 0.99 0.99
FAR 67073 6:580.65 0:57-0.58
HSS  6:200.19 0:310.25 0.31

Next we evaluate classification step 2 and the results are presented in Table 5 and Table 6. Due to the missing possibility
to distinguish falling ice crystals from cloud particles in the radar image, including seeding to our classification leads to high
uncertainties. Therefore for evaluating classification step 2, we only consider the non-seeding MLCs (cloud cat. 8). This is a
similar approach as done by Intrieri et al. (2002), who defined MLCs as two separate clouds with clear visible interstice in
between. For the evaluation of classification step 2 we use the manual visual inspection as best estimate. Also for the manual
visual inspection we do not account for the possibility of seeding, meaning that we count a connected radar signal in the vertical
as single-layer cloud.

Classification step 2 classifies 8-37.9 % MLCs (r =+66400 um in Tab. 5). This represents a lower limit for identifying MLC
days, since classification step 2 is not able to classify +0:-310.4 % (4.0 % are classified as seeding MLC and 6.1 % as no MLC).
The actual number of MLCs might therefore be twice as high (8:37.9 % + 10-1+10.4 % = +8418.3% for r = 100400 um).
This limited probability is underlined by POD being 0:45-0.43 (Tab. 6). Problems of the classification are given by the not
exact accordance between radiosonde profile and radar. While the radiosonde ascents, it is horizontally drifted away from
the radar by wind. Additionally the radar measurements have to be averaged over time and this is not done by the visual
inspection. An existing cloud, which is too weak or too short lasting in the radar image, can therefore lead to discrepancies

between the classification and the visual detection. A too high cloud top or base compared to the relative humidity threshold,
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a missing relative humidity layer or too many relative humidity layers in a not changing radar image do also cause erroneous
classification.

However, few false alarms (6:40.7 % for r = +00400 um) cause a low FAR of 6:040.08. This reveals predlctablhty by
a HSS skill score of 0-

#="1F00-(H:55="0:56)-0.53. Using the smaller radius of r = 50200 pym does not change the results. Even if there is less

seeding, these cases belong to the category ’both seeding and non-seeding’ and do therefore not change the results. Using

the even smaller radius of r = 100 um does impact the results. In classification step 1 the larger radii r = +66200 um and
r = 150400 um lead to the best Heidke skill score (HSS = 0.25 and 0.31) in comparison to the small radius. However, in
classification step 2 the smaller radii-radius r = 50-and-+=-100 um lead to the best Heidke skill score (HSS = 0:56)in
eomparison—+t6-0.55). Even if the large radius of r = +56400 ym —Jn-this-way-we-deeided-tofocus-on-theradiusis likely in
&%&MM%&WWT = 100 pmis-the-previous

Table 5. Evaluation of the MLC results including only the non-seeding MLC of the classification step 2 in comparison to manual visual
detection. "Non-seeding MLC’ includes *only non-seeding’ and "both seeding and non-seeding” MLC. ’Seeding MLC and no MLC’ includes
seeding MLCs, single-layer clouds and no cloud layers. The evaluation is done for the ice crystal sizes » = 56100 pym, +66200 um and

456400 um. The values are rounded to one decimal place.

r =100 ym r =200 um r =400 pm
visual MLC  no visual MLC  visual MLC  no visual MLC  visual MLC no visual MLC
non-seeding MLC 83 % 040.7 % 837.9 % 040.7 % 657.9 % 6:00.7 %
seeding MLC and no MLC  10.1 % 843809 % 164104 %  8+380.9 % +H-9104 %  &+780.9 %

Table 6. Skill scores for comparison of MLC results of the non-seeding cases of the classification step 2 and the visual detection. The skill

scores are calculated for the ice crystal sizes r = 56100 pm, +66200 um and +56400 pm. The values are rounded to two decimal places.

r=100pum 7r=200pum r=400pum
POD 045 6:45-0.43 6:35-0.43
FAR 664008 6:64-0.08 6-:60-0.08
HSS 656055 6-560.53 6:470.53

4 Conclusions

15 In this work we use in-situ profiling by radiosondes and ground-based remote sensing by vertically-pointing cloud Doppler

radar to identify Arctic MLCs between 0 - 10 km height. We evaluate relative humidity profiles regarding an ice-subsaturated
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layer in between two ice-supersaturated layers. This combination occurs in 68.4 % out of 278 analysed days (only one hour
each day is analysed) using the minimum considered thickness for the supersaturated and subsaturated layers of 100 m. A
high amount of supersaturated layers found in the radiosonde profiles does not coincide with observed cloud occurrence,
probably due to lack of CCN and INP and thereby missing cloud activation. Only using radiosonde profiles is not sufficient
for the detection of clouds. Therefore the classification is expanded by using radar data for excluding non relevant cases. The
extended classification leads to 29 % MLCs with a very weak seasonal cycle. We investigate these MLC further regarding
the possibility of seeding, which means if an ice crystal of the size r = 60400 um ean—survive-sublimation-does not fully
sublimate in the subsaturated layer when falling through this layer. We find that seeding can potentially occur in 23 % of the
278 investigated days. In these cases there is a radar signal in the subsaturated layer in between the two cloud layers. Here it
remains as an unsolved question if this is actually due to seeding (falling ice crystals in between the two cloud layers) or due
to one continuous cloud layer. Since the percentage for potentially seeding is as high as 23 %, the importance of seeding on
the lower cloud is not negligible. The effects of the seeding on the lower cloud could be an increase in cloud ice, and thereby
precipitation formation and cloud dissipation. In order to gain more information about the existence of these ice crystals, further
measurements of e.g. lidar would be needed.

Non-seeding means that the subsaturated layer is too thick or too dry for the ice crystal to survive the sublimation. Non-
seeding MLCs are visible in the radar as two separated cloud layers and this occurs in 9 % of the analysed days. While-it

it-Following from
our sublimation calculation we find that MLCs visible separated in the radar are unable to interact through seedingfolowing

from-our-sublimation-ecalewlation. However, we have to keep uncertainties like the radar detection limit in mind. In the case of
non-seeding MLCs, radiative interactions, like a weakening of the lower cloud in the existence of a higher cloud, can occur.

These interactions are most likely not captured correctly by weather models. However, the 9 % occurrence implies that clearly
separated MLCs should probably not be neglected in weather models.

Cloud detection by satellites is challenging in the Arctic, but Liu et al. (2012) found Arctic MLCs to occur between 17 -
25 % of the investigated time. However, since the minimum considered cloud thickness was as big as 960 m, they assumed
their MLC amount most likely to be underestimated. In order to evaluate our classification we compare our results to a manual
visual inspection of the radar observations. Since the seeding cases can not be separated from single-layer cloud cases and
therefore cause uncertainties, the seeding cases are excluded in the evaluation. The evaluation results in non-seeding MLC
occurrence of 9 % being a reliable lower limit. However, the Heidke skill score HS'S for prediction is only 6:560.53. Changing
the ice crystal size has enly-tittle-various impacts. For smaller ice crystal sizes the impact on the results —Neither-a-smaler
initiahtee-erystal size-of »—= 50 nor altarger initialis larger. However, the skill score analysis showed no clear answer about
the best choice of ice crystal sizeof+—=-150-leads-to-major-improvements—. Erroneous detection is often caused by super-

and subsaturated layers identified in the radiosonde data not overlapping with the radar cloud top and base. Also non-relevant,
often thin super- and subsaturated layers cause problems. Here the uncertainties in the relative humidity measurements and the
chosen minimum height limits have to be kept in mind when examining these disagreements. The manual visible inspection

results in 18.4 % non-seeding MLC occurrence.
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Using our ground-based classification leads to a MLC occurrence between 8 - 29 % for Ny-Alesund. If and how much
this number will differ at a more typical high Arctic location, with less cyclonic and orographic influence but rather stable
conditions caused by sea ice, remains an unsolved question. We show that seeding is more frequently possible than non-
seeding and always causes a signal in the radar. Therefore uncertainties remain when distinguishing MLC from single-layer
clouds in radar images. While extensive modelling studies (e.g. Klein et al. (2009) and Ovchinnikov et al. (2014)) have dealt
with single-layer Arctic clouds, we suggest that the more complex microphysics and radiative properties of MLCs and their

changes due to aerosol and climate pertibations-perturbations should be a focus of future research.

Code and data availability. The code for the seeding/non-seeding multilayer cloud detection algorithm was written in Matlab and is available
at https://github.com/maikenv/Classification_algorithm_of multilayer_clouds.git. The radiosonde data is available through Sommer et al.

(2012) and Maturilli (2017). The radar data is part of the (AC)* project and was provided by Kerstin Ebell.
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Appendix A

Table Al. Calculation of capacitance based on Westbrook et al. (2008). The listed ice crystal shapes correspond to the selected particles
hexagonal plates, rimed long columns, crystal with sector-like branches, and assemblages of planar polycrystals respectively (Mitchell, 1996

. 2a refers to the maximum span across the basal/hexagonal face (Westbrook et al., 2008). In the case of the hexagonal plate and the star

crystal this is a = r. In the case of a hexagonal column it is a = 2r /A, with 27 being the maximum dimension.

A el for 7 = 400

[ Only non-seeding subsaturated layer

[ Both seeding and non-seeding subsaturated layer
[1Only seeding subsaturated layers

[EEOnly one single supersaturated layer

7| IMNo supersaturated layer

Relative occurrence in %

Ice crystal shape of r=400 xm

Figure A1. Cloud occurrence derived by using classification step 2 using the four different ice crystal shapes: hexagonal plate, rimed column

sector plate, aggregate. The initial ice crystal size is r = 400 um.

21



Only non-seeding MLCs: 3%
Both seeding and non-seeding MLCs: 2%

No cloud by radiosounding: 21%
Only seeding MLCs: 16%

No cloud: MLC by radiosounding,

but no cloud by radar: 12% Single layer cloud: MLC by radiosounding, but

single layer cloud by radar: 22%
Single layer clouds by radiosounding: 24%

Figure A2. Cloud occurrence derived from using both radiosonde and radar for detection. For the radiosonde data the measurement uncer-
tainty is considered to be -5 % over the whole radiosonde profile. Seeding and non-seeding is calculated using an ice crystal of the size

r = 466400 um. The values are rounded to zero decimal places.

Only non-seeding MLCs: 4%
Both seeding and non-seeding MLCs: 3%

Only seeding MLCs: 14%

No cloud by radiosounding: 6%

No cloud: MLC by radiosounding, but
no cloud by radar: 15%

Single layer clouds by radiosounding: 18%

Single layer cloud: MLC by radiosounding, but
single layer cloud by radar: 40%

Figure A3. Cloud occurrence derived from using both radiosonde and radar for detection. For the radiosonde data the measurement uncer-
tainty is considered to be +5 % over the whole radiosonde profile. Seeding and non-seeding is calculated using an ice crystal of the size

r = 1+66400 um. The values are rounded to zero decimal places.
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