Reviewer 1:

We would like to thank the Reviewer for the comments and suggestions that helped
to improve the quality of our publication. Reviewer comments are given in blue. Our
replies are given in black.

This paper would be much helped by demonstrating a couple of illustrative case
studies that show typical events and that illuminate the main points of the paper.

For instance, | would like to know what the change in microwave brightness
temperature at 31 GHz looks like for a cloud with liquid water path of 10 g m-2, how
such a cloud appears on the w-band radar and whether the lidar is penetrating
through the cloud.

Thank you for this suggestion. We have added Figures 1 and 2 below (Figures 2 and
3 in the revised manuscript). Figure 1 shows a time series taken on 25 July 2014 that
illustrates the change in LWP and the raw measurements of brightness temperature
at 31.4 GHz as observed at relatively low LWP values during a change from cloudy to
cloud-free conditions. The same data is shown in Figure 2 as a scatter plot of LWP
and brightness temperature colour coded according to the maximum in radar
reflectivity of the respective profile. The Figures show that the 31.4 GHz brightness
temperature varies between 15 °C and 16 °C in the absence of cloud. The brightness
temperature varies between 17 °C and 18 °C when the retrieval gives a LWP around
10 gm2 during the time period from 1100 to 1200 UTC. Visibility is very low until 1400
UTC and the Doppler lidar signal appears to be fully attenuated by the cloud. The
cloud produced some precipitation from 1330 UTC and started to disappear around
1400 UTC, when the lidar was able to fully penetrate the cloud.

0.8} Cloud radar relflectivity (dBz) I

' 31.4-GHz Bri htness
temperature {°

184

Visibility (km) LWP (gm?) Height (km) Height (km)
-3
(=]

1

T T —\f
: e (A wwww
301 g -E 03}

L [~
20 5 g 027
1100 1200 1300 1400 1500 1600
Time (UTC)

Figure 1: Time series of cloud radar reflectivity, Doppler lidar backscatter coefficient, LWP, 31.4-GHz brightness
temperature, visibility, and rain rate for the time period from 1100 to 1700 UTC on 25 July 2014.
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Figure 2: Scatter plot of the change in brightness temperature at 31.4 GHz as measured by the MWR with LWP. Colour
coding refers to the maximum in cloud radar reflectivity in dBz for the respective profile. The data cover the time period
from 1100 to 1700 UTC on 25 July 2014 as in Figure 1. White circles refer to cloud-free regions.

The figures have been added to Section 2.2. The following text has been added to
the manuscript:

Liquid clouds are diagnosed from lidar and radar profiles. The microwave radiometer
provides the LWP associated with these clouds. A time series of LWP and the raw
measurements of brightness temperature at 31.4 GHz as observed at relatively low
LWP values during a change from cloudy to cloud-free conditions for a single-layer
cloud is shown in Figure 2. The brightness temperature varies between 17°C and
18°C when the retrieval gives a LWP around 10 gm2 during the time period from
1100 to 1200 UTC on 25 July 2014. Visibility is very low until 1400 UTC and the
Doppler lidar signal appears to be fully attenuated by the cloud. The cloud produced
some precipitation from 1330 UTC and started to disappear around 1400 UTC, when
the lidar was able to fully penetrate the cloud. The same data is shown in Figure 3 as
a scatter plot of LWP and brightness temperature colour coded according to the
maximum in radar reflectivity of the respective profile. The figure shows that the 31.4
GHz brightness temperature is lowest at LWP around 0 gm2, i.e. in the absence of
cloud, supporting the plausibility of the LWP retrieval and the offset correction.

The resolution of the LWP retrieval is about 5 gm-2, but the uncertainty in LWP is still
of the order of 20-30 gm-2 (Turner et al., 2007). The offset correction during cloud-
free periods leads to a bias that is much lower than 20 gm-2 as shown in Figure 2.
The correction is done by using the lidar to diagnose clear sky periods when LWP
should be zero and adjust the coefficients for the microwave radiometer retrieval to
obtain values around zero. Details are provided in (Gaussiat et al., 2007). Values of
LWP below ~25 gm2 in the presence of clouds (as detected from independent
measurements) and a known bias (i.e. from offset correction during clear-sky
periods) must not be tossed as this leads to a bias in the statistics. Those are still
valid values though with an error of £+~25 g m=2,
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Another useful case study would illustrate a cloud system that extends through the
inversion and that is precipitating ice versus liquid.

Examples of two such a cases are shown in Figures 3 and 4 below. The figures have
been added to the supplement with a reference to further case studies after the
discussion of Figure 2.
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Figure 3: Time series of cloud radar reflectivity, Cloudnet target mask, cloud-top temperature, and cloud base and top
height for the time period from 0500 to 1300 UTC on 24 July 2014. Crosses and circles mark the location of the main and
secondary inversion, respectively.
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Figure 4: Time series of cloud radar reflectivity, Cloudnet target mask, cloud-top temperature, and cloud base and top
height for the time period from 1400 to 0000 UTC on 25 August 2014. Crosses and circles mark the location of the main and
secondary inversion, respectively.

Precipitation is not addressed at all yet the boundary layer clouds at issue here must
precipitate quite often.

The reviewer is correct that we have neglected the issue of raining clouds. We have
now looked at the occurrence of precipitation (drizzle, rain, and ice below liquid
clouds) in the Cloudnet target mask to better address the precipitation issue. We
have added two new cloud class called “precipitating liquid clouds” and “precipitating
mixed-phase clouds” to our analysis. The definition of these classes has been added
to the description in Section 2.2. The Figures affected by this change and their
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discussion have been revised accordingly. We find that precipitating clouds are more
abundant during summer. This is now displayed in Figure 5 (former Figure 3). Figure
4 (former Figure 2) shows that precipitating clouds are linked to frontal passages, i.e.
deep cloud systems. We have encountered more of those during summer while
stable boundary layers with shallow stratus clouds, which are typical for observations
in the marginal ice zone, prevailed during autumn. A corresponding statement has
been added to the discussion of Figure 5 (former Figure 3):

“Figure 5 also reveals that precipitating clouds were more abundant during summer
than during winter. This is in line with Figure 4 which shows that precipitating clouds
are linked to frontal passages, i.e. deep cloud systems. More of such deep cloud
systems have been encountered during summer. In contrast, a stable boundary layer
with shallow stratus clouds, which typical occur in the marginal ice zone, prevailed
during autumn.”

We have also separated the presentation of cloud statistics (Figures 4, 7, 8, and 10)
of the original submission into precipitating and non-precipitating clouds. The
discussion has been extended accordingly. The revised figures look like this:
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Figure 5: Profiles of cloud fraction for different cloud types as obtained using Cloudnet for the entire ACSE campaign (left),
summer (middle), and autumn (right). All solid profiles refer to clouds for which the cloud-top height was located below 6
km height. The dashed lines refer to the total cloud fraction with respect to all clouds, i.e. including those with undetected
cloud-top heights.
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Figure 6: Statistical overview of cloud occurrence with respect to (a) top temperature, (b) top height, (c) base height, and
(d) geometrical thickness for the entire ACSE campaign (left column) as well as for summer (middle column) and autumn
(right column). The colours indicate the different cloud types as in Figure 3: all (black), non-precipitating liquid (red),
precipitating liquid (magenta), non-precipitating mixed-phase (dark green), precipitating mixed-phase (light green), and ice
(blue). The numbers in the top panel refer to the number of 30-s profiles considered in the analysis.
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Figure 7: Statistics on the geometrical thickness (a and c) and the frequency distribution of cloud-top-temperature (b and d)
of non-precipitating (a and b) and precipitating liquid clouds (c and d) clouds observed for different PBL structure,
temperature in the free troposphere, and location with respect to the main inversion: non-WAE with coupled PBL (blue),
non-WAE with decoupled PBL (red), and WAE with coupled PBL (green). The different boxes (a and b) and lines in (c and d)
refer to clouds with cloud base above the inversion (above), to clouds with cloud top below the inversion (below) or to
clouds with cloud base below the inversion and cloud top above the inversion (through). Numbers in (a) and (b) refer to the
number of Cloudnet profiles per category. Categories with less than 100 profiles have been omitted; this includes all cases
of decoupled PBL during WAE.
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Figure 8: Same as Figure 7 but for non-precipitating (a and b) and precipitating mixed-phase clouds (c and d).
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Figure 9: Scaled profiles of LWC for non-precipitating (a) and precipitating liquid clouds (b) observed for different PBL
structure, temperature in the free troposphere, and location with respect to the main inversion. Zero and unity of the
scaled altitude refer to cloud base and top, respectively. Categories with less than 100 profiles have not been included.
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Figure 10: Scaled profiles of LWC (a and b) and IWC (c and d) for non-precipitating (a and c) and precipitating mixed-phase
clouds (b and d) observed for different PBL structure, temperature in the free troposphere, and location with respect to the
main inversion. Zero and unity of the scaled altitude refer to cloud base and top, respectively. Categories with less than 100
profiles have not been included.
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Figure 11: Fraction of non-precipitating (solid) and precipitating (dashed) mixed-phase clouds observed during ACSE in
summer (black) and autumn (red) in comparison to the entire ACSE data set (gray) as well as to previous observations of
mid-level clouds at mid-latitude from ground (Bihl et al., 2013) and space (Zhang et al., 2010).

While the occurrence of semi-transparent liquid clouds in the Arctic have been known
for some time, these are normally diagnosed with an infrared spectrometer and
ceilometer. Is there something special about the microwave radiometer used in this
study and the algorithm used in the inversions that allow it to have precision below
the 20 or 30 g m2 that is typical of such instruments? This seems to be the level of
precision cited in the referenced papers. The authors describe an “offset correction”
for the LWP based on clear sky periods. What does this mean and how is determined
and justified?
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Liquid clouds are diagnosed from ceilometer and radar profiles, the microwave
radiometer provides the LWP associated with these clouds. The resolution of the
LWP retrieval is about 5 g m, but the uncertainty in LWP is still of the order of 20-30
g m~2. Values of LWP below ~25 g m? in the presence of clouds (as detected from
independent measurements with e.g. cloud radar, ceilometer, or Doppler lidar) must
not be tossed as this leads to a bias in the statistics. Those are still valid values with
an error of +~25 g m2. The noise level during cloud-free periods is much lower than
20 g m? as shown in Figure 1 above.

The offset correction for LWP during clear-sky periods does not affect the cloud
statistics. The correction is done by using the Doppler lidar or ceilometer to diagnose
clear sky periods when LWP should be zero and adjust the coefficients for the
microwave radiometer retrieval to obtain values around zero. Details are provided in
Gaussiat et al. (2007).

Gaussiat, N., R. J. Hogan, and A. J. lllingworth, 2007: Accurate Liquid Water Path
Retrieval from Low-Cost Microwave Radiometers Using Additional Information from a
Lidar Ceilometer and Operational Forecast Models. J. Atmos. Oceanic Technol., 24,
1562-1575, https://doi.org/10.1175/JTECH2053.1.

A similar approach is also used for the ARM MWWRET retrieval (Turner et al., 2007).

Turner, D. D., S. A. Clough, J. C. Liljegren, E. E. Clothiaux, K. E. Cady-Pereira and
K. L. Gaustad, Retrieving Liquid Water Path and Precipitable Water Vapor From the
Atmospheric Radiation Measurement (ARM) Microwave Radiometers, in IEEE
Transactions on Geoscience and Remote Sensing, vol. 45, no. 11, pp. 3680-3690,
Nov. 2007, https://doi.org/10.1109/TGRS.2007.903703.

This information has been added to the new text in the description of the MWR
retrieval (given above).

The authors use an algorithm to categorize profiles that was published in 2007 as
part of the Cloudnet program. | am sceptical that this algorithm could be used reliably
without modification from one data set to another since such algorithms always rely
on various tunable thresholds to make decisions. | wonder if the authors could
describe the thresholds used by this algorithm to classify profiles between liquid,
mixed, and ice and whether they found it necessary to adjust the thresholds in the
algorithm.

The Cloudnet algorithm was designed to be used across multiple locations without
tunable parameters - i.e. an objective classification - even for sites with different
combinations of instruments. In practice, the only parameter requiring ‘tuning'’ is for
insect discrimination, which, with most cloud radars now capable of providing LDR,
also more objective. Liquid cloud classification uses the ceilometer attenuated
backscatter profile and the cloud base detection is a combination of threshold
(maximum value in the profile) and profile shape. There is no tuning of these
parameters from site to site, and it is the profile shape which is of most importance
when diagnosing liquid layers; sensitivity to the choice of threshold value is quite low.
Ice is classified using the radar reflectivity and fall velocity, so together with the liquid

Page 8 of 20



diagnosis from the ceilometer, one pixel may be classified as liquid, ice, or both. The
algorithm parameters are not varied from site to site.

We have added a statement to the description of the Cloudnet retrieval regarding the
effect of instrumental uncertainties:

The measurement uncertainties of the individual instruments are used to obtain a
data quality flag. This study only considers profiles that are flagged as reliable and
show a standard deviation of the LWP smaller than 120 gm2.

We have also revised the description of our definition of the different cloud phases for
more clarity. The text now states:

A cloud is defined as liquid if its profile contains only height bins that are classified
as Cloud droplets only or Drizzle/rain & cloud droplets. A cloud for which all height
bins are classified as Ice only is defined as ice cloud. A cloud layer is defined as
mixed-phase, if it contains any possible combination of Ice only, Cloud droplets only,
Melting ice, Melting ice & cloud droplets, and Ice & super-cooled droplets. Finally,
layers of Cloud droplets only with precipitating ice below cloud base and mixed-
phase clouds with Drizzle or rain below cloud base are defined as precipitating mixed
phase. Liquid clouds with liquid precipitation are defined as precipitating liquid.
Profiles of cloud fraction per volume (Brooks et al., 2005) have been obtained using
time-height sections of 30 min by 90 m height (3 height bins). When comparing our
findings to results from previous studies that use the cloud classification of Shupe
(2007), we sort all layers of Cloud droplets only with precipitating ice below cloud
base into the mixed-phase category to be in line with the earlier work.”

The Hogan et al (2006) IWC algorithm uses airborne data collected over the UK in
mostly frontal clouds as | recall using a Mass-Size relationship developed by Brown
and Francis in such clouds. Is there a reason to suspect that the ice precipitation
produced in the Arctic boundary layer is similar to frontal ice precipitation over the UK
so that the same regression algorithm could be used here?

It is true that the Hogan et al (2006) IWC-Z-T algorithm is based on aircraft
observations in mid-latitude ice clouds, however, the algorithm compares well with
other algorithm-intercomparisons for Cloudsat observations spanning the whole
globe (Stein et al., 2011)

Stein, T. H. M., J. Delanoég, and R. J. Hogan, 2011: A Comparison among Four
Different Retrieval Methods for Ice-Cloud Properties Using Data from CloudSat,
CALIPSO, and MODIS. J. Appl. Meteor. Climatol., 50, 1952-1969,
https://doi.org/10.1175/2011JAMC2646.1.

Perhaps | missed it but how often were radiosondes launched during this voyage?

Radiosondes were launched in 6-h intervals. This has now been clarified in various
locations in the text. The exact launch times were given in Section 2.2.

A binary classification of warm air advection based on the temperature at 1 km
seems problematic to me. Warm air advection implies large scale transport with the
wind perpendicular to a thermal gradient. True warm air advection would have real
implications for clouds because it is typically accompanied by deep large-scale
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ascent, etc. Perhaps the authors could show statistics of the strength of the advection
in units of temperature per unit time and how the cloud distributions respond to this?

The Referee is correct that our reference to advection is not ideal. We have changed
the description to clarify that we are referring to situations during which warm air was
present in the free troposphere (warm air events, WAE) and during which it was not
(non-warm air events, non-WAE) following the criterion provided in the text. We have
dropped the term warm-air advection and the reference to the large-scale circulation
from the discussion. The text, the figures, and the discussion have been revised
accordingly.

“We further separate between conditions during which warm air was present in the
free troposphere (warm air events, WAE) and during which it was not (non-warm air
events, non-WAE). WAE were identified from the ACSE soundings as when the
temperature at 1.0 km height exceeded a threshold of 5 C, empirically derived from
Figure 2a of Sotiropoulou et el. (2016). These events were particularly pronounced
during the ACSE summer observations and are likely the result of warm-air advection
from lower latitudes (Tjernstréom et al., 2015; 2019).”

The vertical structure of mixed phase clouds is important. In these Arctic clouds
typically ice precipitation sediments from a thin liquid water layer. Is that what is seen
here? Is the radar able to detect the water layers? If so, how often? Is the MWR
capable of retrieving the water path from such layers? If so, what is the typical
increase in microwave brightness temperature? A case study would be interesting
and useful to establish confidence in the analysis methodology.

The occurrence of liquid-water clouds that precipitate ice is shown in the Cloudnet
target mask in Figure 4 (former Figure 2). Cloudnet can identify such cases and they
are classified as mixed-phased cloud in our study. We show in new Figure 12 (Figure
10 above) that LWP and IWP are retrieved for these clouds.

There is no mention of drizzle, light rain or snow. I'm not sure how a study of clouds
in the Arctic could be complete without considering the properties of the precipitation
that certainly occurs much of the time.

Please see our reply to the earlier comment on rain above. We had no precipitation
sensor that would allow us to separate between rain and snow. We have now added
two new cloud class called “precipitating liquid clouds” and “precipitating mixed-
phase clouds” to our analysis. The definition of these classes has been added to the
description in Section 2.2. The Figures affected by this change and their discussion
have been revised accordingly.
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Reviewer 2:

There were no in-situ observations of these clouds, and so further discussion of
measurement uncertainties or else comparison to in-situ aircraft observations of
similar clouds in the Arctic or mid latitudes would be welcome.

We have thought about a comparison to in-situ measurements from the literature but
found it hard to come up with a meaningful way of doing so. This is related to the
location and time of the measurements as well as the differences in sampling
techniques. Most importantly, however, it is impossible to ensure that clouds probed
during in-situ observations are in any way comparable to the clouds we probed
during our observations. We therefore limit the comparison to satellite observations,
for which comparable measurement techniques and data analysis methodologies are
used. Nevertheless, we have produced a comparison to the in-situ profiles of cloud
temperature, LWC, and IWC for single-layer mixed-phase clouds presented in
Mioche et al. (2017). We find similar shapes of the LWC and IWC profiles compared
to their findings, which are based on in-situ aircraft observations. A corresponding
Figure S3 has been added to the Supplementary Material will a reference in the text
during the discussion of the LWC and IWC profiles.

Mioche, G., Jourdan, O., Delanog, J., Gourbeyre, C., Febvre, G., Dupuy, R., Monier,
M., Szczap, F., Schwarzenboeck, A., and Gayet, J.-F.: Vertical distribution of
microphysical properties of Arctic springtime low-level mixed-phase clouds over the
Greenland and Norwegian seas, Atmos. Chem. Phys., 17, 12845-12869,
https://doi.org/10.5194/acp-17-12845-2017, 2017.

1.0

0.8

e
o

Scaled Altitude
o
=

0.2 solid: summer |

dashed: autumn -
& cold: -22°C < T <-15°C
# warm: -15°C < Tmp < -8°C 1
0% PR R S TR R SR W AN SR SR SO S T SR TR S T o b by
-20 -15 -10 0.00 0.05 0.10 0.00 0.01 0.02
Temperature (°C) Liquid Water Content (g/m?®) Ice Water Content (g/m?)

Figure S3: Scaled in-cloud profiles of temperature, LWC, and IWC during summer (solid lines) and autumn (dashed lines) for
single-layer mixed phase clouds sorted into the warm and cold categories analogous to Mioche et al. (2017).

The authors also might consider adding more speculations about the physical
mechanisms behind the observations. For instance, why are the clouds mixed-phase
at such warm temperatures (Fig. 10)? More physical explanation might help better tie
together the observations into a more coherent understanding.
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The clouds with warm cloud-top temperatures are those that extend through the
inversion into the free troposphere during conditions in which we observed warmer
air aloft. We now separate between precipitating and non-precipitating clouds in
Figure 14 (old Figure 10) and find that the mixed-phase clouds with the warmest
cloud-top temperatures are also precipitating clouds and that they are already fully
glaciated at a top-temperature of -10°C.

We have added a case study to the supplementary material that illustrates the
occurrence of clouds that extend through the inversion. We have also added
Supplementary Material that presents two detailed examples of the connections
between cloud extent, inversion height, and cloud-top temperature.

Specific comments:

Lines 116—118: “Liquid water content (LWC) is calculated from microwave radiometer
derived LWP (with an offset correction based on clear-sky periods) and liquid layer
cloud boundaries by distributing the liquid using the scaled-linear adiabatic
assumption, i.e. LWC increasing linearly with height from zero at cloud base.” So
LWC is assumed to increase linearly with height, but then in Fig. 8, the LWC is
plotted and the authors conclude “Liquid clouds show maximum LWC between 0.03
and 2.00 gm-3 within the upper quarter of the cloud”. Is this a conclusion about
nature or merely an artefact of the authors’ assumption of linearly increasing LWC
with height?

The Referee is raising an important issue. Our profiles of LWC presented in Figures
11, 12, and S3 show the same shape as found in the in-situ measurements
presented in Figure 4c of Mioche et al. (2017). We therefore believe that this
observation is no artefact. A corresponding statement has been added to the text.

Lines 143—146: “We further separate the large-scale circulation between warm-air
advection events (WAA, Tjernstrom et al. (2015) and conditions during which no
warme-air advection took place (non-WAA). WAA was identified from the ACSE
soundings as when the temperature at 1.0 km height exceeded a threshold of 5 C,
empirically derived from Figure 2a of Sotiropoulou et al.(2016).” Is this simple
temperature criterion sufficient to accurately diagnose warm-air advection? Can it be
corroborated by, e.g., wind observations showing wind from southern, warmer
regions?

The Referee is correct that our reference to advection is not ideal. We have therefore
changed the description to clarify that we are referring to situations during which
warm air was present in the free troposphere (warm air events, WAE) and during
which it was not (non-warm air events, non-WAE) following the criterion provided in
the text. We have dropped the term warm-air advection and the reference to the
large-scale circulation from the discussion. The text, the figures, and the discussion
have been revised accordingly.

“We further separate between conditions during which warm air was present in the
free troposphere (warm air events, WAE) and during which it was not (non-warm air
events, non-WAE). WAE were identified from the ACSE soundings as when the
temperature at 1.0 km height exceeded a threshold of 5 C, empirically derived from
Figure 2a of Sotiropoulou et el. (2016). These events were particularly pronounced
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during the ACSE summer observations and are likely the result of warm-air advection
from lower latitudes (Tjernstréom et al., 2015; 2019).”

Lines 247-248: “Figure 8 provides a profile view of the LWC and the IWC of the
clouds considered in Figure 7. The scaled altitude ranges from the base of the clouds
(zero) to the cloud top (unity).” In this figure, is the cloud base defined as liquid cloud
base, ice cloud base, or the lower of the two? In the leftmost (liquid) panel, some
clouds exhibit non-zero liquid at cloud base, which seems contradictory. Shouldn’t
cloud base in a liquid-only cloud be defined as the altitude at which liquid goes to
zero? If so, how can the liquid remain non-zero at cloud base? In the middle and
right-hand (mixed-phase) panels, all but two of the cloud layers have liquid extending
all the way to cloud base, and ice approaching zero at cloud base. Why weren'’t there
more clouds with ice falling out of liquid cloud base? Is this an observational artefact?

The cloud base refers to the liquid cloud base. LWC larger than zero at cloud base
can occur when the transition between cloud and cloud-free does not align with the
coarse binning of the remote-sensing instruments.

Line 329-330: “While they find that about 50% of all clouds are mixed-phase at a
temperature of about -10 C, the ACSE observations reveal that in the Arctic a mixed-
phase cloud fraction of 50% is reached already at -2 C.” Can the authors speculate
about why this difference is observed in these datasets for Arctic and mid-latitude
clouds? E.g., do more of the Arctic clouds have cold regions above that nucleate ice,
which then sediments down to warmer temperatures (e.g., Fleishauer et al. 2002)?

The most likely reason is the occurrence of ice-crystal seeding from above and
secondary ice formation in the clouds. The following text has been added to the
description of Figure 14 (former Figure 10):

Because Arctic clouds often occur in the form of multi-layered clouds, it is most likely
that ice-crystal seeding from upper-level clouds into lower-level clouds leads to the
high mixed-phase cloud fraction at relatively high temperatures (Vassel et al., 2019).

Lines 350-351: “The ACSE data set reveals a strong reduction in the occurrence rate
of liquid clouds and an increase for both mixed-phase clouds and ice clouds at low
levels during autumn compared to summer.” To me, a striking difference between
summer and autumn is that there is more drizzle/rain during summer (see Fig. 2). |
encourage the authors to comment on this if they have a hypothesis why this is
observed.

The Referee is correct. We have added precipitating clouds to the analysis and find
that they are more abundant during summer. This is now displayed in Figure 5
(former Figure 3). Figure 4 (former Figure 2) shows that precipitating clouds are
linked to frontal passages, i.e. deep cloud systems. We have encountered more of
those during summer while stable boundary layers with shallow stratus clouds, which
are typical for observations in the marginal ice zone, prevailed during autumn. A
corresponding statement has been added to the discussion of Figure 5 (former
Figure 3):

“Figure 5 also reveals that precipitating clouds were more abundant during summer
than during winter. This is in line with Figure 4 which shows that precipitating clouds
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are linked to frontal passages, i.e. deep cloud systems. More of such deep cloud
systems have been encountered during summer. In contrast, a stable boundary layer
with shallow stratus clouds, which typical occur in the marginal ice zone, prevailed
during autumn.”

We have also separated the presentation of cloud statistics (Figures 4, 7, 8, and 10)
of the original submission into precipitating and non-precipitating clouds. The
discussion has been extended accordingly. The revised figures are shown in the
reply to Referee 1.

Fig. 1: Is it possible to display more clearly the area covered by sea ice using, e.g.,
light-blue shading?

We did not change the figure. Sea-ice extend is shown for two time periods. Showing
those as areas would distract too much from other information.

Fig. 2: The red-green-blue (liquid-mixed-ice) colour convention of Figures 3 and 4 is
not followed in Fig. 2, which uses yellow to denote ice, e.g.. Would it be clearer to
make the colour convention of Fig. 2 match that of Figures 3 and 4?

The reviewer is correct. Ice is shown in yellow in the Cloudnet cloud mask. However,
the use of yellow in the other plots would not be practical as those lines would be
very hard to see.

Fig. 2 seems to suggest that ice clouds are geometrically thicker than mixed-phase
clouds, whereas Fig. 4 seems to suggest that it’s the other way around. Which is it?
Are these two figures consistent with each other?

Thank you for this comment. The two figures are indeed consistent. We would like to
point out that any yellow lines in Figure 2 that are broken by a green region
(supercooled droplets) are considered as mixed-phase in line with our definition
provided in the description of the Cloudnet retrieval in Section 2.2. Nevertheless, we
have revised the description of our cloud-phase definition in Section 2.2 to:

“A cloud is defined as liquid if its profile contains only height bins that are classified
as Cloud droplets only or Drizzle/rain & cloud droplets. A cloud for which all height
bins are classified as Ice only is defined as ice cloud. A cloud layer is defined as
mixed-phase, if it contains any possible combination of Ice only, Cloud droplets only,
Melting ice, Melting ice & cloud droplets, and Ice & super-cooled droplets. Finally,
layers of Cloud droplets only with precipitating ice below cloud base and mixed-
phase clouds with Drizzle or rain below cloud base are defined as precipitating mixed
phase. Liquid clouds with liquid precipitation are defined as precipitating liquid.
Profiles of cloud fraction per volume (Brooks et al., 2005) have been obtained using
time-height sections of 30 min by 90 m height (3 height bins). When comparing our
findings to results from previous studies that use the cloud classification of Shupe
(2007), we sort all layers of Cloud droplets only with precipitating ice below cloud
base into the mixed-phase category to be in line with the earlier work.”

Reference:
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Fleishauer, R. P., Larson, V. E., & Vonder Haar, T. H. (2002). Observed
microphysical structure of midlevel, mixed-phase clouds. Journal of the atmospheric
sciences, 59(11), 1779-1804.
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Reviewer 3:
My main comments are below:

- My first main remark is that the authors could greatly enhance the discussion of the
results by including the environmental conditions when comparing the cloud
properties (and not limit only to the comparison between summer and autumn).
Indeed, | think the paper would be greatly improved by a section presenting the
meteorological conditions during ACSE. Not a detailed characterization of course, but
at least some statistics about environmental parameters (temperature, humidity,
winds, air mass origins) in order to identify the main regimes encountered during the
experiment. In this new section, you may include for example the description of the
WAA events.

We agree with the reviewer that a brief discussion of the meteorological conditions is
useful for the paper. Instead of adding new plots, however, we are referring to earlier
publications where environmental parameters are discussed in more detail. We have
added the following text to Section 2.1:

“In contrast to the majority of shipborne cloud observations in the Arctic, ACSE
measurements were performed when the ship was moving. Hence, the
measurements were taken over open water as well as partial or complete sea ice
cover, and the ice appeared with and without melt ponds and snow cover. The
moving platform complicates a statistical analysis of the meteorological situation and
we provide only a basic overview here. Meteorological instruments and the measured
conditions are presented in more detail in Sotiropoulou et al. (2016) and Sedlar et al.
(2020). The impact of meridional heat transport on the surface energy budget during
ACSE is described in Tjernstrom et al. (2015, 2019).

Sotiropoulou et al. (2016) used the lower atmospheric thermal structure as inferred
from 6-hourly soundings to separate the ACSE period into two seasons (see their
Figure 2). Before 1200 UTC on 27 August 2014, relatively high temperatures
prevailed in the lower troposphere up to 5 km height, with occasional cooler periods.
Several strong warm-air advection events occurred during this first half of the
experiment, which Sotiropoulou et al. (2016) refer to as the summer melt season, the
strongest is described in Tjernstrom et al. (2015). After 27 August 2014 the
lowermost kilometres of the atmosphere changed substantially with a decreased
temperature, with only a few occasional warmer events, considered to represent
autumn freeze-up (about 42% of the ACSE time period). Figure 2b in Sotiropoulou et
al. (2016) shows the temperature at the main inversion, i.e. the strongest inversion in
the radiosonde profiles used as a proxy for the top of the boundary layer. This is
mostly positive for the summer period and generally negative during the autumn
period.

Figure 2 in Sedlar et al. (2020) present time series of select near-surface
meteorological parameters, indicating a number of synoptic weather events that were
encountered along the ACSE track. These events occurred more often in the second
half of the experiment, though with a shorter duration. Surface pressure minima first
dropped below 1,000 hPa on 27 August, the same date that Sotiropoulou et al.
(2016) defined as the seasonal transition from summer to autumn. Near-surface wind
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speed also peaks more often and slightly higher after this date, compared to earlier.
The transition is also visible in near-surface temperature, which remained at or above
freezing level before 27 August then fell down to, or below, the freezing point.

Figure 2 shows that fog occurred much more frequently during the summer melt
season compared to the autumn freeze-up. The difference in cloud occurrence and
properties between the two seasons is discussed in detail later in this paper.

- Moreover, since all the results are based on remote sensing measurements, | think
the authors could develop the uncertainties and limitations of such instrumentation in
more details.

Thank you for this comment. The following text has been added to the description of
the Cloudnet retrieval to resolve the issue:

The measurement uncertainties of the individual instruments are used to obtain a
data quality flag. This study only considers profiles that are flagged as reliable and
show a standard deviation of the LWP smaller than 120 gm-2.

- You compare your results with satellite observations, but not to in situ
measurements. | would suggest to do it, keeping in mind that in situ measurements
remain very localized in time and space.

We have thought about a comparison to in-situ measurements from the literature but
found it hard to come up with a meaningful way of doing so. This is related to the
location and time of the measurements as well as the differences in sampling
techniques. Most importantly, however, it is impossible to ensure that clouds probed
during in-situ observations are in any way comparable to the clouds we probed
during our observations. We therefore limit the comparison to satellite observations,
for which comparable measurement techniques and data analysis methodologies are
used. Nevertheless, we have produced a comparison to the in-situ profiles of cloud
temperature, LWC, and IWC for single-layer mixed-phase clouds presented in
Mioche et al. (2017). We find similar shapes of the LWC and IWC profiles compared
to their findings, which are based on in-situ aircraft observations. A corresponding
Figure S3 has been added to the Supplementary Material will a reference in the text
during the discussion of the LWC and IWC profiles.

Mioche, G., Jourdan, O., Delanog, J., Gourbeyre, C., Febvre, G., Dupuy, R., Monier,
M., Szczap, F., Schwarzenboeck, A., and Gayet, J.-F.: Vertical distribution of
microphysical properties of Arctic springtime low-level mixed-phase clouds over the
Greenland and Norwegian seas, Atmos. Chem. Phys., 17, 12845-12869,
https://doi.org/10.5194/acp-17-12845-2017, 2017.

Page 17 of 20



1.0

0.8

e
o

Scaled Altitude
[=—]
=

0.2 solid: summer |

dashed: autumn -
- & cold:-22°C <T, <-15°C -
# warm: -15°C < Ttop < -8°C A
0% MR R S TR R S TR NN S SR SO SO AT S N U1 1 TR S SRR A N R R
-20 -15 -10 0.00 0.05 0.10 0.00 0.01 0.02
Temperature (°C) Liquid Water Content (g/m®) Ice Water Content (g/m?)

Figure S3: Scaled in-cloud profiles of temperature, LWC, and IWC during summer (solid lines) and autumn (dashed lines) for
single-layer mixed phase clouds sorted into the warm and cold categories analogous to Mioche et al. (2017).

- Line 96: Please, could you explain how is used the training dataset in the
radiometer retrieval algorithm and why you could not use the radiosondes from
ACSE? Moreover, in this section 2.2, you mention the radiosondes and the vertical
profiles of temperature and humidity made during ACSE. | suggest the authors to
show some statistics/figures about these data to present the context of your results
(you may include them in the “meteorological conditions”, cf. previous comment).

We have compiled a training data set that can considered as climatologically
meaningful in relation to the ACSE observations. ACSE radiosondes have been
included in this training data set. In general, the result of the training improves with
the size of the training data set. We have added a statement to clarify that ACSE
radiosonde observations are included in the training data set.

- The presented statistics are made for each identified cloud layer. Since you analyse
up to three by profiles (cf. line 166), | think it could be interesting to calculate the ratio
of single layer cloud vs multilayer cloud (with keeping in mind this maximum limit of 3
layers).

We only use the remote-sensing observations and the Cloudnet target classification
to identify cloud layers. This gives us apparent cloud layers and apparent multi-layer
clouds for which features have to be clearly separated in a profile. During summer,
we find occurrence rates of 19.6% cloud-free conditions, 39.1% single-layer clouds,
and 41.3% multi-layer clouds. During autumn, these numbers change to 4.6%,
47.6%, and 47.8%. This means that apparent single-layer clouds and multi-layer
clouds occur at about the same rate during both seasons.

- In lines 122 to 131 you present the target classification. The readability would be
enhanced with a schemed summarizing this classification.
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Cloudnet is an established retrieval methodology. The Cloudnet target classification
is discussed in detail in lllingworth et al. (2007). The targets of relevance for this
study are mentioned in the text and the full time series if the target mask is shown in
Figure 2 (now Figure 4). We belief that providing the reference for further reading is
sufficient for readers that would like to know specific details of the Cloudnet
algorithm.

- Was there an instrument on board to measure the precipitation? It could be of great
interest to identify the precipitating clouds from the non-precipitating. Precipitation is
closely linked to cloud properties and is a key factor but still difficult to assess. Also, it
would help the discussion, for example in lines 373-374 on the IWC profiles.

The reviewer is correct that we have neglected the issue of raining clouds. This is
because we found assessing the occurrence of rain during ACSE is not
straightforward. The rain sensor on the ship could not be the first choice for such an
investigation as its measurements were strongly affected by persistent fog as well as
sea spray produced by the icebreaker itself. We have looked at the occurrence of
precipitation (drizzle, rain, and ice below liquid clouds) in the Cloudnet target mask to
better address the precipitation issue. We have now added two new cloud class
called “precipitating liquid clouds” and “precipitating mixed-phase clouds” to our
analysis. The definition of these classes has been added to the description in Section
2.2. The Figures affected by this change and their discussion have been revised
accordingly. We find that precipitating clouds are more abundant during summer.
This is now displayed in Figure 5 (former Figure 3). Figure 4 (former Figure 2) shows
that precipitating clouds are linked to frontal passages, i.e. deep cloud systems. We
have encountered more of those during summer while stable boundary layers with
shallow stratus clouds, which are typical for observations in the marginal ice zone,
prevailed during autumn. A corresponding statement has been added to the
discussion of Figure 5 (former Figure 3):

“Figure 5 also reveals that precipitating clouds were more abundant during summer
than during winter. This is in line with Figure 4 which shows that precipitating clouds
are linked to frontal passages, i.e. deep cloud systems. More of such deep cloud
systems have been encountered during summer. In contrast, a stable boundary layer
with shallow stratus clouds, which typical occur in the marginal ice zone, prevailed
during autumn.”

We have also separated the presentation of cloud statistics (Figures 4, 7, 8, and 10)
of the original submission into precipitating and non-precipitating clouds. The
discussion has been extended accordingly. The revised figures are shown in the
reply to Referee 1.

Technical corrections:

- Do all the instruments work well all along the 3 months? You should mention it and
if there is some missing data.

Periods of instrument downtime for which no Cloudnet retrieval could be performed
are marked as hatched areas in Figure 2 (now Figure 4) as stated in the figure
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caption: “Hatched areas separate periods of no data from the white background of
Clear sky.”

- Line 91: typo : “and was”
changed
- Line 175: typo: “summer and winter”

The statement was changed to: “...depths of 750 m in summer and 940 m in winter,
with a similar mean value...”

- Line 254: error on unities in “0.25 to 0.75 g.m-3 ”. You mean 0.025 to 0.075?
Indeed, changed.
- Lie 331: Quote the previous studies please.

These studies are discussed in this paragraph. For clarity, the beginning of the
second sentence was changed to: “The available data sets discussed below are...”

- Line 386: error in unity: “1009.m-3 "

This is no error. We are referring to the most extreme values in the data set.
Here are some typos in the reference list:

All typos have been revised

- Line 40: Karlsson and Svensson instead of Karlsson?

- Line 100: Crewell and Lohnert instead of Crewell et al?
- Line 284: is it Shupe et al (2006) or Shupe (2007) ?

It's Shupe (2007), as stated.

- Line 497: Shupe (2011a) not present in the text.

- Line 499: 2011b at the end of citation

-Line 518: 2014 at

This reference was changed to:

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp.
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Abstract. This study presents Cloudnet retrievals of Arctic clouds from measurements conducted during a three-month re-
search expedition along the Siberian shelf during summer and autumn 2014. During autumn, we find a strong reduction in the
occurrence of liquid clouds and an increase for both mixed-phase and ice clouds at low levels compared to summer. About
80% of all liquid clouds observed during the research cruise show a liquid water path below the infra-red black body limit of
approximately 50 gm~2. The majority of mixed-phase and ice clouds had an ice water path below 20 gm~2.

Cloud properties are analysed with respect to cloud-top temperature and boundary layer structure. Changes in these param-
eters have little effect on the geometric thickness of liquid clouds while mixed-phase clouds during warm-air advection events
are generally thinner than when such events were absent. Cloud-top temperatures are very similar for all mixed-phase clouds.
However, more cases of lower cloud-top temperature were observed in the absence of warm-air advection.

Profiles of liquid and ice water content are normalised with respect to cloud base and height. For liquid water clouds, the
liquid water content profile reveals a strong increase with height with a maximum within the upper quarter of the clouds
followed by a sharp decrease towards cloud top. Liquid water content is lowest for clouds observed below an inversion during
warm-air advection events. Most mixed-phase clouds show a liquid water content profile with a very similar shape to that of
liquid clouds but with lower maximum values during warm-air-adveetionevents with warm air above the planetary boundary
layer. The normalised ice water content profiles in mixed-phase clouds look different from that of liquid water content. They
show a wider range in maximum values with lowest ice water content for clouds below an inversion and highest values for
clouds above or extending through an inversion. The ice water content profile generally peaks at a height below the peak in
the liquid water content profile — usually in the centre of the cloud, sometimes closer to cloud base, likely due to particle

sublimation as the crystals fall through the cloud.
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1 Introduction

Over the past 30 years the rate of Arctic warming has been consistently larger than the global average, by a factor of 2-3 (2}
(IPCC, 2013). This has led to a decrease in sea-ice cover and new record minima in the late summer sea-ice extent in the Arctic
occurred in 2007 and 2012. The warming of the Arctic prolongs the sea-ice melt season (Markus et al., 2009), which specifically
reduces the cover of perennial sea ice (Maslanik et al., 2011). There is not yet a consensus regarding which mechanisms
dominate the rapid warming in the Arctic. Although climate models agree on an enhanced Arctic warming, sometimes referred
to as the Arctic amplification (Polyakov et al., 2002; Serreze and Francis, 2006; Serreze and Barry, 2011), they largely fail to
predict the accelerated retreat of Arctic sea ice (Stroeve et al., 2012). This is at least partly caused by an inadequate description
of the processes that control the coupled oceanic-atmospheric energy balance and the feedback mechanisms between sea-ice
cover and other components of the Arctic climate system (Liu et al., 2012a), particularly clouds.

Arctic low- and mid-level clouds can differ significantly from their counterparts at lower latitudes. They are generally long-
lived and of mixed-phase nature (Shupe, 2011) whose macrophysical (base and top altitudes, horizontal extent), microphysical
properties (e.g., cloud droplet and ice crystal number concentrations, liquid water path (LWP), ice water path (IWP), and
liquid-ice partitioning) and radiative effects are influenced by the low aerosol particle — cloud condensation nuclei (CCN) and
ice nucleating particle (INP)— number concentrations during summer (Mauritsen et al., 2011; Birch et al., 2012; Tjernstrom et
al., 2014; Hines and Bromwich, 2017). The aerosol particle size distribution can affect the distributions of, and the feedback
between, liquid water and ice particles in the clouds, and thus impact the radiative properties of the clouds (Solomon et
al., 2009). In addition, temperature and moisture inversions influence entrainment at cloud top with consequences for cloud
development (Sedlar and Tjernstrom, 2009; Sedlar et al., 2012; Solomon et al., 2011).

The impact of Arctic clouds on solar and terrestrial radiation is not well quantified, and hence the accurate description
of the atmospheric and surface energy budgets remains one of the core problems in Arctic climate modelling (Karlsson and
Svensson, 2011; Boeke and Taylor, 2016). Low-level liquid-water and mixed-phased clouds are of particular importance,
typically evolving through cloud-top radiative cooling and consequent turbulent mixing and entrainment of warm and humid
air. They form in statically stable atmospheric conditions, and persist for extended periods of time. Steele et al. (2010) show
that about 60% of the energy that is consumed by the melting sea ice during the melting season is provided by radiative
energy or sensible heat fluxes directly from the atmosphere to the surface, both strongly modified by clouds. Hence, even
small errors in parameters affecting the downward radiative fluxes absorbed and emitted by clouds, such as cloud cover,
microphysical, macrophysical and optical properties (Tjernstrom et al., 2008; Walsh et al., 2009; Birch et al., 2009, 2012;
Hines and Bromwich, 2017), may have far-reaching consequences on the surface energy budget in the Arctic (Sedlar et al.,
2011; Bennartz et al., 2013; Ebell et al., 2020), and consequently on ice melt (Tjernstrom, 2005).

Of particular importance is the thermodynamic phase of the clouds in the Arctic as it significantly affects their radiative effect

(Shupe and Intrieri, 2004; Choi et al., 2014; Komurcu et al., 2014; Tan et al., 2016). For instance, the widespread occurrence of
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warm liquid-water clouds, i.e. clouds with top temperature above 0°C, as identified in remote-sensing observations collected
during the Arctic Clouds in Summer Experiment (ACSE) has been associated with observations of rapid decrease in sea-ice
cover (Tjernstrom et al., 2015). A complicating factor is that the properties and behaviour of Arctic boundary-layer clouds may
differ with region. For example, a statistical analysis of radiative properties of the clouds observed during ACSE showed that
knowledge derived from measurements across the pan-Arctic area and on the central ice-pack does not necessarily apply closer
to the ice-edge (Sotiropoulou et al., 2016). In addition, cloudiness and its effect on the energy balance at the surface strongly
depends on the change in specific humidity within surface inversions (Tjernstrom et al., 2019).

This paper continues the investigation of the clouds observed during the ACSE expedition, focussing on their properties as
derived from synergetic remote-sensing measurements. Such information is needed to improve the understanding necessary to

improve representation of Arctic clouds in global numerical weather prediction and climate models.

2 Measurements and methods
2.1 The field campaign

ACSE was part of the Swedish-Russian-US Arctic Ocean Investigation of Climate-Cryosphere-Carbon Interactions (SWERUS-
C3) project. Measurements were made during a 3-month research cruise on the icebreaker Oden, from 3 July to 5 October 2014.
The expedition started from Tromsg, Norway, and followed the Siberian Shelf, crossing the Kara, Laptev, East Siberian, and
Chukchi Seas to arrive off Barrow, Alaska, on 19 August. Following a change of crew and science teams, Oden returned to
Tromsgon a route somewhat to the north of the outbound leg. The cruise track is shown in Figure 1 together with the tracks
of research cruises undertaken in two previous projects: the Surface Heat Budget of the Arctic Ocean (SHEBA, Uttal et al.
(2002)) and Arctic Summer Cloud Ocean Study (ASCOS, Tjernstrom et al. (2014)) experiments. One of the primary aims of
ACSE was to investigate the effect of different surface conditions (i.e., open water, marginal ice zones, and sea ice) on the
macrophysical and microphysical properties of Arctic low- and mid-level clouds through the late summer melt season into the

early autumn freeze up.

In contrast to the majority of shipborne cloud observations in the Arctic, ACSE measurements were performed when the
ship was moving. Hence, the measurements were taken over open water as well as partial or complete sea ice cover, and
the ice appeared with and without melt ponds and snow cover. The moving platform complicates a statistical analysis of the
meteorological situation and we provide only a basic overview here. Meteorological instruments and the measured conditions
are presented in more detail in Sotiropoulou et al. (2016) and Sedlar et al. (2020). The impact of meridional heat transport on
the surface energy budget during ACSE is described in Tjernstrom et al. (2015, 2019).

Sotiropoulou et al. (2016) used the lower atmospheric thermal structure as inferred from 6-hourly soundings to separate the
ACSE period into two seasons (see their Figure 2). Before 1200 UTC on 27 August 2014, relatively high temperatures prevailed
in the lower troposphere up to 5 km height, with occasional cooler periods. Several strong warm-air advection events occurred
during this first half of the experiment, which Sotiropoulou et al. (2016) refer to as the summer melt season. The strongest
occurred in the beginning of August 2014 and is described in Tjernstrom et al. (2015). After 27 August 2014 the lowermost
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kilometres of the atmosphere changed substantially with a decreased temperature, with only a few occasional warmer events,
considered to represent autumn freeze-up (about 42% of the ACSE time period). Figure 2b in Sotiropoulou et al. (2016) shows
the temperature at the main inversion, i.. the strongest inversion in the radiosonde profiles used as a proxy for the top of the
boundary layer. This is mostly positive for the summer period and generally negative during the autumn period.

Figure 2 in Sedlar et al. (2020) present time series of select near-surface meteorological parameters, indicating a number of
synoptic weather events that were encountered along the ACSE track. These events occurred more often in the second half
of the experiment, though with a shorter duration, Surface pressure minima first dropped below 1,000 hPa on 27 August, the
same date that Sotiropoulou et al. (2016) defined as the seasonal transition from summer to autumn, Near-surface wind speed
also peaks more often and slightly higher after this date, compared to earlier. The transition is also visible in near-surface
temperature, which remained at or above freezing level before 27 August then fell down to, or below, the freezing point, Figure
2 shows that fog occurred much more frequently during the summer melt season compared to the autumn freeze-up. The
difference in cloud occurrence and properties between the two seasons is discussed in detail later in this paper.

2.2 Instrumentation and data processing

The suite of remote-sensing instruments employed in this study comprise a W-band Doppler cloud radar (National Oceanic and
Atmospheric Administration, Boulder, USA), a motion-corrected Doppler wind lidar (HALO Photonics, Achtert et al. (2015)),
a laser ceilometer (Vaisala CL31), and a scanning microwave radiometer (Radiometer Physics HATPRO). The W-band cloud
radar is a motion-stabilised system developed specifically for shipborne deployments (Moran et al., 2012) operating at 94 GHz
and measuring the Doppler spectrum from which the first three moments (reflectivity, Doppler velocity, Doppler spectrum
width) are calculated. It is a pulsed system and provides vertical profiles with 31.22 m vertical resolution and 0.5 s temporal
resolution. During ACSE, the lowest and highest range gates were set to 80 m and 5980 m, respectively.

The Doppler lidar is a pulsed heterodyne system operating at a wavelength of 1.5 ym and a pulse repetition frequency of
15 kHz. Range resolution was set at 18 m and 30 000 pulses accumulated to achieve a temporal resolution of 2 s. The scan
schedule comprised a fixed schedule for the entire voyage of a continuous vertical stare mode interspersed with a five-beam
wind scan every 10 minutes at an elevation angle of 70 degrees from horizontal. A full description of the system parameters
and scan schedule is given in Achtert et al. (2015). The Doppler lidar signal was corrected following Manninen et al. (2016).
This new background correction, developed for measurements in low-aerosol conditions, improves the signal to noise ratio
threshold for reliable data by about 4 dB above the original signal threshold (Achtert et al., 2015), increasing data availability
and providing more reliable Doppler velocity uncertainty estimates.

The ceilometer operates at a wavelength of 905 nm with a vertical resolution of 10 m. Pulses are accumulated to a temporal
resolution of 30 s. The instrument and-was deployed pointing to zenith.

The microwave radiometer is a RPG-HATPRO-GI1, which is a passive system monitoring 14 channels in two frequency
bands (7 for humidity profiling and liquid water path retrievals between 22 and 31 GHz; 7 for temperature profiling between
51 and 58 GHz). We retrieve the liquid water path (LWP) from the raw microwave brightness temperature measurements

following Lohnert and Crewell (2003) and Massaro et al. (2015). This statistical retrieval requires climatological profiles of
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pressure, temperature and humidity as derived from 6-hourly soundings. A suitable training data set was assembled from a
total of 1826 radiosondes launched in the Arctic Ocean from the research vessels Polarstern (https://data.awi.de/?site=home),
Mirai (http://www.godac.jamstec.go.jp/darwin/e), and Oden (https://bolin.su.se/data/) between 1990 and 2014. This includes
the soundings performed during ACSE. The soundings were separated according to summer (June, July, August, 1025 ra-
diosondes) and autumn (September, October, 801 radiosondes). LWP measurements are limited to non-precipitating cases as

heavy rain can impact the LWP retrieval (Crewell and Lohnert, 2003).

Liquid clouds are diagnosed from lidar and radar profiles. The microwave radiometer provides the LWP associated with these
clouds. The resolution of the LWP retrieval is about 5 gm~?, but the uncertainty in LWP is still of the order of 20-30 gm~?
(Turner, 2007). An offset correction is done by using the lidar to diagnose clear sky periods when LWP should be zero
and adjust the coefficients for the microwave radiometer retrieval to obtain values around zero. Details are provided in

Gaussiat et al., 2007). A similar approach is also used for the Atmospheric Radiation Measurement (ARM) MWR RETrieval
(MWRRET) retrieval (Turner et al., 2007). This offset correction leads to a bias that is much lower than 20 gm~? Values of
LWP below ~25 gm? in the presence of clouds (as detected from independent measurements) and a known bias (i.e. from

offset correction during clear-sky periods) must not be tossed as this leads to a bias in the statistics. Those are still valid values

2

though with an error of £ ~25 gm ™7,

A time series of LWP and the raw measurements of brightness temperature at 31.4 GHz as observed at relatively low LWP
values during a change from cloudy to cloud-free conditions for a single-layer cloud is shown in Figure 2. The brightness
temperature varies between 17°C and 18°C when the retrieval gives a LWP around 10 gm™? during the time period from
1100 to 1200 UTC on 25 July 2014 Visibility is very low until 1400 UTC and the Doppler lidar signal appears to be fully
attenuated by the cloud. The cloud produced some precipitation from 1330 UTC and started to disappear around 1400 UTC,
when the lidar was able to fully penetrate the cloud. The same data is shown in Figure 3 as a scatter plot of LWP and brightness
temperature colour coded according to the maximum in radar reflectivity of the respective profile. The figure shows that the
31.4 GHz brightness temperature is lowest at LWP around 0 gm™?, i.e. in the absence of cloud, supporting the plausibility of
the LWP retrieval and the offset correction. Further example cases of a cloud system that extends through the inversion and of

a cloud system that is precipitating ice versus liquid are shown in the Supplementary Material.
Surface meteorology measurements included air temperature, humidity, mean and turbulent winds, visibility, and down-

welling solar and infra-red radiation (Sedlar et al., 2020). Radiosondes (Vaisala RS92) were launched four times a day at 0000,
0600, 1200, and 1800 UTC (Sotiropoulou et al., 2016).

These measurements allow for a comprehensive characterisation of clouds using the Cloudnet algorithm (Illingworth et al.,
2007), combining cloud radar, ceilometer, microwave radiometer and radiosonde profiles averaged to a common grid at the
cloud radar resolution. The radiosonde profiles provide the initial temperature and humidity profiles for Cloudnet. They also
supply the information necessary to estimate and correct for gaseous and liquid attenuation of the radar reflectivity. Gaseous
attenuation at 94 GHz is not so severe in Arctic conditions but may reach 1 dB already within 2 km, whereas attenuation by lig-
uid cloud layers can reach 2 dB or more. This attenuation, if uncorrected for, would cause a significant bias in derived ice water

contents (IWC), especially if occurring above liquid layers. Together with the re-gridded remote-sensing data, the Cloudnet
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scheme also provides an objective hydrometeor target classification at the same cloud radar resolution; the re-gridded data and
the target classification are combined in a single file termed the target categorisation product which also contains the measure-

ment uncertainties for propagation through to all products. The measurement uncertainties of the individual instruments are

used to obtain a data quality flag. This study only considers profiles that are flagged as reliable and show a standard deviation

of the LWP smaller than 120 gm 2.
The target categorisation product is the basis for deriving consistent retrievals of cloud occurrence, top and base height, cloud

thickness, cloud phase, liquid and ice-water path, liquid and ice water content, and the effective radius of cloud droplets and ice
crystals. Liquid water content (LWC) is calculated from microwave radiometer-derived LWP (with an offset correction based
on clear-sky periods) and liquid layer cloud boundaries by distributing the liquid using the scaled-linear adiabatic assumption,
i.e. LWC increasing linearly with height from zero at cloud base (Albrecht et al., 1990; Boers et al., 2000). Typical errors in
LWC are below 20% (Ebell et al., 2010). IWC is calculated from radar reflectivity and temperature using the method of Hogan
et al. (2006), where the fractional error in IWC at 94 GHz is +55%/-35% between -10 and -20 C, rising to +90%/-47% for
temperatures below -40°C. Note that an error in the calibration of the radar reflectivity of 1 dB would bias IWC by 15%.

The Cloudnet target classification Illingworth et al. (2007) has been used to separate between water clouds, ice clouds, and
mixed-phase clouds on a profile-by-profile basis with a resolution of 30 s, and to identify cloud base and top heights. The
original Cloudnet target classification for the three months of ACSE measurements is presented in Figure 24. The figure also
shows fog periods as identified by a visibility of less than 1 km in the 10-min mean of the visibility sensor measurements
aboard Oden. The target classification reveals an unrealistically high occurrence of Aerosol, Aerosol & insects, and Insects
during periods that were actually dominated by fog. Hence, visibility data have been used to re-classify some of the targets

originally misidentified by Cloudnet into these categories below 500 m as fog. Cleud-profiles-A cloud is defined as liquid if its

rofile contains only height bins that are classified as Cloud droplets only or Drizzle/rain & cloud droplets. A cloud for which
all height bins are classified as Ice only is defined as ice cloud. A cloud layer is defined as mixed-phaseif-they-show-a—cloud

O a-cloud-ay ontatn STORS—O

any-, if it contains any possible combination of Ice only, Cloud droplets only, Melting ice, Melting ice & cloud droplets, and
Ice & super-cooled droplets. Finally, layers of Cloud droplets only with precipitating ice below cloud base and mixed-phase
are defined as precipitating liquid. Profiles of cloud fraction per volume (Brooks-et-ak—2605)-(Brooks et al., 2005) have been
obtained using time-height sections of 30 min by 90 m height (3 height bins). When comparing our findings to results from

ice (Ice only) below cloud base into the mixed-phase category to be in line with the earlier work.
We use the estimates of the depth of the planetary boundary layer (PBL) provided by Sotiropoulou et al. (2016). They

obtained PBL depths from the locations of the main inversions in the radiosonde temperature profiles following the methodol-
ogy of Tjernstrém and Graverson (2009). A separation between coupled and decoupled boundary layers (Shupe et al., 2013;
Sotiropoulou et al., 2014; Brooks et al., 2017) was performed by investigating the presence of an additional, weaker, tempera-

ture inversion below the main inversion (Sotiropoulou et al., 2016). An absence of such an additional lower inversion defines
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coupled PBLs. Cloudnet retrievals within one hour of a sounding have been used in the investigation of the effects of (a) cou-
pled and decoupled PBLs and (b) the location of the clouds with respect to the inversion (i.e. PBL top) on the observed cloud
properties. To avoid oversampling of persistent clouds, we considered only one Cloudnet profile every 5 minutes, leading to at
most 24 profiles for per sounding.

Based on sounding data taken during ACSE, Sotiropoulou et al. (2016) defined the change between summer and autumn
by a rapid change in temperature in the lower atmosphere on 28 August 2014. Here, we use this date to investigate changes

in the observed cloud properties and occurrence rates between the two seasons. We further separate the-large-seale-eireulation

dvection-even AA A arpoteion o 0 ad-conditionsduripe—which-Ro-watm dvection

plaee-tron-WAA)-WAA-was-between conditions during which warm air was present at 1 km height, i.e. in the free troposphere
warm air events, WAE) and during which it was not (non-warm air events, non-WAE). WAE were identified from the ACSE

soundings as when the temperature at 1.0 km height exceeded a threshold of 5°C, empirically derived from Figure 2a of
Sotiropoulou et al. (2016). These events were particularly pronounced during the ACSE summer observations and are likely
the result of warm-air advection from lower latitudes (Tjernstrom et al., 2015, 2019).

The investigation of clouds in this study is restricted to heights below 6 km, the maximum height of the cloud radar obser-
vations during ACSE. For the statistical analysis of the occurrence of different cloud types and cloud layers, we hence include
only those clouds that show a cloud-top height below 6 km, considering up to three cloud layers per profile. This means that

deep mid-level clouds and cirrus are not fully covered in our data set.

3 Results
3.1 Cloud occurrence

Cloud occurrence probability distributions as a function of height are shown in Figure3 5, both for total occurrence and par-
titioned into liquid, iee;-and-precipitating liquid, ice, mixed-phase, and precipitating mixed-phase clouds for the entire ACSE
campaign, and separated into summer and the autumn seasons following Sotiropoulou et al. (2016). For completeness, the
cloud fraction for all clouds, i.e. including those with a cloud-top height above 6 km for which only cloud base could be
detected, is provided as dotted line.

In general, Figure 3-5 shows that clouds were more abundant below 4 km height during autumn than during summer. This
is reflected in the lower tropospheric maxima of the mean cloud fraction of 6:28-and-6-74-0.42 and 0.75 in summer and
autumn, respectively. In summer, there is a clear separation between height ranges dominated by liquid-water (< 1.2 km) and
by ice clouds (> 1.2 km). Mixed-phase-Precipitating and non-precipitating mixed-phase clouds during summer were found
at all height levels though their cloud fraction strongly decreased upwards of 0.5 km. Autumn showed a strong reduction in
the occurrence of liquid clouds and an increase in both mixed-phase clouds and ice clouds at low levels. Ice clouds during

autumn extended almost down to the surface, while low clouds during summer were predominantly liquid. Figure 5 also

reveals that precipitating clouds were more abundant during summer than during winter. This is in line with Figure 4 which
shows that precipitating clouds are linked to frontal passages, i.e. deep cloud systems. More of such deep cloud systems have



225

230

235

240

245

250

255

been encountered during summer. In contrast, a stable boundary layer with shallow stratus clouds, which typical occur in the
marginal ice zone, prevailed during autumn.

Only remote-sensing observations and the Cloudnet target classification are used to identify cloud layers. This gives apparent
cloud layers and apparent multi-layer clouds for which features have to be clearly separated in a profile. During summer, this
approach gives occurrence rates of 19.6% cloud-free conditions, 39.1% single-layer clouds, and 41.3% multi-layer clouds.
During autumn, these numbers change t0 4.6%, 47.6%; and 47.8%. This means that apparent single-layer clouds and multi-layer
clouds occur at about the same rate during both seasons.

A statistical overview of top temperature, top height, bottom height, and geometrical thickness of the clouds observed during

ACSE is provided in Figure 46. The results refer to cloud layers (up to three allowed per profile) for which both cloud base and
top could be clearly identified. The minimum cloud geometrical depth was defined by the radar range resolution of 31 m. Again,
the results were separated according to cloud phase and season. Average cloud top temperatures were 0°C for liquid clouds,
-10°C for mixed-phase clouds, and -15°C for ice clouds. Cloud top temperatures were slightly higher during summer and for
precipitating clouds and slightly lower during winter and for non-precipitating clouds, though with a similar spread of values.
The seasonal behaviour of cloud top and base heights for liquid clouds differs from that of ice and mixed-phase clouds. Liquid

clouds were relatively unchanged in vertical extent between summer and autumn, while both ice and mixed-phase clouds had

lower top and base heights in autumn than in summer. Note that the increased top height and cloud thickness of precipitatin

mixed-phase clouds is related to their connection to the passage of low pressure systems.
In general, the clouds observed during ACSE were rather shallow with a median (mean) geometrical thickness of 250 m

(800 m). Liquid clouds were found to be thinnest during both seasons and with only a small variation between median (220 m)
and mean (285 m) values. Mixed-phase clouds were the thickest with median depths of 750 m in summer and 940 m in summer
and-winter;respeetively-winter, with a similar mean value for both seasons. Ice clouds were slightly deeper in autumn, with a
median (mean) geometric thickness of 250 m (730 m) compared to 220 m (570 m) in summer. It should be emphasised that

these statistics are dominated by liquid clouds in summer and by mixed-phase clouds during autumn.
3.2 LWP, IWP and cloud top temperature
3.2.1 Liquid-water clouds

The frequency distribution of LWP in non-precipitating liquid water clouds during summer and autumn is shown in Figure 57a.
While a negative LWP related to the retrieval error of 25-30 gm~2 ¢2)(Turner et al., 2007) is clearly unphysical, these values
cannot be excluded without biasing the statistics. Liquid water clouds during summer had a mean LWP of 37459 gm~—2 and
median of 13 gm™2. These values were similar during autumn with a mean of 41454 gm~2 and median of 20 g/m2. Both
distributions peak at a LWP around 10 gm~2. In summer a small number of clouds (less than 1% of all cases) had a LWP
in excess of 400 gm—2 while in autumn the maximum LWP was approximately 495 gm~2. These high values of LWP are
generally related to frontal passages. Almost no seasonal difference in the LWP distributions is apparent in the cumulative

frequency curves in Figure 5a. The curves also show that in summer and autumn 76% and 72%, respectively, of liquid clouds
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were below the infra-red black body limit of approximately 50 gm~2 (Tjernstrom et al., 2015). If the black body limit is set
to 30 gm_2 (Shupe and Intrieri, 2004), the occurrence rates are reduced to about 67% in summer and 60% in autumn. These
clouds were therefore often semi-transparent to long-wave radiation; hence, long-wave cooling and the resulting turbulence
generated in cloud, as well as the surface downwelling radiation, will be very sensitive to small changes in LWP.

Figure 57b shows the distribution of cloud-top temperature for liquid-water clouds during summer and autumn. Summer
liquid clouds were warmer than those in winter. Their cloud top could be warmer than 15°C but were never found to be colder
than -15°C. A closer look at the data revealed that all the cloud-top temperatures above 10°C were the result of a period of
strong warm air advection that occurred in the beginning of August (Tjernstrom et al., 2015, 2019). The cloud-top temperature
distribution observed during summer resembles that derived from Cloudnet observations at mid-latitudes (Biihl et al., 2016).
In autumn, liquid cloud-top temperatures rarely exceed 0°C with observed values as low as -25°C. The maximum of cloud-top
temperature occurrence rate shifts from 0°C in summer to -5°C in autumn. In addition, cloud-top temperatures for autumn also

show a broader distribution with a long tail towards low temperatures than those in summer.
3.2.2 Mixed-phase clouds

The LWP frequency distribution for mixed-phase clouds (including liquid clouds with ice below) presented in Figure6a- 8a is
similar to that for liquid-only clouds in Figure5a- 7a though with a broader shape. Summer had more cases of high LWP and
fewer cases of low LWP than autumn. For both seasons, the peak occurrence was at around 10 gm~2. The mean and median

values, however, are higher than for liquid-only clouds, with summer values of 98494 gm~2 and 72 gm~?

, respectively; in
autumn the corresponding values are 34444 gm~2 and 21 gm~2. The cumulative distributions in Figure 68a show that, with
infrared-black body limit of 50 gm~2 (30 gm~2), 41% (31%) and 76% (60%) of the clouds during summer and autumn, re-
spectively, had LWPs below this limit. The same general relationships of higher median LWP in mixed-phase clouds compared
with liquid-only clouds is consistent with the observations during SHEBA (Shupe et al., 2006).

In contrast to LWP, there is little difference in the frequency distributions for IWP in the mixed-phase clouds observed in
either summer or autumn (Figure 68b). The majority of clouds had an IWP below 20 gm ™~ with mean and median values in
summer of 34 and 7 gm~2, respectively, and in autumn of 32 and 9 gm—2.

During summer, IWC was lowest in clouds with a low cloud top height and highest for clouds with tops between 3.0 and
4.0 km and cloud-top temperatures of -8°C to -17°C (not shown). During autumn, the lowest values of IWC were observed
for clouds with top heights in the range from 2.0 to 3.0 km. Cold clouds with cloud top temperatures between -15°C and
-35°C and cloud top heights above 4.0 km had the largest values of IWC (not shown). The majority of mixed-phase clouds
during summer and autumn had very low IWC; < 0.1 gm—3. Mean (median) values were 0.0156 gm—2 (0.0025 gm—?) and
0.0087 gm~3 (0.0016 gm~3) during summer and autumn, respectively.

The frequency distribution of cloud-top temperature in Figure 68c again shows a different behaviour for clouds during
summer and autumn. During summer, the tops of mixed-phase clouds were generally warmer than in autumn with a maximum
at 0°C to -2.5°C. However, they were always colder than liquid-only clouds during the same season. During summer, cloud-

top temperature could be as low as -30°C though they were mostly warmer than -5°C. Autumn had a bi-modal distribution of
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cloud-top temperature, which could be the result of precipitating (Typ >-10°C) versus non-precipitating clouds (T, <-10°C)
(Westbrook and Illingworth, 2011). Very few mixed-phase clouds showed cloud-top temperatures above 0°C (these were cases
related to warm-air advection events where the cloud top extended into the warmer air above) or as low as -35°C. In general,

mixed-phase cloud top temperatures were up to 5°C colder during autumn than during summer.
3.2.3 Effect of boundary-layer structure

Here we investigate the effects of PBL structure on the observed clouds. The PBL top is defined as the height of the strongest
temperature inversion (Brooks et al., 2017) within the lowermost 3 km of the atmosphere (Sotiropoulou et al., 2016). Clouds
are considered to be below the inversion (cloud top below the PBL top), above the inversion (cloud base above the PBL top),
or to extend into the inversion (cloud base below PBL top and cloud top above PBL top).
Figure-7-provides-Figures 9 and 10 provide a statistical overview of the geometrical thickness and cloud-top temperature
of clouds for different PBL structure and large-seale-eirentationtemperature at 1 km height. We separate between liquid and
mixed-phase clouds observed above, below, and extending into the inversion during WAA-and-non-WAA-WAE and non-WAE
conditions as well as for coupled and decoupled PBLs. Cases of liquid and mixed-phase clouds in decoupled PBLs during
WAA—events-WAE were rare (N<100) in the ACSE data set, and thus, not considered here. Liguid-Non-precipitating and
precipitating liquid clouds showed little difference in mean and median cloud thickness (Figures 9a and c). However, they do
show a clear difference in the frequency distribution of cloud-top temperature with respect to WAA-and-nen-WAA-—conditions

—~WAE and non-WAE conditions and whether or not they are precipitating (Figures 9b and d). Cloud-top temperatures were
enerally higher for coupled clouds during warm-air events. In addition, the top temperature of precipitating liquid clouds do

not fall below -10°C and don’t show the tail towards low cloud-top temperatures found for non-precipitating liquid clouds.
Mixed-phase clouds during WAA-WAE were generally thinner than during ren-WAAnon-WAE (Figures 10a and c). The

deepest mixed-phase clouds were found for ren-WAA-non-WAE and for decoupled PBLs. No difference is found in the thick-

of mixed-phase clouds below the inversion for coupled

and decoupled PBLs suggesting little difference in the geometrical properties of those clouds. The frequency distributions
of cloud-top temperatures are very similar for all non-precipitating mixed-phase clouds observed for non-WAA-and-coupled
PBEsnon-WAE cases independent of PBL coupling, with a broad peak in occurrence between 0°C and -20°C. Fhe-This

distribution is shifted to warmer temperatures during WAE, with the warmest cloud tops found for clouds that extends through

the inversion (Figure 10b). The cloud—top empe

fhe—freqtm%eyé%bu&m%et—ele&d-te&temperature WW&HW@W
in Figure 10d show a peak at -5°C and—25°C—TFhe smath-number—of positivefor coupled PBLs during both WAE and
non-WAE conditions. Fewer cases of cloud-top temperatures during-WAA-events-is-theresult-of-cloud-tops-extending-below
-10°C are found for precipitating mixed-phase clouds compared to non-precipitating mixed phase clouds. All cloud cases

non-precipitating and precipitating liquid and mixed-phase) show warmest cloud tops for coupled PBLs during WAE conditions.

10
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This is related to the fact that the top of those clouds extend into the warmer air aloft —(Tjernstrom et al., 2015). Two detailed

examples can be found in the Supplementary Material.
Figure 8-11 provides a profile view of the LWC and-the FW-C-of-the-of the liquid clouds considered in Figure 79. The scaled

altitude ranges from the base of the clouds (zero) to the cloud top (unity). All profiles have been interpolated to intervals of
0.1 scaled altitude. Liguid-Non-precipitating liquid clouds show maximum LWC between 0.03 and 2:660.20 gm~2 within the
upper quarter of the cloud. The LWC is lowest for clouds observed below-the-inversion-during-WAAduring WAE. The LWC

The profiles of LWC and IWC of the mixed-phase clouds showslower-maxima-than-that-ef-liquid-elouds-considered in

values close to zero for some precipitating mixed-phase clouds. Mixed-phase clouds during WAA-WAE generally show a
lower maximum in LWC compared to those observed during ren-WAA-—

non-WAE, particularly when they are non-precipitating. The profiles of IWC in mixed-phase clouds (Figure 12¢ and d) are
distinctly different from those of LWC. They show a wide range in maximum values with lowest IWC close to 0 gm~3 for
clouds below the inversion and highest values of 6:25-t6-0:750.02 to 0.05 gm™? for clouds above or extending through the
inversion during non-WAE conditions. Note that these are also the geometrically thinnest and thickest clouds, respectively
(Figure 710). The IWC profile generally peaks at a height below the peak in the LWC profile — usually in the centre of the
cloud but sometimes closer to cloud base, likely due to increasing particle sublimation as the crystals fall.

During aoa-WAAnon-WAE, liquid clouds below the inversion (i.e. with cloud top at or below PBL top) showed no sta-
tistically significant difference in LWP (two-sample t-test, p < 0.05) for coupled and de-coupled PBLs, with mean values of
24462 gm~2 (median of 6 gm~2) and 22441 gm~2 (median of 8 gm~2), respectively (not shown). For clouds below the inver-
sion in coupled PBLs, 90% of cases showed LWP below 50 gm~2 while this number slightly decreases to 88% for clouds below
the inversion in decoupled PBLs. This behaviour is consistent with the observations reported in Sotiropoulou et al. (2016).

Mixed-phase clouds in the same situation (nen-WAAnon-WAE, below inversion) showed LWP behaviour for coupled and
de-coupled PBLs opposite to that of liquid clouds. We find a statistically significant difference (two-sample t-test, p < 0.05)
with mean values of 33457 gm~?2 (median of 13 gm~2) and 52463 gm~2 (median of 32 gm~2), for coupled and de-coupled
PBLs, respectively (not shown). For clouds below the inversion in coupled PBLs, 76% of cases showed LWP below 50 gm™—2
while this number decreased to 64% for clouds below the inversion in decoupled PBLs. Interestingly, mixed-phase clouds
below the inversion in decoupled PBLs were slightly thinner than in coupled PBLs (Figure 7610) while little difference was
found in their respective profiles of IWC (Figurege 12).

4 Discussion

Cloud observations in the Arctic are scarce. Avattable-data—sets-The available data sets discussed below are from different

geographic regions, represent different time periods, and were obtained using different retrieval methods. Consequently, care
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must be taken when comparing them. Additional constraints apply when also considering spaceborne cloud observations.
For instance, the CloudSat nominal blind zone of about 0.75 to 1.25 km from the surface (Tanelli et al., 2008) means that a
large fraction of Arctic clouds cannot be accurately detected in CloudSat observations. Mech et al. (2019) analysed airborne
microwave radar and radiometer measurements near Svalbard during ACLOUD (Wendisch et al., 2019) to find that about 40%
of all clouds show cloud tops below 1000 m height, and thus, are likely to be missed by CloudSat. Nomokonova et al. (2019)
find a peak frequency of cloud occurrence at 800 to 900 m from Cloudnet observations at Ny Alesund. In the case of ACSE,
50% and 37% of all clouds show cloud tops below 1000 m in summer and autumn, respectively. These numbers increase to 80%
and 76% for liquid clouds. About 25% and 41% of mixed-phase clouds are affected during summer and winter, respectively.
The effect is smallest for ice clouds with 5% during summer and 14% of observations during autumn.

Figure 9-13 compares the cloud-fraction profiles derived from the ACSE observations (left panel of Figure 35) to those
reported for observations from ASCOS, conducted during August and early September 2008 well within the ice pack in the
central Arctic Ocean. ASCOS cloud fractions were obtained following Shupe (2007). The profiles of total cloud fraction are
very similar in shape but show a generally lower cloudiness from ACSE. Note that while the profiles represent roughly the same
period of the year, the actual observations have been performed at different locations and in different years. Nevertheless, the
resemblance in the shape of the total cloud fraction profile indicates the usefulness of relating Arctic observations to each other;
particularly given their scarcity. For the comparison of cloud fraction, we need to keep in mind that the upper measurement
height during ACSE was restricted to 6 km by instrument settings. This constrains all cloud fractions to zero at and above 6 km,
as we only consider clouds for which a cloud top has been detected below this height. The total cloud fraction for all clouds
including those with undetected top heights, i.e. top heights above 6 km, is given by the grey dashed line for reference.

The cloud-fraction profile for liquid-only clouds during ACSE generally resembles the profiles derived from ASCOS mea-
surements. However, the occurrence of liquid-only clouds was much lower during ACSE, except for the frequent fog periods in
the lowermost height bins during the summer months. The occurrence of ice and mixed-phase clouds during ACSE also appear
to be quite similar to those obtained from ASCOS. Considering that most of the clouds with undetected tops are likely to be ice
clouds and that the shape of the cloud-fraction profile for mixed-phase clouds during ACSE resembles that of ASCOS, Figure9
_13 shows that the height from which ice clouds are the dominant cloud type was about 1 km lower for ACSE than for ASCOS.

The monthly total cloud fraction of 95% in July, 74% in August and 97% in September as observed during ACSE can also
be put into the context of previous studies. Shupe (2011) compared observation from surface land sites (Figure 2) in Atqasuk
(ceilometer, microwave radiometer), Barrow (ceilometer, radar, micro-pulse lidar, microwave radiometer, Atmospheric Emitted
Radiance Interferometer), Eureka (radar, high spectral resolution lidar, micro-pulse lidar, microwave radiometer, Atmospheric
Emitted Radiance Interferometer), and the SHEBA project (ceilometer, radar, microwave radiometer, Atmospheric Emitted
Radiance Interferometer). For July to September, they present a total cloud fraction of 92% to 98% at Barrow and Sheba.
Lower values of 80% to 85% are given for Atqasuk, while increasing from 65% in July to 80% in August and September
at Eureka. Zygmuntowska et al. (2012) and Mioche et al. (2015) used data from the Cloud Profiling Radar (CPR) aboard
the CloudSat satellite (Stephens et al., 2008) and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO, Winker et al. (2010)) satellite for the years
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2007 and 2008, and the period from 2007 to 2010, respectively, to investigate total cloud fraction in the Arctic region. They
find consistent values of 75% to 80% in July, 80% to 87% in August, and 84% to 90% in September. For all clouds, ACSE
observations of more than 90% during July and September are mostly in line with the high cloud fractions observed during
SHEBA (Shupe, 2011).

Cloud fractions of 60% to 90% as observed at Eureka (Shupe, 2011) and for the Arctic region (Zygmuntowska et al., 2012;
Mioche et al., 2015) suggest that the ACSE finding of a total cloud fraction of 74% in August is well within the range of values
one would expect for the Arctic region. However, it should be noted that spaceborne data sets provide better spatial coverage
than ground-based measurements during ACSE, and thus, are more representative of average conditions. When comparing the
fraction of mixed-phase clouds observed during ACSE to the multi-year (2007 to 2010) CALIPSO/CloudSat data set analysed
by Mioche et al. (2015) it is apparent that the ground-based ACSE observations during July with a mixed-phase cloud fraction
of 51% are in general agreement with the data from spaceborne instruments. However, ACSE observations of 33% during
August and 80% during September show significantly lower and higher, respectively, fractions of mixed-phase clouds than the
satellite record. This is probably the result of natural variability combined with the effect of comparing local measurements
during ACSE to area averaged results from satellite. Considering the fraction of mixed-phase clouds at Barrow, Eureka and
SHEBA (Shupe, 2011), ACSE findings are in line with SHEBA values of around 50% during July and around 85% during
September. However, the ACSE mixed-phase cloud fraction of 33% during August is much lower than the SHEBA observation
of around 80% (see Figure 2 in Shupe (2011)). The lower August mixed-phase cloud fraction during ACSE does, however,
resemble the findings for Barrow and Eureka (Shupe, 2011).

Figure 46-14 compares the connection between the fraction of ice-containing clouds and cloud-top temperature for clouds
observed during ACSE with those reported by Zhang et al. (2010) and Biihl et al. (2013). These previous studies combine
measurements with cloud radar and aerosol lidar from space and ground, respectively. As in this study, they analyse clouds
on a profile-by-profile basis. However, Zhang et al. (2010) and Biihl et al. (2013) focused on mixed-phase clouds at mid-
latitudes. While they find that about 50% of all clouds are mixed-phase at a temperature of about -10°C, the ACSE observations
reveal that in the Arctic a mixed-phase cloud fraction of 50% is reached already at -2°C. Because Arctic clouds often occur
that ice-crystal seeding from upper-level clouds into

in the form of multi-layered clouds (Liu et al., 2012b), it is most likel

lower-level clouds leads to the high mixed-phase cloud fraction at relatively high temperatures (Vassel et al., 2019). In addition

the statistics are influenced by clouds that extend through the inversion and into warmer air above during warm-air events.

Figure 14 also shows that the clouds with the warmest cloud-top temperature are also precipitating. Previous studies suggest
that almost all non-cirrus clouds with cloud top temperatures below -20°C are mixed-phase at mid-latitudes. In the Arctic, this

is the case already for warmer cloud-top temperatures of -12°C.; though ice-containing cloud fractions for non-precipitating
clouds with top temperatures below -18°C to -25°C were found to be lower than at mid-latitudes for ACSE observations during
autumn.

Figure H-15 puts the ACSE observations of LWP and IWP for clouds during summer and autumn into the context of the
earlier observations of SHEBA and ASCOS. ACSE LWP frequency distributions — though different for summer and autumn —

do not resemble the previous observations, having a wider distribution with less well defined peak. The ACSE observations of
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IWP closely follow the ASCOS frequency distribution, although with larger values in the tail. There was quite a substantial part
of the ASCOS ice drift during which mixed-phase stratocumulus clouds dominated, that may bias ASCOS LWP statistics high.
In addition, air mass transit time is known to be an important factor in boundary layer structure and hence cloud properties.
The fact that SHEBA and ASCOS have been further away from open water than ACSE means that air mass transit time is a

factor controlling the cloud properties observed.

A _comparison of ACSE remote-sensing observations to airborne in-situ measurements available in the literature is not
straightforward due to differences in location and covered time period. In addition, it is challenging to ensure that clouds
probed during in-situ observations are comparable to the clouds probed with remote-sensing observations. Nevertheless, we
have added a comparison to the in-situ profiles of cloud temperature, LWC, and IWC for single-layer mixed-phase clouds
presented in Mioche et al. (2017) to the Supplementary Material in which we find similar shapes of the LWC and IWC profiles.

5 Summary and Conclusions

We present remote-sensing observations of Arctic clouds conducted during a three-month cruise in the Arctic Ocean along the
Russian shelf from Tromsg, Norway, to Barrow, Alaska, and back. Observations with ceilometer, Doppler lidar, cloud radar
and microwave radiometer were made within pack ice, open water, and the marginal ice zone. The Cloudnet retrieval has
been applied to investigate cloud properties with special emphasis on the effects of cloud-top temperature and boundary layer
structure. The data set has been split into summer and autumn based on a change in the lower tropospheric mean temperature
observed from radiosoundings launched every 6 hours (Sotiropoulou et al., 2016).

The ACSE data set reveals a strong reduction in the occurrence rate of liquid clouds and an increase for both mixed-phase
clouds and ice clouds at low levels during autumn compared to summer. Ice clouds during autumn extend almost down to the
surface, while low clouds during summer are predominantly liquid. In addition, it was found that liquid clouds vary little in
their vertical extent between summer and autumn, while both ice and mixed-phase clouds have lower top and base heights in
autumn than in summer.

About 74% of all liquid clouds observed during ACSE show LWP below the infra-red black body limit of approximately
50 gm~2. This means that the majority of the observed Arctic liquid water clouds have long-wave radiative properties that are
highly sensitive to small changes in LWP. In general, the frequency distribution of LWP shows little variation for mixed-phase
and purely liquid clouds. Nevertheless, summer shows more cases of high LWP and fewer cases of low LWP and the mean and
median values are higher for mixed-phase clouds. The majority of clouds had an IWP below 20 gm 2 with summer (autumn)
mean and median values of 34 and 7 gm~2 (32 and 9 gm~—?2), respectively.

Whether the PBL structure was coupled or decoupled, and the occurrence of warm air advection had little effect on the
geometric thickness of liquid clouds. In contrast, mixed-phase clouds during WAA-WAE are generally thinner than for
ron-WAAnNon-WAE. The deepest mixed-phase clouds are found for aoar-WAA-non-WAE and for decoupled PBLs.
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Cloud-top temperatures for all mixed-phase clouds during ner-WAA-non-WAE are between 0°C and -30°C. This range is
reduced to 0°C to -20°C for mixed-phase clouds during WAAWAE.

460 For liquid water clouds, the normalised profile of LWC reveals a strong increase with height with a maximum between 0.03
and 0.19 gm 2 within the upper quarter of the clouds followed by a sharp decrease towards cloud top. LWC is lowest for clouds
observed below the inversion during WAAWAE. Most mixed-phase clouds show a LWC profile with a very similar shape to
that of liquid clouds with lower maximum values during WAA-than-during-non-WAAWAE than during non-WAE.

The normalised profiles of IWC in mixed-phase clouds look different from that of LWC. They show a wider range in

465 maximum values with lowest IWC for clouds below the inversion and highest values for clouds above or extending through
the inversion. Note that these correspond to the thinnest and thickest clouds, respectively. The IWC profile generally peaks at
a height below the peak in the LWC profile — usually in the centre of the cloud but also closer to cloud base and likely due to
more particle sublimation as the crystals fall.

Unsurprisingly, it was found that liquid-water clouds during summer show the highest cloud-top temperatures, which can

470 exceed 15°C but don’t go below -15°C. As documented in Tjernstrom et al. (2015, 2019), ACSE cloud-top temperatures above
10°C correspond to a period of strong warm air advection that occurred at the beginning of August 2015. As a consequence, the
frequency distribution of cloud-top temperature observed during summer resembles that derived from Cloudnet observations
at mid-latitudes (Biihl et al., 2016). In autumn the top temperatures of liquid clouds rarely exceed 0°C with observed values as
low as -25°C. The maximum of cloud-top-temperature occurrence rate shifts from 0°C in summer to -5.0°C in autumn.

475 During summer, the tops of mixed-phase clouds are generally warmer than in autumn with a maximum just below 0°C.
However, they are always colder than liquid-only clouds during the same season. During summer, cloud-top temperature can
be as low as -25°C though they are mostly warmer than -10°C. Autumn reveals a bi-modal distribution of cloud-top temperature
corresponding to precipitating (T, >-10°C) versus non-precipitating clouds (T, <-10°C).

The IWC of mixed-phase clouds during summer and autumn mostly feature very low IWC of less than 0.07 gm~3, though

480 values exceeding 100 gm~3 have been observed during autumn. In general, IWC was lowest in clouds with a low cloud top
height and highest for clouds with top heights in the range from 3.0 to 4.0 km.

While the three-month ACSE data set provides comprehensive observations of Arctic clouds, it is challenging to relate the
findings to earlier campaigns such as SHEBA or ASCOS. Although we find similar frequency distributions of LWP and IWP,
the occurrence rate of clouds during ACSE was lower than during ASCOS. On the one hand, the observations have been

485 conducted in different regions of the Arctic; consequently, observed differences might be the result of regional effects. On the
other hand, different campaigns cover different time periods. This means that inter-annual variability might be added on top of

potential regional effects — this is particularly highlighted by the warm air advection events observed during ACSE.

Data availability. Data from ACSE are available through the Bolin Centre for Climate Research (http://www.bolin.su.se), the Centre for En-

vironmental Data Analysis (https://www.ceda.ac.uk/), and the National Oceanic and Atmospheric Administration (ftp:/ftp1.esrl.noaa.gov/psd3/cruises/SW
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Figure 1. Map of the ACSE cruise track (leg 1 in red, leg 2 in burgundy) together with the sea ice extent on 5 July 2014 (light blue) and
5 October 2014 (dark blue). The tracks of the ASCOS and SHEBA experiments are given in dark and light green, respectively. Red circles

mark the start and end of the ACSE cruise track. Green circles give the location of other Arctic sites referred to in this paper.
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Figure 2. Time series of cloud radar reflectivity, Doppler lidar backscatter coefficient, LWP, 31.4-GHz brightness temperature, visibility, and

rain rate for the time period from 1100 to 1700 UTC on 25 July 2014.
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Figure 3. Scatter plot of the change in brightness temperature at 31.4 GHz as measured by the MWR with LWP. Colour coding refers to the

maximum in cloud radar reflectivity in dBz for the respective profile. The data cover the time period from 1100 to 1700 UTC on 25 Jul

2014 as in Figure 1. White circles refer to cloud-free regions.
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Figure 4. Cloudnet target classification for the three-month ACSE cruise. Black diamonds above the monthly displays mark 10-min periods
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Figure 5. Profiles of cloud fraction for different cloud types as obtained using Cloudnet for the entire ACSE campaign (left), summer
(middle), and autumn (right). All solid profiles refer to clouds for which the cloud-top height was located below 6 km height. The dashed

lines refer to the total cloud fraction with respect to all clouds, i.e. including those with undetected cloud-top heights.

25



Figure 6. Statistical overview of cloud occurrence with respect to (a) top temperature, (b) top height, (c) base height, and (d) geometrical
thickness for the entire ACSE campaign (left column) as well as for summer (middle column) and autumn (right column). The colours
indicate the different cloud types as in Figure 3: all (black), non-precipitating liquid (red

mixed-phase (dark green), precipitating mixed-phase (light green), and ice (blue). The numbers in the top panel refer to the number of 30-s

profiles considered in the analysis.
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Figure 7. (a) Histogram (solid lines) and cumulative count (dashed lines) of the occurrence frequency of liquid water path, and (b) histogram
of the cloud top temperature for liquid clouds observed during summer (black) and autumn (red). Values represent individual cloud layers on
a profile basis. The grey dashed line in (a) marks 50% in the cumulative counts. The vertical line in (a) marks 0 gm™2? LWP while the grey

area indicates the infrared black body limit between 30 and 50 gm~2 LWP.
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Figure 8. Histogram (solid lines) and cumulative count (dashed lines) of the occurrence frequency of liquid water path, ice water path as
well as the histogram of the cloud top temperature for mixed-phase clouds observed during summer (black) and autumn (red). Values give
the number of considered cloud layers as observed on a profile basis. The grey dashed line in (a) marks 50% in the cumulative counts. The

vertical lines in (a) mark 0 and 50 gm~2 LWP. The latter is the infrared black body limit.
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Figure 9. Statistics on the geometrical thickness (a and b¢) and the frequency distribution of cloud-top-temperature (¢-b and d) of tguid

non-precipitating (a and €b) and mixed-phase-precipitating liquid clouds (b and d) clouds observed for different PBL structure, temperature

in the free troposphere, and targe-seate-eireutationlocation with respect to the main inversion: nen-Ws#-non-WAE with coupled PBL (blue),
ror-WAA-non-WAE with decoupled PBL (red), and WAA-WAE with coupled PBL (green). The different boxes (a and b) and lines in (c and

d) refer to clouds with cloud base above the inversion (above), to clouds with cloud top below the inversion (below) or to clouds with cloud
base below the inversion and cloud top above the inversion (through). Numbers in (a) and (b) refer to the number of Cloudnet profiles per

category. Categories with less than 100 profiles have been omitted; this includes all cases of decoupled PBL during WAAWAE.
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scaled altitude refer to cloud base and top, respectively. Categories with less than 100 profiles have not been included.
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