Authors response - AMT

Application of the shipborne remote sensing supersite OCEANET for profiling of Arctic
aerosols and clouds during Polarstern cruise PS106 — Griesche et al.

Response to Anonymous Referee #1 (16 January 2020)

We would like to thank the Anonymous Referee #1 for spending time in order to provide us with
fruitful comments and suggestions and thus to help us to improve the manuscript. The initial
submission has been adapted, and we hope that the manuscript is now acceptable for
publication.

Our point-by-point response to the review comments is written here in bold font. The marked-up
manuscript version with all changes compared to the initial submission is attached to this file
and its line numbering is used to reference changes below.

Overall summary of major changes:
We would like to inform the referee about the following major changes:

e Revision of the abstract due to suggestion of Referee #2

e Reprocessing of the Cloudnet data with an Arctic MWR-retrieval considering the
comments of both Referee #1 and #2

e Included a better evaluation of the capabilities of the motion stabilization
according to comments by both Referee #1 and #2

e Improved the discussion of the eddy dissipation rate and fog/low-stratus
retrievals as well as Cloudnet in general considering the comments by both
Referee #1 and #2

Detailed responses:

This paper presents the instruments deployed on the icebreaker Polarstern and close by on a
temporary ice-camp and results obtained during a summer cruise performed in the frame of the
AC3 German project in 2017. Several remote sensing equipment, including a motion-stabilized
35-GHz cloud radar were deployed and combined with meteorological observations in high Arctic.
This experiment concurred to a very important goal on a better documentation and understanding
of Arctic change, through the presentation of a campaign and results obtained to better document
Arctic cloud forcing. After introducing the context, this paper first gives a general description of
the instrumentation deployed on board the ice-breaker Polarstern and on the ice camp, technical
challenges, new developments, analysis methods and results obtained during the campaign. It
finally focuses on case studies.

Two main points are highlighted in the paper which are 1) the first involvement of the cloud radar
Mira-35 and the development of a motion stabilization system to ensure stable observations.
Corrections and results obtained from vertical wind spectra to derive on the turbulent kinetic
energy eddy dissipation rate (EDR) are presented; 2) the focus on low-level clouds and the



presence of fog from synergies of lidar and radar within Cloudnet, and the retrieval of radiative
cloud properties.

The topic is of importance to the community. The paper is clearly written, and presented in a very
comprehensive way. The context of the paper is well introduced although additional general
information should be given on existing surface based observations. The two main points
presented also need some additional information and discussion. The paper is worth publishing
after minor revisions are made. They are addressed here below.

Detailed comments Page 2, line 27 : “decline of the Arctic sea ice” precision to be added on period
of the year (summer ?) or ice type (multi-year sea-ice) ?

We added details “This is observed as a change of several parameters such as the drastic
decline of the Arctic sea ice during all seasons, but especially in summer, in both extend
and thickness”. See line 33.

Page 2, line 45-47 : Arctic observations refer to aircraft and shipborne measurements, but Arctic
ground-based stations should be discussed ( IASOA network, Uttal et aL, BAMS 2016
DOI:10.1175/BAMS-D-14-00145.1) in which remote sensing instruments are implemented at
Barrow (Dong et al., 2010, doi:10.1029/2009JD013489, Eureka (Blanchard et al., JAMC 2014 doi:
10.1175/JAMC-D-14-0021.1) for example. Drifting buoys have also recently been equipped in the
high Arctic with lidar in the frame of the IAOOS project (DiBiagio et al., JGR 2018, doi:
10.1002/2017JD027530 ; Mariage et al., Opt. Exp. 2016, doi: 10.1364/OE.25.000A73).

We extended the discussion about ground-based stations and buoy observations, as
requested. See lines: 51-57.

Page 2, line 54, replace by a more recent reference Winker et al., BAMS, 2010,
doi:10.1175/2010BAMS3009.1.
Done

Page 4, line 88 : Figure 1 legend : mark days also on the track in the upper figure
We added some dates for orientation also into the top subfigure of Fig. 1.

Page 4, line 94 : mention if Polar measurements have already been performed ?
We added information about previous cruises to lines 111-112.

Page 5, lines 103 and 104 : 532 instead of 512 ?
Corrected

Page 5, line 110: “allow to determine the shape” this is too strong a statement. As the authors
write further in the text, it allows to discriminate shape between spherical and non-spherical
particles, but several shapes can give the same depolarization ratio
We rephrased the respective passage in the text and provide references to the available
applications of polarization measurements. See lines 129-130.

Page 6, lines 125-26 : the authors “do think that the atmospheric conditions in summer in the
Arctic are comparable to those in winter in the Netherlands ”. | don’t think so. Surface temperature
are close to zero over ice and surface-atmosphere interactions are different

Meanwhile, we reprocessed the MWR data with an retrieval that was created by
University of Cologne for the location of Ny Alesund (78.9°N, 11.8°E). We mention this in
the file diff.pdf in lines 140-145. The data will also be uploaded as a new version to
Pangaea. Same holds for the depending Cloudnet-processed dataset on Pangaea. Fig. 1



shows the correlation of the two datasets. Overall, the correlation is quite linear,
especially for the IWV/PRW. Only in the low-LWP range <100 g/m2, considerable relative
biases can be found.
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Fig. 1: Comparison of LWP (a, b) and IWV/PRW (b) derived from (unflagged) MWR
observations with retrievals from De Bilt and Ny Alesund.

Page 7, Table 1 : Add information on the auxiliary measurements (tethered balloon, sonic
anemometer, pyranometers, ...)
Done

Page 8, Figure 3 legend : extend period limits on the vertical with dotted lines
Done

Page 10, Figure 5: put the histograms outside the figure so to better see the full 2D plot
Done

Page 10, line 194 to 246 : Extend discussion on error induced by the correction. What is the
expected in terms of residual contribution ? What bias is to be considered in the sigma correction,
and error induced as an additional error. This can be discussed from the spectrum shape, errors
and confidence in the limits of analysis to be used. Present/discuss more in detail the corrected
spectrum in section versus non-corrected one and versus the sonic anemometer one.

We have extended the discussion and used the Fourier analysis to further quantify the
effect of the heave correction. See lines: 226-230

Page 11, line 230 : typo vertical
Corrected



Page 12, Figure 6 shows linearized fit from sonic only, what would be the one from corrected
spectrum ? Discuss values retrieved from the range of the fit identified from the residual errors
and confidence in the correction.

We added the spectrum for both cloud radar Doppler velocity and sonic. Also we
calculated the standard deviation of all good fits to estimate the uncertainty of the
approach. See lines: 271-281, Fig. 7.

Page 12, Figure 6 legend : refers to values of EDR, but hypotheses for deriving EDR from radar
should be more discussed (see above).

First, we have removed the subfigure 6(b) as suggested by Reviewer 2. Concerning the
approach of EDR retrieval from radar data, we provide an extensive introduction to the
topic in Section 3.2.1 and lines 253-272.

Page 12, line 251 : lacono et al., 2208, is not a general reference for RRTMG. This ref is to be
replaced by a more appropriate one.
We replaced the reference by Mlawer 1997, Barker 2003 Clough 2005. See line 294.

Page 13, line 288 : It is OK here, but more generally for Arctic clouds | am not sure of that, as for
supercooled precipitating clouds
We removed the respective sentence about liquid water attenuation. See line 346.

Page 14, line 310 : a strong attenuation
Done

Page 14, line 318 : | would suggest to use scattering ratio Sr as well, which would further allow to
discuss fog issue using lidar measurements only assuming a threshold in Sr

Dealing with lidar signals in the very near range (below 300m) is bound to the presence of
technical caveats. Mainly, it is the incomplete overlap of the receiver-field-of-view and the
laser beam. Derivation of physical values, such as SR or att. BSC, from single-channel
elastically backscattered light is thus impossible very close to the ground, even for the
near-range channels of PollyXT (complete overlap at 120 m). We thus decided to rely on
the utilization of the technical value SNR for the detection of the cloud layers below 50 and
160 m height, which delivers very good results.

Page 15, line 348 : | would suggest to extend presentation here and discuss meteorological
context change to introduce cases studies and overall meteorological patterns observed leading
to the various cases analyzed. | would suggest to move Figure 11 here and briefly discuss more
general transport evolution over the period studied (not necessarily adding a figure).

We added an introduction to the overall synoptic situation based on Knudsen et al (2018)
who gave a synoptic overview of the PS106 campaign. See lines: 415-422.

Page 20, Figure 10 : | would suggest to present lidar scattering ratio instead of backscattering
coefficient (to better support aerosol/fog/cloud discrimination).

The provided attenuated backscatter coefficient is a standard product of the Polly-XT
processing chain (Baars et al., 2017). We thus would like to keep this parameter presented
in Fig. 12 (version of Figure 10 from before the revision), as it is the default lidar parameter
in Cloudnet and as we show it as standard parameter in other publications.



Page 23, and 24 : Synergies between the remote sensing instruments and auxiliary observations
from aboard Polarstern were analyzed by means of Cloudnet classification procedure. This
procedure is shown to induce caveats because of limitations in the radar range measurements.
More discussions on the way this could be mitigated using lidar measurements should be
included.

We extended the discussion of the caveats of Cloudnet and our approach to address them
with the lidar measurements. See lines 366-386.

Page 23, lines 429-432 : PollyXT “Though detected fog almost continuously during the case study,
:::". How is this done ? Explain in the text how this can be translated in an additional information
below 165 m in a quantitative way from scattering ratio.

As also pointed out by Reviewer #2, the terminology ‘fog’ is indeed inappropriate to
describe what we intend to detect. We thus renamed the ‘fog’ flag to ‘low level stratus
clouds’. This better describes that we aim with our approach on detecting clouds which
are (1) located above the visibility sensor of Polarstern and (2) located below the good-
performance-range of the ceilometer CL51 (deployed on Polarstern). The Figure below
(Fig. 2) demonstrates this approach and the advantages. Figure 2 (a-d) present cloud
parameters as derived from the CL51 ceilometer observations aboard Polarstern during
the time period from 07 Jun 2017, 21 UTC to 08 Jun 2017, 09 UTC. Figure 2 (e) shows the
combined Cloudnet (>165 m) and PollyXT-based (<165 m height) cloud masks and periods
of fog (horizontal blue lines) as derived from the on-board visibility sensor of Polarstern
(whichis Figure 17 in the manuscript). Figure 2(f) shows the liquid water path as measured
by the microwave radiometer HATPRO of OCEANET. The figure demonstrates nicely the
situation that frequently occurred: Almost for the whole time period, CL51 shows a cloud
deck, confirming that there were actually clouds present. However, the reported cloud
base is continuously above 150 m height during most of the time. Even when the visibility
sensor indicated fog (22:00-23:30 UTC on 7 June), the ceilometer cloud base was > 200 m.
The ceilometer also reports clouds at heights, where the combined lidar + cloud radar
cloud mask from Cloudnet does not show any clouds at all. This is especially visible in the
time period from 05-08 UTC on 8 June. This means, that the actual cloud base must have
been located lower than the lowest height of Cloudnet. And this is when the lidar data of
PollyXT is of help: The threshold of SNR>40 provides a good and reasonable estimate of
the actual cloud boundaries at heights <165 m.

We decided to not do a detailed discussion of the issues of the CL51 within the manuscript.
However, from our observations it is clear, that the reported cloud bases from the CL51
are continuously too high, at least in situations with very low clouds present. We hope
that Figure 2 demonstrates well to the referees that the new cloud mask from PollyXT is
valuable. The cloud mask will also be published in Pangaea to provide other users a good
estimate of the low-cloud occurrence - a very important parameter for the radiative and
water balances.
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Fig. 2: Comparison of ceilometer-derived cloud bases, PollyXT ‘low stratus’ detection mask and
visibility sensor for the Polarstern observations from 07 Jun 2017, 21 UTC to 08 Jun 2017, 09
UTC. (a) detection Status of the CL51 Ceilometer; (b) vertical visibility from CL51 (if detection
status equals 4); (c) and (d) height of lowest cloud base from CL51; (d) Cloudnet cloud and
aerosol mask (above 165 m), PollyXT low-level stratus mask (below 165 m) and fog-periods



(horiz. blue lines) as derived from the visibility sensor. (f) liquid water path as derived from the
microwave radiometer HATPRO.

Page 24, Figure 15 : Blue color below 165 m shows occurrence of clear air <165m. It is thus
misleading as no information is available from Cloudnet. Should be another color corresponding
to unknown (white?) instead of blue below 165 m in Fig 15. Could be replaced by dots
corresponding to fog color on a white background from the discussion on fog detection by lidar
only.
Done

Page 24 line 435 : “above the fog layer” meaning well above !
Changed ‘above’ to ‘well above’.

Page 28, lines 509-510 : Yes, frequently observed from surface-based IAOOS observations as
reported in Mariage et al., 2016
We included their findings in our discussion, lines 603-605.



Authors response - AMT

Application of the shipborne remote sensing supersite OCEANET for profiling of Arctic
aerosols and clouds during Polarstern cruise PS106 — Griesche et al.

Response to Anonymous Referee #2 (22 January 2020)

We would like to thank the Anonymous Referee #2 for dedicating time in order to improve the
manuscript and giving help by providing us with valuable comments and suggestions. We have
revised the initial submission, and hope that the manuscript is how acceptable for publication.

Our point-by-point response to the review comments is written here in bold font. The marked-up
manuscript version with all changes compared to the initial submission is attached to this file
and its line numbering is used to reference changes below.

Overall summary of major changes:
We would like to inform the referee about the following major changes:

e Revision of the abstract due to suggestion of Referee #2

e Reprocessing of the Cloudnet data with an Arctic MWR-retrieval considering the
comments of both Referees #1 and #2

e Included a better evaluation of the capability of the motion stabilization according
to comments by both Referees #1 and #2

e Improved the discussion of the eddy dissipation rate and fog/low-level stratus
retrievals as well as Cloudnet in general considering the comments by both
Referee #1 and #2

Detailed responses:

The authors describe the deployment of the Oceanet remote-sensing container during a cruise
to the Arctic. Right now it is not clear if the authors want to present technical development or
research findings. The authors briefly describe a new motion stabilisation platform and a new
data processing method for fog detection. However, they fail to provide a validation that those
are working. The remainder of the paper is dedicated to case studies. The paper is of interest to
the community but needs major revisions. First of all, the authors need to make up their mind if
this should be a paper for AMT or ACP. There are further major items that need to be
addressed before it can be considered for publication:

- [Abstract] The Abstract appears to be more of an introduction than a concise summary of the
paper. Key points of the article are missing. Please rewrite the Abstract.

We rewrote the paragraph in such a way that it provides a more concise summary (See
lines 1-30).

- [MWR retrieval] One of the major issues with this work is related to the analysis of the
microwave radiometer measurements. | do not agree with the assumption that atmo- spheric



conditions in the Arctic are comparable with those during winter in the Nether- lands. In the
Netherlands the minimum temperature rarely reaches 0-C; also radiative balance is not
comparable. The analysis needs to be repeated with a customised Arctic retrieval. Radiosonde
data can be obtained from several research cruises in the Arctic since 1990 and are also
available from research stations around the Arctic.

Meanwhile, we reprocessed the MWR data with an retrieval that was created by
University of Cologne for the location of Ny Alesund (78.9°N, 11.8°E). We mention this in
the file diff.pdf in lines 140-145. The data will also be uploaded as a new version to
Pangaea. Same holds for the depending Cloudnet-processed data set on Pangaea. Fig. 1
shows the correlation of the two data sets. Overall, the correlation is quite linear,
especially for the IWV/PRW. Only in the low-LWP range <100 g/m2, considerable relative
biases can be found.
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Fig. 1: Comparison of LWP (a, b) and IWV/PRW (b) derived from (unflagged) MWR
observations with retrievals from De Bilt and Ny Alesund.

- [Motion stabilisation] The authors should provide proof that the roll and pitch was actively
levelled out for the motion-stabilised radar measurement. Please provide a time series of roll
angles for the ship and radar during roughest sea and the probability distribution of radar roll
angle for at least a 1 h period with greatest ship roll. Further information on the measurement
conditions is needed to assess the performance of the motion stabilisation platform. What was



the maximum roll angle? What was the ship’s mean horizontal velocity when underway? What
was the wave-induced velocity perturbation in open water?

The discussion of the motion stabilization and its influence on the measurements has
been improved. We have compared the pitch and roll movement of the Polarstern to the
respective measurements of a small single board computer (Beaglebone Blue) mounted
on the cloud radar during different periods of the campaign. From the comparison, we
conclude that the stabilization was challenging when RV Polarstern cruised through
open waters. Under these conditions, the vertical pointing accuracy could be reduced to
within 1° off-zenith. While breaking through the ice and during the ice-floe period, the
platform stabilized the vertical pointing with an accuracy of 0.5°.

See lines: 196-202, 566-575, Figure 4.

The heave correction was further analyzed and quantified by investigating the Doppler
velocity spectrum of the corrected and uncorrected Doppler velocity. The applied heave
correction reduced the signal induced by the vertical movement of the cloud radar in the
power spectral density of the Doppler velocity by a factor of 15.

See lines: 226-230, Figure 6.

- [Eddy dissipation rate] The validation of eddy dissipation rate is not convincing. At what height
was the tethered balloon located? Below a cloud or within a cloud? What are the reasons for the
over- and underestimation? Also, it would be good to have more than two comparisons cases
between the Radar and the measurements with the tethered balloon or to provide justification
why this is not done. Please also provide the EZ" values from tethered balloon and radar for
both cases.

We have extended the discussion on the EDR retrieval and included additional
information, like the height of the tethered balloon, in the manuscript. The standard
variation of the derived EDR values has been calculated to better evaluate the retrieved
values. We also added another comparison of EDR between the cloud radar and the
tethered balloon. Adding more comparisons is not possible as the measurement strategy
of the balloon was not only focused on clouds and therefore no more co-located
observations are available.

See lines: 271-289, 574-580.

- [Cloudnet and cloud definition] There are several issues related to the Cloudnet retrieval. Right
now it is often unclear what has been done. For instance, the description of the classification
mask (Page 13, line 261) does not agree with the shown Cloudnet target classification in Figure
9a. Please provide more details on Cloudnet in general and on the classification mask and the
target classification for readers that are not fa- miliar with the method. Further, it is not clear if
the presented definition of liquid and mixed-phase clouds (page 12, second paragraph) is an
official Cloudnet product such as the target classification or if it is a new data product developed
by the authors. In that context, why not use the target classification as in comparable studies
based on multi-sensor retrievals? In those, Arctic mixed phase clouds are defined when both
liquid/supercooled water and ice particles are present and when ice particles are identified
directly below liquid and mixed-phase regions (e.g. Shupe 2011, Mioche et al. 2015). For



comparison of cloud statistics from different campaigns it is important to use the same definition
as already used in the literature.

We agree with the reviewer that the Cloudnet retrieval has certain caveats. This study
presents a calibrated data set of measurements, which is suitable for synergistic
retrievals such as Cloudnet. To provide comparable statistics to other retrievals the data
set should be processed with the respective retrieval. We adapted our introduction of
Cloudnet to the simpler classification mask, which is based on the categorization bits.
This classification mask is used in the manuscript in Figures 11(a) and 16(a).

The differentiation between supercooled liquid clouds and mixed-phase clouds at a
temperature right below 0°C remains difficult. In the mentioned Figure, a cloud radar
pixel was detected right below the cloud. In this situation, it is not possible with present
remote sensing methods to differentiate between ice and supercooled liquid. This is only
done by dew point temperature. In this case, the cloud top temperature was very close to
0°C and supercooled liquid has been found in Arctic stratiform clouds down to -4°C
(Zhang et al., 2017).

See lines: 305-337

- [Fog detection] The information related to the fog detection is not adequate to evaluate if the
proposed method works. Please make use of the visibility sensor aboard Polarstern to assess
your findings as well as to test if your assumed SNR value of 40 can be used to reliably detect
fog. Just as a reminder, fog is defined when the visibility is below 1 km. The visibility sensor can
also be used to distinguish between fog and low clouds. In that regard, please compare the
detected low cloud layers with the observation of the ceilometer aboard Polarstern. The first
height bin is much lower than the first height bin of the Polly system. Also would it not be better
to use the ceilometer for detection of fog and low cloud layers? First of all the first cloud layer is
lower and the Ceilometer on Polarstern is a CL51 which reports the vertical visibility in case that
the lowest height bins are obscured due to precipitation and/or fog?

We decided to change our naming and to call our new product low-level stratus cloud
instead of fog. This is closer to reality as the Polly system is only able to observe clouds
starting from a height of >50m. To assess whether the SNR of 40 is a reasonable, we
made a comparison between the low-level stratus cloud occurrence using three different
SNR thresholds in addition to the occurrence of fog by means of the horizontal visibility
sensor from Polarstern. Figure 2 shows this comparison. In blue (green) the low stratus
occurrence due to a SNR of 20 (60) is indicated. Orange shows the original findings with
the SNR of 40. The dashed red lines shows the frequency of occurrence of horizontal
visibility below 1 km. The SNR value of 40 was manually found to provide the best visual
correlation with the visibility measurements as well as to signatures of signal attenuation
in the time-height cross-sections of the Cloudnet attenuated backscatter coefficient and
HATPRO LWP measurements (see, e.g., Fig. 4 of this reply letter or Figs. 10 and 14 in the



manuscript).
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Fig. 2: Comparison of low stratus occurrence due to a SNR of 20 (blue), 40 (orange) and 60
(green) and visibility below 1 km (HV, dashed red).

See lines: 366-386

Minor issues

- Line 88, Please also cite Ehrlich et al. (2019) for ACLOUD
Done

- Line 122: It is not clear if only winter time radiosondes from De Bilt are used in the retrieval.
Please clarify. But even better would be to revise the retrieval using actual Arctic
measurements.

We used aretrieval the location of Ny Alesund. See answer to major comment above.

- Line 126: An Arctic retrieval based on ERA-Interim data should be compared to a retrieval
based on Radiosonde data. Systematic errors in ERA-Interim data (e.g. Wesslén et al., 2014,
for temperature bias) can have an influence on the MWR retrieval. Consider using ERA5
instead.

We used aretrieval the location of Ny Alesund. See answer to major comment above.

- line 153: Please provide the typical error range of the RS92 measurements
Done

- line 270: Do you mean T or Td (dew point temperature here).
We deleted this paragraph (but Td was meant).

- line 344: Can you please verify if the mixing depth provided by GDASL1 is comparable to the
observed mixing depth. It is known that models have problems to provide realistic mixing depth
in the Arctic.



We have removed the mixing depth analysis provided by trace from the study.
Nevertheless, we provide ensemble trajectories in Figure 8. There it is well demonstrated
that approximately 50% of the ensemble trajectories passed the European continent
where they were involved in boundary layer processes, as indicated by the PBLH values
of the underlying GDASL1 data.

- line 354: Do you mean Figure 4.1.1? And the profiles are shown to a height of 2.5 km not 2.0
km.
Indeed, we wanted to refer to (old) Figure 4.1.1. We changed the text also to 2.5km.

- line 356: Since ice particles are below the liquid stratocumulus the cloud should be reclassified
as mixed-phase cloud (see major comments).

We agree that this is an ambiguous cloud situation. Still we rather stick with liquid or
liguid-dominated cloud. See also answer to major comment on the Cloudnet retrieval.

- line 375: As observed by Shupe et al. (2013). Please add citation.
Done

- The figures do not appear in the order they are discussed in the text. Please revise.
Done

- Figure 6b is not necessary and should be omitted.
Figure 6b has been removed.

- Figure 15: Fog and low cloud should have different colours. Again use the visibility sensor to
distinguish between fog and low clouds. Add visibility to the plot. Also add the observed
backscatter from the CL51 as comparison as an extra plot next to it.

As also pointed out by Reviewer #1, the terminology ‘fog’ is indeed inappropriate to
describe what we intend to detect. We thus renamed the ‘fog’ flag to ‘low level stratus
clouds’. This better describes that we aim with our approach on detecting clouds, which
are (1) located above the visibility sensor of Polarstern and (2) located below the good-
performance-range of the ceilometer CL51 (deployed on Polarstern). The Figure below
(Fig. 4) demonstrates this approach and the advantages. Figure 4(a-d) present cloud
parameters as derived from the CL51 ceilometer observations aboard Polarstern during
the time period from 07 Jun 2017, 21 UTC to 08 Jun 2017, 09 UTC. Figure 4(e) shows the
combined Cloudnet (>165 m) and PollyXT-based (<165 m height) cloud masks and periods
of fog (horizontal blue lines) as derived from the on-board visibility sensor of Polarstern
(which is Figure 17 in the manuscript). Figure 4(f) shows the liquid water path as measured
by the microwave radiometer HATPRO of OCEANET. The figure demonstrates nicely the
situation that frequently occurred: Almost for the whole time period CL51 shows a cloud
deck, confirming that there were actually clouds present. However, the reported cloud
base is continuously above 150 m height during most of the time. Even when the visibility
sensor indicated fog (22:00-23:30 UTC on 7 June), the ceilometer cloud base was >200 m.
The ceilometer also reports clouds at heights, where the combined lidar + cloud radar
cloud mask from Cloudnet does not show any clouds at all. This is especially visible in the
time period from 05-08 UTC on 8 June. This means, that the actual cloud base must have
been located lower than the lowest height of Cloudnet. And this is when the lidar data of
PollyXT is of help: The threshold of SNR>40 provides a good and reasonable estimate of
the actual cloud boundaries at heights <165 m .

We decided to not do a detailed discussion of the issues of the CL51 within the manuscript.
However, from our observations it is clear, that the reported cloud bases from the CL51
are continuously too high, at least in situations with very low clouds present. We hope



that Figure 4 demonstrates well to the reviewers that the new cloud mask from PollyXT is
valuable. The cloud mask will also be published in Pangaea to provide other users a good
estimate of the low-cloud occurrence - a very important parameter for the radiative and
water balances.

- Figure 17: How is fog height determined? That needs to be discussed in 3.3.3. Add visibility to
the plot.

The low level stratus height was determined by the lowest and the highest PollyXT pixel

of the low level stratus mask, which exceeded the SNR-threshold (also mentioned in the

manuscript in lines 385-386). We added a flag to indicate periods of horizontal visibility <
1 km in Figure 17.

- line 500, e.g. Sotiropoulou et al. (2014) and (2016) considered low clouds from
ceilometer/Halo and radar measurements.
We have considered their findings in our discussion.

- Line 762: Somag, the provided link does not work. Please provide an open link or add the
information to the text.
Done

- Figures 7, 10 (upper panel), and 13: Please use same scale for T and RH in all plots.
Done
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Abstract.
From 25 May to 21 July 2017, the research vessel Polarstern performed the cruise PS106 to the high Arctic in the region
north and northeast of Svalbard. P i it i i i i

of (ALY ~the-The mobile remote sensing platform OCEANET was deployed aboard Polarstern. Within a single container,

OCEANET houses state-of-the-art remote sensing equipment, including a multi-wavelength Raman polarization lidar PollyXT
and a 14-channel microwave radiometer HATPRO. For the cruise PS106 the measurements were supplemented by a motion-
stabilized 35-GHz cloud radar Mira-35.

TFhis—paper-This article describes the treatment of technical challenges which were immanent during the deployment of
OCEANET in the high Arctic. This includes the description of the motion stabilization of the cloud radar Mira-35 to ensure

vertical-stare observations aboard the moving Polarstern —Also-low-level-clouds-and-the-presenee-of fog-as well as the applied
correction of the vessels heave rate to provide valid Doppler velocities. The correction ensured a leveling accuracy of +0.5°.
during transits through the ice and a performed ice floe camp. The applied heave correction reduced the signal induced by

frequently prevented a continuous analysis of cloud conditions from synergies of lidar and radar within Cloudnet, because the
technically determined lowest detection height of Mira-35 was 165 m above sea level. To overcome this obstacle, an approach

for identification of the cloud presence solely based on data from the near-field receiver of PollyXT at heights from 50 m and

165 m above sea level is presented. We found low level stratus clouds, which were below the lowest detection range of most
automatic ground-based remote sensing instruments during 25% of the observation time.

eWe present
case studies of aerosol and cloud studies to introduce the capabilities of the dataset—Fhe-data set. In addition, new approaches

for ice crystal effective radius and eddy dissipation rates from cloud radar measurements and the retrieval of aerosol optlcal

and microphysical properties from the observations of PollyXT
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introduced.

1 Introduction

The Arctic is one of the hot spots of global climate change. This is observed as a change of several parameters such as the drastic
decline of the Arctic sea ice during all seasons, but especially in summer, in both extend and thickness (Meier et al., 2014).
Also, in the past 30 years the mean Arctic near surface air-temperature anomaly increased at least by a factor of two faster
compared to the global mean (Serreze and Barry, 2011). These phenomena, alse-summarized by the term Arctic Amplification,
are assumed to be due to several feedback mechanisms, e.g., the surface albedo feedback, lapse rate feedback, a change in the
meridional atmospheric and oceanic mass and energy transport pattern, and an alteration in cloud cover, aerosol occurrence,
and atmospheric moisture content (Wendisch et al., 2017). However, there is still a lack of understanding in the interplay of
these feedback mechanisms as well as in quantifying their relative importance and magnitude (Serreze and Barry, 2011; Pithan
and Mauritsen, 2014; Goosse et al., 2018).

The radiative effect of clouds is a major source of uncertainty in this matter. Arctic clouds have a high variability in their
radiative effects and in their impact on the surface energy balance (Yeo et al., 2018). The cloud-related radiative impacts have
been found to be both positive (i.e., clouds have a warming effect) as well as negative (Goosse et al., 2018). A higher fraction
of low clouds, e.g. caused by a decreased sea ice extent, increases the downwelling longwave radiation during polar night and
thus induces a positive feedback. A higher fraction of liquid water in mixed-phase clouds due to a warmer climate, on the other
hand was found to increase the cloud albedo. This in turn enhances the reflection of incoming shortwave radiation at the top
of the atmosphere during polar day (Goosse et al., 2018) and thus produces a negative feedback. Yet the underlying processes
controlling Arctic cloud phase and occurrence, and hence the connected feedback mechanisms driving Arctic Amplification
are not completely understood (e.g., Shupe et al., 2013; Kalesse et al., 2016a).

Though being a key requirement to study the Arctic energy budget, detailed observations of Arctic clouds still are rare.

To-study-these-Measurements from ground based stations, such as the observatories of the International Arctic Systems
for Observing the Atmosphere (Uttal et al., 2016) are of great value, e.g. due to their possibilities of conducting long-term
observations. However they are limited to their location and influenced by their surrounding orography. Drifting buoys on the
other hand can enter any place in the Arctic ice and thus are very valuable in this harsh environment. Their equipment gets

increasingly sophisticated and since a few years buoys equipped with autonomous lidar systems (Mariage et al., 2017) have

been in use, giving them the opportunity to measure vertical profiles of the atmospheric column. But they still are limited

in their payload and can not yet replace measurements from observatories or campaigns. To study Arctic clouds, different
aircraft campaigns have been conducted in recent years in—the-Aretie(e.g., Curry et al., 2000; Jacob et al., 2010; McFar-
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quhar et al., 2011; Wendisch et al., 2019). While airborne measurements yield an unique, accurate description of the observed

cloud, they lack the ability to measure continuously the entire tropospheric column ¢ over a
long period, a feature active remote sensing observations can offer. Given this capability, ground-based remote sensing ob-
servations are suitable to investigate the spatio-temporal distribution of clouds (Biihl et al., 2013), their phase partitioning
(de Boer et al., 2009; Zhang et al., 2014; Kalesse et al., 2016a), and their interaction with aerosols (Seifert et al., 2010).
These data sets serve, e.g., as basis for model evaluation (Illingworth et al., 2007; Neggers, 2019) and radiative transfer
calculations {Barrientos-Velaseo-etal; 2049 Ebettetal;2649)(Ebell et al., 2019; Barrientos Velasco et al., 2020). Hence, ad-
ditionally to the airborne campaigns, several shipborne campaigns equipped with remote sensing instrumentation have been
conducted in the past years in the Arctic (e.g., Uttal et al., 2002; Tjernstrom et al., 2004; Tjernstrom et al., 2014; Granskog
etal., 2018; Wendisch et al., 2019). Observations of space-borne cloud radar and lidar, as done aboard Cloudsat (Stephens et al.,
2008) and CALIPSO (Winkeret-al52603)-(Winker et al., 2010) provide in addition a large-scale overview of the Arctic cloud
coverage (Liu et al., 2012). But the respective data sets lack information about the lowest cloud levels. Nevertheless, there are
still only a few studies of sea-motion-stabilized cloud radars, whose availability is a necessary requirement to determine also
cloud vertical dynamics accurately from a shipborne platform.

In order to study the feedback mechanisms causing Arctic Amplification, the initiative ArctiC Amplification: Climate Rel-
evant Atmospheric and SurfaCe Processes and Feedback Mechanisms (AC)? conducted two complementary field campaigns
in the Arctic summer of 2017: Arctic CLoud Observations Using airborne measurements during polar Day (ACLOUD), an
airborne campaign performed with the research aircraft Polar 5 and Polar 6, and the Physical feedbacks of Arctic boundary
layer, Sea ice, Cloud and AerosoL. (PASCAL) expedition deployed on and around the research ice breaker Polarstern (Macke
and Flores, 2018; Wendisch et al., 2019). These campaigns took place in May and June 2017 in the regions north and northeast
of Svalbard with the aim to combine remote sensing and in-situ observations. During PASCAL, a two-week ice floe camp was
performed in the vicinity of Polarstern and a large number of auxiliary measurements were conducted on the ice. PASCAL was
the first part of the split Polarstern cruise PS106 which lasted-took place from 25 May until 21 July 2017. During the whole
PS106 cruise, measurements with the multiwavelength polarization lidar PollyXT_OCEANET, a 35-GHz cloud radar Mira-35
and a microwave radiometer HATPRO (Humidity And Temperature PROfiler) of the OCEANET platform were conducted
aboard Polarstern. Within (AC)? the OCEANET observations have the essential role to describe the temporal evolution of the
vertical structure of aerosol and clouds in the €entral-central Arctic. They constitute the prerequisite for further studies of
aerosol-cloud interaction, model evaluation or radiative transfer modeling, which are partly covered by other subprojects of
(AC)3. Scope of this study is thus to introduce the instrumentation and data analysis methods which are used to produce the
OCEANET-based cloud and aerosol data sets for the cruise PS106.

In Section 2 of this paper, a detailed description of the OCEANET instruments and the auxiliary observations is given.
The applied motion stabilization and heave rate correction of the cloud radar Doppler velocity, the data processing based on
the synergistic Cloudnet algorithm (Illingworth et al., 2007) and the development of auxiliary retrievals for processing within
Cloudnet are described in Sect. 3. In Section 4 the products derived from the OCEANET measurements using Cloudnet are

illustrated by means of different case studies from the time period of the ice flow camp. The potential of PollyXT_OCEANET
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to characterize the free-tropospheric aerosol is also highlighted. In addition, a statistical overview about the observed cloud
vertical structure with a special focus on low-level clouds during PS106 is presented. A final summary and conclusions are

given in Sect. 5.

2 Instrumentation

During the complete PS106 campaign in the central Arctic in summer 2017 (see Fig. 1) a comprehensive number of remote
sensing instruments was deployed aboard the research vessel (RV) Polarstern to conduct continuous observations of clouds and
aerosolaerosols. To a large extent, these instruments were comprised in the OCEANET-Atmosphere observatory (Kanitz et al.,
2013a). Additionally, auxiliary instruments for in-situ and remote sensing observations installed aboard Polarstern as well as
during a two-week ice floe-camp, which was performed in the vicinity of the RV, were utilized for the studies presented in
here. The first part of PS106 (PS106.1 / PASCAL) was accompanied by the ACLOUD aircraft campaign (Ehrlich et al., 2019)
about both of which a brief overview is given by Wendisch et al. (2019).

The location of the OCEANET equipment and of the auxiliary Polarstern instruments deployed during PS106 that were used
within this study are depicted in Fig. 2. Table 1 summarizes the technical details of the key equipment applied in the synergistic
Cloudnet processing that is further described in Sect. 3.3. The-In the following the different instruments will in-the-fellowing
be briefly introduced.

2.1 OCEANET

The OCEANET-Atmosphere observatory was already frequently operated aboard Polarstern (Kanitz-et-al;2043b)-

Kanitz et al., 2013b; Bohlmann et al., 2018; Yin et al., 2019). Yet, so far only for the transects from the northern to the southern
hemisphere (or vice versa) but never in the Polar regions. Its container is by default equipped with the multi-wavelength po-

larization Raman lidar PollyXT_OCEANET (hereafter referred to as PollyXT), to provide continuous profiles of cloud and
aerosol properties (Engelmann et al., 2016). Additionally, a 14-channel microwave radiometer (MWR) HATPRO (Rose et al.,
2005) for measurements of column-integrated liquid water and water vapor content and profiles of atmospheric temperature,
a standard meteorological station, a pyranometer and a pyrgeometer for incoming short- and longwave radiation observations,
as well as an all-sky camera for passive visible observations of the full sky were installed. During PS106, OCEANET was
complemented for the first time with a vertically-pointing motion-stabilized 35-GHz polarimetric Doppler cloud radar of type
Mira-35 (Gorsdorf et al., 2015) for continuous vertically resolved measurements of Doppler spectra produced by cloud vertical
motions.

The Polly*" system measures profiles of particle backscatter coefficient at three wavelengths (355, 5+2-532 and 1064 nm),
and of extinction coefficient as well as of the linear depolarization ratio at two wavelengths (355 and 542532 nm), respectively
, details see Baars et al. (2016). Four near-field channels for detection of elastically and Raman-scattered light from nitrogen
molecules are implemented at 355, 387, 532 and 607 nm to enable observations already at low heights starting at about 50

m above the instrument. An additional channel for detection of Raman-scattered light from water vapor at 407 nm allows
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Figure 1. Track of RV Polarstern during PS106 (tepa). PASCAL (PS106.1, yellow) was the first part of PS106 and was accompanied by a
two-week drift (zoom-ofintetin-the-bottom-subfiguareb) during which the ice floe camp was performed. Map by-Anna-Niketopeutoscreated
with GMT (Wessel et al., 2019).

the retrieval of the water vapor mixing ratio (Dai et al., 2018) during low sunlight conditions. From the PollyXT backscatter

and extinction measurements, aerosol classification by their optical properties (Miiller et al., 2007; Baars et al., 2017) up to
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Figure 2. Polarstern during the ice floe camp performed during the PASCAL campaign. Annotated are the locations of some selected
instruments for atmospheric measurements. (1-5) indicate the positions of the key instruments used for Cloudnet processing: Polly* T,
HATPRO, Mira-35, disdrometer and radiosondes. (6) denotes one of the 15 pyranometers comprising pyranometer network, at (7) was the

tethered balloon launching site and at (8) aerosol in-situ measurements had been conducted. (1-3) are permanent part of OCEANET. Picture

by N. Fuchs.

the retrieval of particle size distribution and number concentration (Miiller et al., 1999; Baars et al., 2012) can potentially
be derived. The polarization-sensitive detection channels allow to determine-the-shape-of-the-observed-distinguish between
spherical and non-spherical aerosol and cloud particles (Kanitz et al., 2013a) and, for instance, to separate dust and non-dust
particles in mixed aerosol layers (Baars et al., 2011). By applying the shape-detection capabilities of the polarization channels
for the discrimination of spherical liquid droplets from non-spherical ice particles, heterogeneous ice formation in mixed-phase
clouds can be studied (Seifert et al., 2015). Another application of depolarization observations in mixed-phase cloud studies is
the estimation of cloud condensation nuclei (CCN) and ice nucleating particle (INP) concentrations (Mamouri and Ansmann,
2016). Due to the relatively short wavelengths of the lidar, e.g. compared to the cloud radar, it follows that the lidar is sensitive
to rather small particles such as aerosel-aerosols or small cloud droplets. Also attenuation, especially due to liquid clouds, has
to be considered.

The MWR HATPRO provides estimates of the liquid water path (LWP), integrated water vapor IWV), as well as humidity
and temperature profiles with a temporal resolution of 1 Hz. The MWR measures the emission of radiation from the atmosphere
in two frequency bands ranging from 22.24 — 31.4 GHz and from 51.0 — 58.0 GHz at 14 different channels. The MWR datasets
data sets shown in this study are based on a retrieval that was created based on a long-term radiosonde datasetfrom-De-Bilt;
NL-(52data set from Ny-Alesund, Svalbard, Norway (78,9°06°N, 511.8°+*E, 411 m hasl, WMOCode 6260) according to
Lohnert and Crewell (2003). - fose—eesee o me i i epe i o bl e b ol o e
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During PS106, the Ka-band Doppler radar Mira-35 was set-up to emit pulses with a width of 208 ns at a pulse repetition
frequency of 5000 Hz. This corresponds to a vertical resolution of 31.18 m. The upper limit of the measurement range was set
to 15km. The Doppler spectrum was derived from the backscattered signals of 256 consecutive pulses. To allow the correc-
tion of the cloud radar data for the vessel movement, the whole spectrum (including noise) has been stored with a temporal
resolution of 4 Hz and a Doppler resolution of 0.08 ms~!. This correction has been done in a post processing procedure which
is explained in Sect. 3.1. From the profiles of the Doppler spectra, the different Doppler moments such as radar reflectivity,
Doppler velocity, and Doppler spectral width were determined as described in Gorsdorf et al. (2015). The linear depolarization
ratio (LDR) was obtained from the ratio of the radar reflectivity factor observed in the co- and cross-channels of Mira-35
and provides information about the hydrometeor shape (Biihl et al., 2016). In contrast to the lidar, the longer wavelength of
operation of the cloud radar defines its sensitivity to range from cloud hydrometeors to slight precipitation. Especially in the
case of shallow stratiform clouds, as they dominated the measurements during PS106, attenuation effects can be neglected.

The OCEANET datasets-data sets of HATPRO, PollyXT and Mira-35 are publicly available through the Open Access library
PANGAEA {(Griesche-et-al52019a,b;-e}Griesche et al., 2020b, ¢, 2019c¢).

2.2 Auxiliary instrumentation

Added value of the OCEANET measurements can be obtained when they are accompanied by additional observations. Dur-
ing the two-week ice floe camp performed in the frame of PASCAL, a tethered balloon site was set up for turbulence and
radiation observations (Egerer et al., 2019) and a network covering 15 pyranometers to determine the spatial variability of the
solar radiation was installed {(Barrientos-Velaseo-et-al52049)(Barrientos Velasco et al., 2020). In the context of this study, the
turbulence as determined from the three-dimensional wind vector measured with high temporal resolution of several tens of
Hertz by an ultrasonic anemometer attached to the tether of the balloon was used. To obtain mass and number concentration as
well as optical properties and filter samples of the aerosol at the surface, a container equipped with instrumentation for aerosol
in-situ measurements was installed on the deck of Polarstern and was measuring continuously during the whole two-month
cruise (Kecorius et al., 2019). Also aboard Polarstern, measurements of the optical thickness of the cloud-free atmosphere were
performed using a hand-held Solar Light Microtops Sun photometer. The Sun photometer measurements are already available
through the AEresol-RObotiec-NETwork-AErosol RObotic NETwork (AERONET) project. An optical disdrometer, which
is part of the OceanRAIN network (Klepp et al., 2018), mounted on the crows nest of the RV was continuously measuring
the precipitation rate for different hydrometeor types and size bins. Additionally, launches of Vaisala RS92-SGP radiosondes
(Jensen et al., 2016) were conducted every 6 hours (shortly before 5, 11, 17 and 23 UTC to reach 100 hPa approximately at 6,
12, 18 and 24 UTC) to obtain in-situ profiles of temperature (AT=0.5°C), relative humidity (ARH=5%), pressure (Ap=1 hPa),

and horizontal wind speed (Av=0.15ms~!) and direction (A°=2°).



Table 1. Overview of the ship-berneinstrumentation deployed during PS106 that had been used for processing of the Oceanet observations.

Instrument

Type

Reference

Measured Quantities

v: Frequency
A: Wavelength
R: Range of Measurement

P: Precision

Time Resolution

Raman Lidar
Polly*"

Engelmann et al. (2016)

Particle backscatter coefficient

Particle extinction coefficient

X = 355,532,1064 nm
R: 0.1-15km, 0-1km ™~ sr!
P:7.5m; le-5km ™ 'sr!

A =355,532nm

R: 0.3-5km, 0-10km !

P: 300m; le-2km™*

10 min -1 hour

Particle linear depolarization ratio A = 355,532 nm
R: 0.1-15km, 0-0.5;
P: 7.5m; 0.02
Microwave Radiometer
RPG HATPRO-G2 Rose et al. (2005) Integrated water vapor IWV) v =22.24-31.4GHz 1Hz
first generation R: 0-35kgm~?
dual profiler P:0.2kgm~?
Liquid water path (LWP) v =22.24-314GHz
R: 0-1kgm~?2
P:0.02kgm ™2
Brightness temperature (TB) v =51.0-58.0 GHz
R: 0-330K
P:0.2-1K
Doppler Cloud Radar
Metek Mira-35 Gorsdorf et al. (2015) v =35.5GHz 3.5sec
Radar reflectivity factor R: 150-13000 m; -55-20dBZ
P:3m; 2dBZ
Linear depolarization ratio R: 150-13000 m; -26-0 dB
P:30m; 1dB
Hydrometeor vertical velocity R: 150-13000m; -11-11ms~!
P:30m; 0.08ms™"
Optical Disdrometer
Eigenbrot ODM470 Klepp et al. (2018) Particle size distribution A =880nm 1 min
R:0.04-22 mm
P: 0.03-0.5 mm
Tethered balloon
Ulurasonic anemometer  (Egerer etal., 2019) 3-D wind vector S0Hz
[Pyranometer network

EKQ Instruments
ML-020VM

Sunphotometer

Solar Light

(Porter et al., 2001)

Aerosol optical thickness

500,675,870,936,1020 nm

B

On demand,
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3 Data processing and synergistic retrievals

Aim of the OCEANET observations from PS106 was to provide a continuous vertically-resolved view on cloud and aerosol
macro- and microphysical properties in order to enhance the understanding of the Arctic atmosphere system and to support
partner projects with datasets-data sets for radiative transfer calculations and turbulence studies. To derive continuous products
of cloud and aerosol properties, the shipborne OCEANET remote sensing observations were processed using the synergistic
retrieval algorithm Cloudnet (Illingworth et al., 2007). In this section, we describe the extension of the standard Cloudnet
algorithms by additional simple but operationally applicable products providing estimates of cloud droplet and ice crystal
effective radius and the cloud-turbulence parameter eddy dissipation rate (EDR). The procedure for minimizing the influence
of the RV motion on the measurement of vertical velocities with Mira-35, which are required for the EDR retrieval, is also

explained below.
3.1 Correction of vertical-stare cloud radar observations for ship motion

A structural requirement to derive valid vertical velocity from a Doppler cloud radar is a vertical pointing radar without an own
vertical-velocity component. When the cloud radar is pointing off-zenith, the measured vertical-stare Doppler velocity will be
biased by an additional component introduced by the horizontal wind. Based on high resolved horizontal wind data and the
radar beam incident angle, a correction is possible for this bias (Wulfmeyer and Janji¢, 2005). For PS106, a different approach
was chosen. Similar to the approach described by Achtert et al. (2015), the cloud radar was mounted on an active stabilization
platform (Fig. 3 (ba)), which was in our case a predecessor of the SOMAG AG Jena — GSM 4000 (SOMAG, 2017). This
platform actively leveled out the roll and pitch movement of the RV, ideally in a way that no correction of horizontal-wind

effects was necessary. On-the-other-hand;-

Figure 4 shows a comparison of the pitch and roll angle time series during ice breaking conditions from I June 2017
07:00 UTC 3 June 2017 8:00 UTC measured by the vessel’s own inertial measurement unit (IMU) and directly at the cloud
radar. As the platform itself did not serve any position determination we made use of a single board computer (Beaglebone
Blue) with integrated IMU. During the ice transit and the ice floe camp periods, the stabilization platform ensured an accuracy.
of the leveling of +0.5°. The 2-sigma standard deviation during the ice transit (ice floe camp) was found to be 0.32° (0.34°
thus 95% of the datapoints show an accuracy of 89.68° (89.66°). During the open-sea passage of RV Polarstern, the accuracy.
of the stabilization was reduced to around £1° with a 2-sigma standard deviation of 0.7°.

An additional bias of the true Doppler velocity can occur if the cloud radar itself moves in-a-vertical-directiontheresulting
vertically: the vertical velocity superimposes the measured Doppler velocity. In the case of a moving RV, the vertical movement

is induced by the RVs heave rate and rotation. The necessary heave correction was done in a post-processing procedure which
will now be introduced.
To enable the correction, the complete cloud radar Doppler spectra as well as the motion data (rotation and translation) of

Polarstern were stored with a resolution of 4 Hz and 20 Hz, respectively, throughout the entire cruise. The heave rate of the
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Figure 3. (a) The cloud radar aboard Polarstern and the stabilization platform. (b) shows the time series of the cloud radar heave rate
during PS106. The thick dashed vertical line indicates the moment when the stabilization platform got a malfunction. At the bottom a rough
localization of Polarstern is annotated (green: North Sea (N.S.), light blue: Ice transit (Ice t.), dark blue: Ice floe camp, dark green: Svalbard

region).

cloud radar v, was determined by summing up the z-component of the cross product between the rotation vector of Polarstern

v p, and the position of the radar X g relative to the mass centre of the RV

Ppiten TR UR,
vR=vpr X Xr=| Pou |X]| yr |=] vr, (1
Pyaw ZR VR,

with the z-component of the translation vector of Polarstern vp,.

ve, = VR, VP, 2

In Figure 3 (b) the time series of vc, for PS106 is shown. The heave rate correction was done by shifting each individual
Doppler spectrum opposite to the cloud radar heave rate. An illustration of this procedure is shown in Fig 5. In an initial
step, the cross correlation between the timestamps of the two data sets, the cloud radar Doppler spectrum and the cloud radar
heave rate, was calculated to check for a possible time shift between both datasetsdata sets. This was found to be 0.25s.
Subsequently, the two values of v, from before and after the current Doppler spectrum have been linearly interpolated onto
its respective time. Finally, the spectrum was shifted according to the number of spectral bins determined by the Doppler
resolution ( AV poppierSpectrum = 0.08 m s~ 1) and the interpolated heave rate.

The effect of the heave correction is illustrated in FigureFig. 6. In Figure 6 (a) the uncorrected Doppler velocity measured
on 30 May 2017 between 00:00 — 01:00 UTC, together with the respective histogram of the velocities is shown. The RVs-RV’s

10



225

Polarstern pitchangle [°]
-1.0 -0.5 0.0

3
J(a) - 10 4(€)
= 21 g
o 17 -
> 0 =
-1 4 2 7
2 L1 g °
g -21 S
o —3 1 —Cloud radar — Polarstern a
-4 . T . T 0 - r
06/02 06/03 -0.5 0.0 0.5
00:00 00:00  cloud radar pitchangle [°]
Date
Polarstern rollangle [°]
-2 -1 0
_ I IR
— X 10 -
) o
> =
& ® 5
S 3
e _45 —Cloud'radar — Polarstern a
_'5 T ¥ T
06/02 06/03 -1 0 1
00:00 00:00 Cloud radar rollangle [°]
Date

Figure 4. Pitch (a) and roll (c¢) of Polarstern (blue) and cloud radar (black) during the ice transit of Polarstern from 1 June 2017 07:00 UTC

— 3 June 2017 8:00 UTC. In (b) and (d) the respective histogram is shown (note the different axes scale of the cloud radar data (bottom axis

and £0.3°.

of each histogram) and Polarstern data (top axis)). The dashed lines indicate a rotation angle of £0.5°

movement is visible in both, in the time-height cross-section of the Doppler velocity as stripes of enhanced or reduced velocity
throughout the whole column as well as in the broadening of the histogram. The same is presented in Fig. 6 (b) but for the
corrected Doppler velocity.

To evaluate the effect of the heave correction, we calculated the Fourier spectrum of the corrected and uncorrected Doppler
velocity (Fig. 6 (e+f)). Continuous time series of 1 hour of Doppler velocity in the highest possible range gates of the cloud

were analyzed. To quantify the impact of the heave correction the integral of the frequency range which was most affected

11
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Figure 5. Flowchart of the heave rate correction.

by the ship’s movement (0.1 —2 Hz) was calculated both for the corrected and for the uncorrected data. The heave correction

reduced the fraction of the ship’s movement in the power spectral density of the cloud radar Doppler velocity by a factor of 15.

3.2 Retrieval of eddy dissipation rate

The rate at which turbulence kinetic energy is transferred from larger eddies into smaller ones and eventually dissolve into
thermal energy is the EDR. This is used as a quantitative proxy of atmospheric turbulence. Several approaches to retrieve
the EDR are common. Methods exist for in-situ measurements from aircraft- (Nicholls, 1978; Nucciarone and Young, 1991;
Meischner et al., 2001), helicopter- (Siebert et al., 2006a), and balloon-borne (Caughey et al., 1979; Siebert et al., 2006b), as
well as for meteorological tower instruments (Caughey et al., 1979; Kaimal et al., 1976; Zhou et al., 1985). Additional retrievals
for remote sensing observation have been developed (Borque et al., 2016; Sathe and Mann, 2013). These methods are based on
the Doppler velocity structure function derived from vertically-pointed Doppler lidar (Frehlich and Cornman, 2002) or Doppler
radar (Lothon et al., 2005) or a combination of the width of the Doppler spectrum and the Doppler velocity measurements
(Meischner et al., 2001). Other retrievals use time series analyses of vertical velocities from vertical-stare Doppler radar (Shupe
et al., 2012; Kalesse and Kollias, 2013) or Doppler lidar observations (O’Connor et al., 2010).

Typical values for EDR in clouds spread between 10~ —10~8 m? s 3. Borque et al. (2016) report EDR of maritime and
24-3

continental stratiform clouds in the order of 107*-10"2m?s 2 and 107" -10"2m , respectively. In cumulus clouds with

2 3

weak updrafts, EDR had been found in a range between 5-107° —10~2 m? s 2, whereas values up to 10~! m? s~ were found

for cumulus clouds with strong updrafts (Siebert et al., 2006a). In cumulonimbus clouds, Meischner et al. (2001) found values

12
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Figure 6. Uncorrected (a) and corrected (c) Doppler velocity during PASCAL on 30 May 2017 between 00:00 — 01:00 UTC. n-the-smal-bex
i ' ivehi B ity-4 - (b) and (d) represent the respective histogram
of the presented Doppler velocity . Negative values denote downward motion. In (e) and (f) the mean Fourier spectrum of the uppermost,
continuous time series of the (uncorrected) Doppler velocity during the same period in black (purple) is shown. In (¢) in addition the spectrum

of the Polarstern pitch movement during this period is depicted. In (

the respective spectrum of the roll movement is shown. The dashed

lines in (e) and (f) indicate the frequency range which was used to quantify the effect of the heave correction.
for EDR between 1076 —5- 1072 m? s—3. For low clouds or fog at Chilbolton, UK, O’Connor et al. (2010) estimated the EDR
to be in the order of 10™%-5-10"2m?2 s 3,

The presented range of EDR for different cloud conditions suggests that also Arctic clouds might show characteristic differ-
ences for varying atmospheric conditions. The vertical alignment of the cloud radar during PS106 enables the determination of
EDR from the vertical air motions observed in cloud layers. Below, we thus present a retrieval technique for EDR that can be
applied to the OCEANET data set.
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3.2.1 EDR from vertical-stare Doppler velocity power spectra

Assuming the turbulent energy dissipation is a homogeneous and isotropic process, the turbulent energy spectrum S(k) within

its inertial subrange is represented according to Borque et al. (2016) by

S(k) = Ae?/3k=5/3, 3)

with A = 0.5 the Kolmogorov constant for a 1-D wind spectra (Sreenivasan, 1995). k represents the wavenumber, which is
related to a length scale L (k=2n/L) as well as to frequency f with k= f/V}, and V}, as the horizontal wind speed and
assuming a linear wind field. If in a log-log plot the observed spectra within the inertial subrange follows a —5/3 slope, & can

be estimated by

ko \ 3/2
(%)

where kg is the corresponding intercept of the linearized fit.

For this study, power spectra of the Doppler velocity with 4 Hz of continuous time series covering 5 minutes were calculated.
To get the best estimate of the respective inertial subrange, the fit was determined by calculating a linear least-squares regression
of the spectrum in 34 different wavenumber intervals. The corresponding wavenumber intervals Ak; are depicted in Fig. 7 (a)
together with the spectrum of the verrtical-vertical velocity observed on 7 June 2017, from 10:28 - 10:43 UTC. Following
Borque et al. (2016), a good fit was defined with a slope from the linear regression of -5/3 &+ 20% (-5/3 + 1/3). If this criteria
was matched within more than one wavenumber interval the mean of all ; for one spectrum was calculated. In order to evaluate
the EDR estimated by cloud radar measurements, it was compared to EDR derived from the tethered balloon (Egerer et al.,

2019). The time periods used for deriving EDR from the tethered balloon was 15 minutes, during which it was located at a

constant height above ground. Fwe-As a measure to quantify the uncertainties of the two retrievals the standard deviation o of
all good fits was calculated.

Three comparisons had been done -enefor situations where the tethered balloon was parked at a constant height within
a cloud. One on 7June 2017, with the tethered balloon being at 380m height between 10:28 and 10:43 UTCand-one-on

. In Figure 7 (a) an intercomparison of the power spectrum derived by the tethered balloon measurements (red) with the

spectrum as-it-was-derived from the cloud radar Doppler velocity (blue) according to the techniques described above is shown

for the-periedon-7this period. The other two comparisons were done on 5 June 2047-The2017, between 13:50 and 14:05 UTC at

330 m height and on 9 June 2017 09:00 — 09:15 UTC at 500 m height. The EDR values for these cases from the tethered balloon
measurements were 8.90- 107° £1.07: 107" m?s"* and 6.39: 107° £ 5.48 - 107" m?s~® while the cloud radar measurements.

ave 5.98-107543.53-10"°m2s 3 and 2.26 - 10°> £ 1.64 - 105 m?s 3, respectively.
The comparisons of the two retrievals showed that the values differ by a factor of 2-3. For-7June;-the-cloud-radarretrieval

erestimated-the-balloon—value-(Fig—7(a)and-vice-versafor 9June-(not-shownhere)—This discrepancy is in the order of
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Figure 7. Fourier spectrum derived from cloud radar Doppler velocities (blue) and from tethered balloon (red) turbulence measurements on

7 June 2017 between 1027-1043 UTC at 380 m height with their respective averaged linearized fit depicted by the dashed line. The EDR

-3

values of the two methods were: eretheredBaiioon = 2.65-107*m?s™2 and ecioudradar = 6.84-10"*m?s _with standard deviation

OTetheredBalloon = 3:59- 10 °m%s 3and 0oioudradar = 7.61-10"*m?s~3. Grey lines: Illustration of the wavenumber intervals that

had been used to check for a -5/3 slope of the Fourier spectrum.

magnitude as one could expect due to the spatial distance between the two measurements alone (about 200 m). The dashed line

285 in Fig. 7 (a) is an example for the -5/3 slope and the black lines indicate the wavenumber intervals that had been used to check

for a -5/3 slope of the Fourier spectrum.

290 3.3 Cloud macro- and microphysical properties from instrument Synergies

To acquire a data set suitable for the statistical evaluation of the macro- and microphysical properties of clouds observed during

PS106, the instrument synergistic approach Cloudnet (Illingworth et al., 2007) was applied. This data set in addition serves to

realize model evaluations (Illingworth et al., 2007) and radiative transfer calculations, e.g, with the Rapid Radiative Transfer

Model for climate and weather models (RRTMG; Taceno-et-al2008)Mlawer et al. (1997); Barker et al. (2003); Clough et al. (2005)
295 ). RRTMG is currently utilized for single column radiative transfer calculations. The model considers vertical profiles of rel-

ative humidity and temperature, standard atmospheric constituent profiles based on Anderson et al. (1986) and cloud macro

and microphysical properties of clouds. These assignments include sets of effective radius and mass concentration of liquid

and ice hydrometeors. In the following, the approaches for achieving these dataset-data set requirements based on the PS106

remote-sensing observations are described.
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3.3.1 Cloudnet

The instrument synergy approach Cloudnet (Illingworth et al., 2007) --which combines the observations from lidar, cloud
radar, microwave radiometer, disdrometer and radiosondes was used to determine cloud physical properties during PS106.
To illustrate this procedure, the Cloudnet approach will now be briefly introduced. The measurements are first averaged

on a common grid with a vertical and temporal resolution of 31.18 m (resulting from the cloud radar resolution) and 30s;

respeetively—. To estimate the temperature at the respective time-height pixel, radiosonde-based profiles of thermodynamic
variables are interpolated on the Cloudnet grid. If no radiosonde was launched from the RV but Polarstern was in the vicinity
of Svalbard, soundings from Ny Alesund (Maturilli, 2017) were substitutionally utilized. As a last fall-back option, data from
the Global Data Assimilation System model (GDAS) with a horizontal and vertical resolution of 1° and 3 h (GDASI) was used

as meteorological input into Cloudnet.
Based on the observations scaled on the Cloudnet grid ;-a-—<classifieation-a categorization bit mask is derived, which assigns

a series of 7 distinct features to the observed targets: clear yes/no; liquid yes/no; falling yes/no; wet bulb temperature below
0 °C yes/no; melting layer yes/no; aerosol yes/no; insects yes/no. The bitwise elasstfication—categorization ensures that each
data point is characterized by a defined combination of these features. The detailed definition of the respective categorization
bits is beyond the scope of this paper and has already been given by Hogan and O’Connor (2004).

Based on the individual combination of the
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being set alone identifies "Melting Ice’, and together with the droplet bit the pixel is defined as *Melting ice & cloud droplets’.

The aerosol and insects bit then are accordingly interpreted as *Aerosol’, *Insects’ or *Aerosol & insects’. Following previous

studies (e.g. Shupe, 2011; Mioche et al.,

articles are detected in the same data point and when an ice cloud was observed with a liquid or mixed-phase cloud top layer.
Besides the phase of the cloud, the respective mass concentrations of ice and liquid water are determined were applicable.

2015) we have defined mixed-phase clouds when (supercooled) liquid water and ice

The liquid water content (LWC) is derived by scaling the MWR liquid water path adiabatically onto the cloud pixels defined as
liquid or mixed-phase (Frisch et al., 1998; Merk et al., 2016). For pure-liquid data points, the approach of Frisch et al. (2002) is
used to derive the cloud droplet effective radius from the observed radar reflectivity factor and liquid water path and an assumed
width of the log-normal cloud droplet size distribution (which was, according to Miles et al. (2000), set to 0.35 in our study).
The ice water content (IWC) is calculated using an empirical formula from Hogan et al. (2006) relating cloud radar reflectivity
Z and temperature T'. This approach for IWC is only applied for these-clouds Cloudnet classified as ice-etonds’Ice’ or 'Ice &
supercooled droplets’. In this step also a correction for potential attenuation of the cloud radar signal due to the presence of

liquid water is made-

3.3.2 Ice crystal effective radius

As discussed above, Cloudnet offers a variety of retrievals for ice microphysical parameters. Nevertheless, the continuous
application of radiative transfer calculations requires a consistent availability of ice and liquid hydrometeor effective radius and
mass concentration. While Cloudnet already contains retrievals for effective radius and mass concentration of liquid droplets,
as well for ice water content, so far no operational retrieval for ice effective radius is available. We therefore decided for the
implementation of a new approach which is based on the combination of a definition of the effective radius as the ratio of the
third to the second moment of the particle size distribution (PSD) and an empirical relationship between the visible extinction
coefficient «, cloud radar reflectivity Z, and model temperature 7. Similar as for IWC (and «), 7, is only calculated for
datapoints where Cloudnet classified iee-elouds’Ice’ or "Ice & supercooled droplets’.

Using the ratio of the second to the third moment of the PSD, the effective radius 7., . can be related to IWC and « (Delanoé

et al., 2007). This yields for r,_:

_§IWC’
2 pa

-10% (um), )

€ice

with p; as density of the solid ice (p; =917kgm~2). Both, IWC and « have been calculated using empirical relationships
between IWC or «, and the cloud radar reflectivity Z of a 35-GHz cloud radar and temperature 7' (Hogan et al., 2006).

Finally, we found for the ice crystal effective radius a Z-1-Z — T relationship:

_ ilOCZT'ZT+CZ'Z+CT~T+C .108

Tejce = 2/)1' (Mm)v (6)

with Cz7 = —2.05-107%,Cz =1.6-1073, Cr = —1.71- 1072 and C = —1.52.
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To estimate the error of the identified effective radii of the ice crystals, an error propagation of Eq. (6) had be done using the

365 respective error for IWC and « from Hogan et al. (2006).
3.3.3 FogdeteetionDetection of low-level stratus clouds

During PS106, frequently low-level stratus clouds (cloud base <165 m) erfog-have been observed. These situations were
often associated with ar-a strong attenuation of the lidar beam within the lowest few hundred meters above Polarstern due
to the high optical thickness of these clouds. The cloud radar, in turn, has its technical limitation in detecting the lowest part
370 of the boundary layer —TFhe-measurements—of Mira-35-start-in-a-height-of-below 155 m abeve-the-instrumentrange (165 m
above sea level). Due to the instrument synergy approach of Cloudnet this is also the height of the lowest Cloudnet data pixel.
Thus, the low-level clouds which occurred during PS106 introduced on the one hand issues to the Cloudnet retrieval due to
misinterpretation of attenuated lidar signal as missing signal. On the other hand, since most current statistics of Arctic clouds
do not consider clouds in such a low altitude, these clouds tend to be underrepresented in Arctic cloud statistics. To address
375 these issues, we introduce a new Cloudnet classification category called fog—Fog-was-low-level stratus cloud. These clouds
were identified by the PollyXT signal-to-noise ratio (SNR, (Heese et al., 2010)) in the lowest 165 m above sea level. H-the-SNR

ogThe near-range channels of the Polly*” system have
a complete overlap already at 120 m above the instrument (Engelmann et al., 2016) and thus are suitable for the detection of
clouds already well below the lowest cloud radar observation height, even though quantitative parameters such as (attenuated)

380  backscatter coefficient from a single elastic backscatter signal cannot yet be determined at these heights.
From visual inspection of the Cloudnet data set we defined low-level stratus where the SNR exceeded the threshold value of
40. This value was obtained by evaluating signatures of attenuation in the time series of the Cloudnet attenuated backscatter
coefficient, increased values of LWP time series, and correlation with the visibility sensor of Polarstern. Since the SNR is not

yet range-corrected, this threshold-crossing at these low altitudes is very likely only due to the occurrence of fog-orlow-level

385 clouds. The low level stratus base and top have been derived by simply using the lowest and highest range gate from Polly*T
where the SNR exceeded the threshold.

3.4 Retrieval of CCN- and INP number concentrations

Arctic clouds and their susceptibility to the presence of aerosol are still in focus of research (Meorrisonr-et-als2642)(Morrison et al., 2012)
. Based on the measurements of PollyXT, an estimation of cloud condensation nuclei (CCN) and ice nucleating particle (INP)
390 properties is possible (Mamouri and Ansmann, 2016). To do so, profiles of the aerosol backscatter coefficient and depolariza-
tion ratio need to be determined. In a second step, these profiles are converted into profiles of the particle extinction coefficient
using an appropriate lidar ratio (extinction-to-backscatter ratio).
The CCN number concentration (CCNC) and INP number concentration (INPC) profiles were estimated from profiles of the
lidar-derived particle extinction coefficient at 532 nm by means of conversion parameters and published INP parameterization
395 schemes (DeMott et al., 2010) as described by Mamouri and Ansmann (2016). The required conversion parameters for Arctic

AERONET stations were determined in the same way as outlined by Mamouri and Ansmann (2016). We used multi-year
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(2004-2017) Sun-photometer observations of the AERONET stations Thule, PEARL, Kangerlussuaq, Ittoqqortoormiit, and
Hornsund to obtain the set of Arctic conversion parameters. These AERONET observations were made during the summer half
years.

The direct retrieval of the CCN conversion parameters from the AERONET data (level 2, version 3, inversion products)
revealed C; = 18.6cm™2 and exponent d; = 0.83 for the range of extinction coefficients from 15 — 300 Mm~—! (500 nm AOD
from 0.015 — 0.3 were measured). During the PS106 observations, the aerosol extinction coefficient was mostly around 1—
10 Mm~! in the lower part of the troposphere. The AERONET data for this low range of extinction coefficients indicates that

conversion parameters of Co = 10cm ™3, dy = 0.9, C3 =3.0cm ™3, d3 = 1 would be appropriate. The aerosol in the Arctic is fine-

mode dominated and shows Angstrom exponents (440-870 nm) typically between 0.9 and 1.8 (with an average of 1.5-1.6)-

4 Results

4.1 Case studies

Based on near-surface and radiosondes measurements, model data and satellite observations Knudsen et al. (2018) gave a
detailed description of the synoptic situation during the PASCAL campaign. They defined three periods (cold, warm and
normal period). Three case studies will be presented in the following —They-were;-on-the-one-hand;-which are all within the
warm period (WP 30 May — 12 June 2017). These two weeks of the WP are characterized by warm and moist air advection

from the south crossing Norway and Greenland (Fig. 8).

The three cases between 7 June and 9 June 2017 were chosen to demonstrate the potential OCEANET offers;-by-presenting

the-. Within these three days the near-surface temperature first dropped from -3.5°C on 7 June 2017 00:00 UTC to -7.5 °C on

8June 2017 05:00 UTC with an ensuing increase to 1.0°C on 9 June 2017 22:00 UTC due to warm air advection. These cases
were, on the one hand, selected to represent the capabilities of the standard Cloudnet products and of Polly*" -O#a-and on the

other hand ;these-eases-are-seleeted-to illustrate the new products introduced in this study.
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Figure 8. (a): Ensemble of 27 10-day back-trajectories arriving at the position of Polarstern at 01 UTC on 10 June 2017 in 2000 m height. (b)
shows the height of the trajectory and (c) the respective planetary boundary layer height (PBLH).

4.1.1 Precipitating layered cloud: 9 June 2017, 00:00 — 18:00 UTC, ice floe camp

An overview of the capability of the OCEANET measurements and its application to analyze cloud and aerosol structures and
their interactions will be presented for a complex case that occurred over Polarstern on 9 June 2017 between 00:00 - 18:00 UTC.
The radiosonde profiles for this period are shown in Fig. 9 up to a height of 26662500 m. The observations of the cloud radar,
the lidar and the MWR are depicted in Fig. 10.

The presented day reveals a rather complex situation. Starting at 00:00 UTC, Cloudnet classified a liquid stratocumulus layer
between 600 — 900 m height with a cloud top temperature of -1.5 °C. This layer slowly descended, reaching a cloud base of
about 400 m and cloud top of about 800 m at 05:00 UTC. The LWP during this period was rather constant with a mean value
of 50 gm~2 with two distinct peaks: one at around 01:50 UTC and the other one around 6403:45 UTC with a LWP of up to
70 gm~2, both associated with a slight increase in cloud depth. The constantly high values of EDR until roughly 05:00 UTC
(#0=1——16-310"* - 103 m?s 3, Fig. 11 (d)) indicate strong turbulent mixing of the cloud layer.

At around 05:30 UTC, a transformation of the cloud occurred;-the-, The LWP increased up to 160 gm~2 and precipitation
started, almost reaching the ground (the disdrometer aboard Polarstern showed no precipitation signal, not shown here). Though
the LDR showed no increased values, the presence of ice was identified due to detection of enhanced radar reflectivity and
vertical velocity and thus a mixed-phase cloud was classified between 05:30 — 06:30 UTC. During this period, the retrievals of
the ice and liquid hydrometeor size as proposed in this paper may be influenced by each other. Both retrievals are based on the

same quantity, the radar reflectivity, which is characterized by the largest peak in the Doppler spectrum. To tackle this issue, a
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Figure 9. Thermodynamic profiles from radiosondes launched aboard Polarstern on (a) 8 June 2017 at 22:52 UTC, (b) 9 June 2017,
04:31 UTC, (c) 9 June 2017, 10:53 UTC, and (d) 9 June 2017,16:56 UTC up to 2 km height. Each sounding is divided into two parts: left

side the wind barbs, right side the temperature (blue), dew point temperature (black), and relative humidity (orange) profiles.

peak separation of the Doppler spectrum as it is proposed e.g., by Shupe et al. (2004), Kalesse et al. (2016b) or Radenz et al.
(2019) would be necessary. This would offer the opportunity to calculate the effective radius of the different hydrometeors
species based on their particular reflectivity but is beyond the scope of this paper. At around 06:30 UTC the interpolated
temperature of the surrounding radiosonde profiles reached 0 °C leading to an immediate transition from a mixed-phase to a
pure liquid cloud. Therefore, no IWC and no ice effective radius were determined under these conditions.

A second transition of the cloud situation during this day is associated with an altocumulus layer which was located above
the stratocumulus. Around 09:00 UTC this mid-level cloud layer with a cloud-top temperature of -1°C occurred at 1900 m
height over Polarstern. As this layer increased in geometrical and optical depth, shading effects reduced the cloud-top radiative
cooling of the cloud below as already observed in (Shupe et al., 2013). This led to a collapse of the EDR in the lower layer at
around 12:00 UTC (Fig. 11 (d)) and finally to a dissipation of the cloud. The values for € in the altocumulus were about the
same order of magnitude as for the stratocumulus, indicating that the upper cloud was able to effectively cool to space. Starting
at about 14:00 UTC the altocumulus formed a two-layer structure at 1500 m and 1200 m, respectively. Due to the shading of
the upper layer, the lower one lost its turbulent moment and the cloud dissipated shortly after. The altocumulus was classified
as pure ice cloud, probably due to the fact that the lidar signal was already fully attenuated in the lower layer which impedes
the classification as liquid at an ambient temperature below 0°C. At around 11:00 UTC, the temperature exceeded 0°C, due
to which Cloudnet changed its classification from an ice cloud to a liquid cloud. After persisting for about 4 hours with very
rather low EDR, the stratocumulus started to dissipate at around 16:00 UTC. This offered the lidar the opportunity to observe

the aerosol structure above Polarstern in the subsequent hours (Fig. 12 (b)).
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Figure 10. OCEANET observations on 9 June 2017 between 00:00 — 18:00 UTC. (a), (b) and (c) show the radar reflectivity factor, Doppler
velocity, and linear depolarization ratio ;respeetively. (d) and (e) depict the lidar attenuated backscatter coefficient at 1064 nm and volume
depolarization ratio at 532 nms+respeetively. In (f) the liquid water path derived by the microwave radiometer is shown. The dashed vertical
lines mark the time of the radiosonde launches on 9 June 2017 (note: the time of the first launch shown in Fig. 9 was before the plotted

profiles of the measurements start).
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Figure 11. (a) Cloudnet target classification, (b) ice water content, and (c) liquid water content for 9 June 2017 between 00:00 — 18:00 UTC.
(d) shows the time-height profile of EDR calculated from the cloud radar Doppler velocity. The dashed lines mark the time of the radiosonde

launches as shown in Fig. 9.
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4.2 Aerosol-ease: 9-June18:00- 6 TC—10-June 2017 1H:00- U Cice floe-camp
4.1.1 Aerosol case: 9 June 18:00 UTC — 10 June 2017 11:00 UTC, ice floe cam

Between 9 June 18:00 UTC — 10June 2017 11:00 UTC, one of the rare cloud-free events of PS106 occurred and PollyXT
observed aerosol layers in the free troposphere (Fig. 12 (d)). The respective radiosonde profiles for this period are shown in
Fig. 12 (a—c). Based on a Trace-airmass-souree-trajectory analysis of 27 10-day HYSPLIT back-trajectories (Stein et al., 2015),
a southern inflow for air masses above the boundary layer is identified for this period. At the 2000 m height level, the trajectories
show that these were long-range-transported aerosol layers that originated over continental Europe (Fig. 8) with a high chance
of being within the planetary boundary layer at that time. Below 2000 m height, the trajectories indicate that pathways mainly
crossed the north sea and the Atlantic ocean (not shown).

The 1064-nm lidar attenuated backscatter coefficient and the 532-nm volume depolarization ratio are shown in Fig. 12
(d, e). These measurements reveal the existence of three aerosol layers being present over Polarstern on 9 June 2017 around
18:00 UTC. A shallow layer at 500 m height staying roughly at the same altitude as long it was observed by Polly*T. A second
one is visible between 1000 and 1500 m height ascending to 2500 m at 00:00 UTC on 10 June 2017. At 07:00 UTC on 10 June
2017, a liquid cloud formed at the top of this layer. A third aerosol layer with a liquid cloud embedded at 2300 m height, being
rather constant in altitude, was present between 19:00 — 21:00 UTC on 9 June 2017.

In Figure (13)13, a detailed analysis of the aerosol optical properties as derived from the lidar measurements from the time
period of 00:00 — 02:20 UTC is presented. During this period, two layers were detected and are visible in the profiles of
the backscatter coefficient at all three wavelengths (Fig. 13 (a)). The rather strong wavelength dependence of the backscatter
coefficient, as shown by the high Angstrom exponents (Fig. 13 (b)) in both layers, indicates the presence of small aerosol
particles. A back-trajectory analysis and the values for the Angstrom exponent indicates that air masses transporting polluted
aerosol from continental Europe are most probably the source for the upper aerosol layer. The lower aerosol layer on the other
hand is most-likely a mixture of down-mixed continental and upward-mixed marine aerosol.

Based on the aerosol optical properties retrieved by PollyX! an estimation of the CCNC was done for all three combinations
of conversion factor and extinction exponent as mentioned in Sect. 3.4. We chose the second combination (C = 10cm ™3 and
ds = 0.9) to illustrate the results in Fig. 13 (d). The mean values of CCNC for the upper aerosol layer in this case was found to
be nccn,2 = 180 cm™3. For the two other combinations, we found ficc ~,1 =260 cm™3 and Rge N3=T75 cm™3, respectively.
For the lower aerosol layer, we found ncon,2 = 70 cm 3. For the two other combinations, we found ¢ N1 =110 cm ™3
and noen,3 = 25 cm~3, respectively. The uncertainty of this method is up to 200% (dashed lines in Fig. 13 (d)). In addition,
the INPC was calculated for a fixed temperature of -15°C. The results are shown in Fig. 13 (e). The INPC for the lower layer
was found to be around 0.6 L~ for this temperature. In the upper layer, n;y p went up to values slightly above 1 L~!. These
calculations have an error of 300%-a factor of three (dashed lines in Fig. 13 (e)) but nevertheless provide a guideline about the

conditions of the cloud-relevant aerosol properties on the discussed day.
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Figure 12. (a-c) same as Fig. 9 but for 9 June 2017 18:00 UTC — 10 June 2017 11:00 UTC up to 5km . (d+e) measurements from Polly*T
between 9 June 2017, 18:00 UTC — 10 June 2017, 11:00 UTC. In (d) and (e), the 1064-nm attenuated backscatter coefficient and the 532-nm
volume depolarization are shown, respectively. The black dashed lines mark the time of the radiosonde launches as shown in (a—c). The grey

box indicates the period used for averaging in Fig. 13.

4.1.2 Ice cloud: 7 June 21:00 UTC - 8 June 09:00 UTC, ice floe camp

In Figure 14, we present the OCEANET measurements for the period from 7 June, 21:00 UTC to 8 June 2017, 09:00 UTC.
The corresponding thermodynamic profiles from the radiosondes launched during this time period are shown in Fig. 15. In

495 Figure 16 (a), the Cloudnet target classification, together with the IWC (b), ice effective radius (c) and ice water path (d) are
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Figure 13. Averaged aerosol optical properties for the time period from 00:00 — 02:20 UTC on 10 June 2017 up to 3.5 km height. (a) aerosol
backscatter coefficient for three wavelengths of 355 nm (blue), 532 nm (green) and 1064 nm (red). (b) Backscatter-related Angstrom exponent
for 355 nm to 532 nm (cyan) and for 532 nm to 1064 nm (orange). (c) 532 nm volume depolarization ratio. In (d) the retrieved CCN number
concentration for C2 = 10cm ™ and d2 = 0.9 and in (e) the INP number concentration for 7' =-15°C is shown together with the respective

uncertainty (dashed lines) derived from the 53 nnm backscatter coefficient profile shown in (a).

shown. The ice water path is derived as the integral of the IWC for each profile. This period is chosen to illustrate the fog
low-level stratus cloud detection algorithm and the retrieval of the ice effective radius.

At the beginning of the addressed time period, a low-level mixed-phase stratiform cloud reaching up to a height of 500 m is
present. This layer is visible in both the cloud radar reflectivity as well as in the lidar attenuated backscatter data. Due to its
high optical thickness, this cloud led almost continuously until 23:30 UTC to an attenuation of the lidar signal already close to
cloud base (Fig. 14). Only occasionally, backscattered lidar signals from aerosols above the cloud were detected. During this
period, the liquid water path varied between values of around 0 g m~2 for moments when the lidar was able to detect signal
from above the cloud and values up to 100 g m~?2 associated with periods when the lidar signal was attenuated already close to
cloud base.

In Figure 17, the derived fog-low-level stratus classification mask (below 165 m height) combined with a simplified Cloudnet
target classification mask (above 165 m height) for this period is shown. Red areas depict detected feg-and-low level clouds.
Blue and Green-green data points indicate clear sky and aerosols, respectively. Though Polly*T detected fog-low-level stratus
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Figure 14. Same as Fig. 10 but for 7 June 2017 21:00 UTC — 8 June 2017 09:00 UTC (note: the first and last launch shown in Fig. 15 was
before the plotted profiles of the measurements start).

almost continuously during the case study, this affected the lidar signal most severely during the above mentioned period. After
23:30 UTC, the LWP showed values of around 10 gm~2 and the cloud lost most of its optical thickness so that the lidar was
able to penetrate through the cloud.

Abeve-the-fogtayer-Well above the low-level stratus some cirrus clouds formed around 22:30 UTC above 6000 m height.
These transformed into a cirrostratus layer at 00:00 UTC which was present between 6000 and 10000 m height. Until around
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Figure 15. Same as Fig. 9 but for 7 June 2017 21:00 UTC — 8 June 2017 09:00 UTC up to 12 km height.

04:30 UTC, this cloud is classified as a pure ice cloud, characterized by LDR values of up to -15 dB and a constantly downward
directed vertical velocity, with a tiny patch of detected liquid at around 03:30 UTC at 6100 m height.

At 04:30 UTC, the cirrostratus dissipated and another layer started to pass over Polarstern at around 05:00 UTC. This layer
with coexisting liquid droplets and ice crystals extended from 5000 m up to 7000 m height. While the cloud radar reflectivity
factor was higher in this layer compared to the first one, the cloud radar LDR decreased to values of below -20 dB. On top of
this layer a supercooled liquid layer was detected by the lidar between 05:00 — 06:00 UTC, characterized by high attenuated
backscatter coefficient and low values of linear depolarization ratio. Additionally, some regions with high linear depolarization
ratio were detected by Polly*T inside the cirrus after 06:30 UTC, probably associated to a mixture of supercooled droplets and
ice crystals.

The IWC of the cirrostratus was found-te-in a range from 10~% — 1076 kgm~3 with lowest values at cloud top and highest
values at cloud base. The ice effective radius ranged from 30 — 55 ym and its distribution follows the same pattern as the one

of the IWC, as can be expected because both follow a similar reflectivity-temperature relationship.
4.2 Cloud statistics

In Figure 18, an overview about the statistical distribution of the cloud andfeg-occurrence during PS106 is given. In Fig-
ure 18 (a), daily statistics of the vertical distribution of feg-low-level stratus is shown. In addition, the frequency of occurrence
of fog-this cloud type for each day is illustrated in Fig. 18 (b). Fog-Low-level stratus was detected during a significant period
of time on almost each day. The highest frequency of occurrence was observed while the Polarstern was surrounded by sea

ice. Rather low values occurred while Polarstern was in the vicinity of Svalbard. In order to asses our retrieval of the low level

clouds we plotted in comparison the frequency of occurrence of vertical visibility below 1 km.
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Figure 16. Cloudnet products for 7 June 2017, 21:00 UTC to 8 June 2017, 09:00 UTC: (a) target classification, (b) ice water content, (c) ice
crystal effective radius, (d) uncertainty of the retrieved ice crystal effective radius as derived from error propagation, and (e) ice water path.
The dashed lines mark the times of the radiosonde launches shown in Fig. 15 (note: the time of the first and last launch shown in Fig. 15 was

before and after the presented time period).

Statistics of the cloud type occurrence are shown in Fig. 18 (c). The daily frequency of occurrence as well as the total

distribution for the complete campaign of fog-low level stratus clouds (purple), liquid clouds (orange), ice clouds (light blue),
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Figure 17. Low-level cloud mask for 7 June 2017 21:00 UTC — 8 June 2017 09:00 UTC derived from combining Polly*T and Cloudnet data.
Below 165 m height, red colors indicate when low-level stratus was detected using the signal-to-noise ratio (SNR) of the Polly*” 532 nm
near-field channel. Above 165 m height, a simplified version of the Cloudnet target classification mask is shown. Everything which was
detected as cloud (either ice or liquid or mixed-phase) is masked in red. Blue depicts clear sky and green aerosols. The light-blue line at the

bottom indicates periods when fog was detected by means of the visibility sensor aboard Polarstern.

mixed-phase clouds (green), multi-layer clouds (dark blue), and cloud-free situations (yellow) is shown. In addition, an analysis
of the co-occurrence of feg-low-level stratus and other cloud types was performed and is shown in the very right column of
Fig. 18 (c). The rate of coexistence of the respective cloud type together with feg-low-level stratus is indicated by a slightly
varied color code.

In total, during 11% of the time cloud-free conditions were detected by Cloudnet during PS106. The two most prominent
cloud types were multi-layer and mixed-phase clouds with an occurrence frequency of 38.5% and 36% of the observational
time, respectively. Pure ice clouds were present for about 8% and pure liquid clouds for about 4.5% of the time, respectively.
Single events of the new Cloudnet class fog-low-level stratus cloud were detected during 2.5% of the time of the two month
campaign. In addition, 27% of the observed liquid clouds and 48% of the ice clouds occurred simultaneously with feglow-level
stratus. Mixed-phase and multi-layer clouds were detected together with feg-low level stratus clouds during 24% and 27% of
their respective observational time.

In contrast to Nomokonova et al. (2019), who provided a statistical analysis of the cloud occurrence over Ny Alesund,
Svalbard, for the period between June 2016 and July 2017, we found a higher frequency of single layer mixed-phase clouds at
the expense of cloud-free and single-layer liquid clouds when comparing the period of PS106. This may be due to a difference
in turbulence as well as in a change of the cloud microphysics at locations surrounded by sea ice or open ocean (Young et al.,

2016).
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Figure 18. (a) daily height distribution of the detected fog-low-level stratus during PS106 up to 165m. (b) daily fraction of fog-low-level

stratus occurrence derived by Poll XT measurements (purple) in comparison to horizontal visibility (HV) below 1 km (grey) . In (c) the cloud

type statistics including fog-low-level stratus clouds during PS106, determined by Cloudnet. Purple indicates the fraction when fog-low-level
stratus was determined, orange liquid clouds, light blue ice clouds, green mixed-phase clouds, dark blue multi-layer clouds and yellow cloud
free periods. Each column except the last two represents one day of the campaign. The penultimate column represents the total distribution
of the different cloud types. The last column distinguishes between the respective cloud type without fog-low-level stratus detected (same
color as in the other column) and with an additional fegtayer-low-level stratus detected below (slightly varied color). At the bottom a rough
localization of Polarstern is annotated (green: North Sea (N.S.), light blue: Ice transit (Ice t.), dark blue: Ice floe camp, dark green: Svalbard

region (Svalbard)).

5 Summary and Conclusions

A two-month campaign of RV Polarstern, including an extensive suite of ground-based remote sensing instruments of the
OCEANET platform, has been conducted north- and northeast of Savalbard-Svalbard in the Arctic summer of 2017. This
study described in detail the deployed instrumentation and the applied processing schemes. Only few campaigns with a com-
parable equipment have been performed in recent years at these latitudes, e.g., ASCOS which took place from 2 August to
9 September 2008 (Tjernstrom et al., 2014) and ASCE in the Arctic summer and early autumn of 2014 (Tjernstrom et al.,
2015). A new feature of PS106 was the deployment of a motion-stabilized vertically-pointing 35-GHz cloud radar during and

the correction of the Doppler velocity subsequent to the cruise as specified in Sect. 3.1.
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For an automatic, seamless analysis of cloud properties from the measured remote-sensing time series, the Cloudnet algo-
rithm was utilized. In doing so, new products were developed and applied to the remote sensing data set from PS106. This was
done in order to enable the continuous characterization of cloud turbulence by means of EDR, and to provide mass concen-
tration and effective radius of ice crystals and liquid water droplets as future input for radiative transfer simulations. Though
being well established, applying the Cloudnet algorithm to data from a remote-sensing supersite aboard a research vessel in
the Arctic reveals new challenges. The movement of the ship has a significant effect on the measured vertical velocity of the
cloud radar. To tackle this issue, the cloud radar was mounted on a stabilization platform to guarantee its vertical pointing. The
vertical velocity dataset-data set was corrected for the heave rate of the ship in a post-processing procedure subsequent to the

cruise.

The motion stabilization was evaluated by means of a small single board computer mounted on the cloud radar rack. The IMU
of the mini computer measured the residual of the pitch and roll movement after stabilization. We found a good stabilization
during ice breaking conditions with a leveling precision of £0.5°. During rough sea however the displacement from zenith
was larger, up to £1°. Under the strong wave conditions during these time periods it needs also to be considered, that the IMU.
of the orientation sensor used for the cloud radar is based on so called MEMS (Micro-Electro-Mechanical Systems). Such
devices are based on spring-mounted capacitor plates and thus measured pitch and roll angles are affected by translational
motions like engine vibrations etc. As these effects were not investigated in the frame of our study, we conclude that the actual

vertical-pointing uncertainty range, especially on the open sea, was lower than the one reported by the MEMS sensors, i.e.
better than £1°.

Using the corrected vertical velocities from the cloud radar, the eddy dissipation rates were calculated -and evaluated against

in-cloud turbulence measurements done by means of a tethered balloon. This intercomparison revealed a good agreement
between both approaches where the values where within the estimated uncertainty and the expected difference due to the

spacial distance. Nevertheless the tethered balloon approach seems to be the more reliable one, given the smaller standard
deviation.

Based on published retrievals of visible extinction coefficient and ice water content, the-a new approach to derive the effective
radius of the ice crystals was introduced. The associated uncertainties, estimated by error propagation, of the ice crystal effective
radii are presented in Fig. 16 (d). On average the uncertainty is about 50% of the size of the radii themselves which reflects the
strong influence of uncertainties in the underlying observational data on the retrieval. Given the challenges in estimating the
effective radius of ice crystals on a continuous basis on the one hand and the necessity of having such values, e.g., for radiative
transfer calculations, on the other hand, we consider this estimate to be still in a reasonable range. In Figure 19, the histogram
of the effective radius for full PS106 is shown. Values range from 20 — 60 pxm, with a peak at around 50 pm. This is consistent
with other studies of ice effective radius (e.g., Blanchard et al., 2017).

This study revealed in addition the relevance of the lowest detection limit of remote sensing instruments on the representa-
tivity of Arctic-cloud statistics. Cloudnet is configured to have its lowest range gate at the lowest detection altitude of the cloud
radar, which was 165 m above the ocean surface for PS106. Lower-level cloud layers are thus not identifiable within Cloudnet.

In our study, lower cloud structures were identified using the SNR measured by the lidar PollyXT. This ability has been used
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Figure 19. Histogram of the ice particle effective radius for PS106. Integration over x yields 100%.

to study the occurrence of fog-and-low-level stratus clouds below the first Cloudnet range gate. Se-Sotiropoulou et al. (2014)

used a combination of cloud radar and ceilometer measurements to study stratiform Arctic clouds and found that most stable
surface coupled clouds have a cloud base below 200 m. Yet, so far such clouds have not been considered in mest-many Arctic

cloud climatologies derived by remote sensing instruments. Liu et al. (2012) for example defined low-level clouds as those
between 0 and 2000 m, with 960 m above the ground being the height where surface contamination effects on Cloudsat be-
come insignificant, and using a vertical resolution of 240 m. Shupe (2011) summarized cloud statistics from several multi-year
data sets derived from ground-based remote-sensing observations for different sites in the Arctic. Fhey-He specified a height
dependence of cloud occurrence down to 300 m by using a combination of lidar and radar. Below 300 m, however, they-he
provided information about cloud occurrence but without any further specification of the cloud base. Even airborne remote

sensing instruments suffer from the strong ground clutter and thus struggle to deliver information about cloud occurrence

below 150 m height above the surface (Mech et al., 2019). The autonomous buoys of the IAOOS network equipped with a
microlidar observed in 2014 and 2015 in the Arctic clouds with a base height below 500 m during 60 % of their observational
time Mariage et al. (2017).

Our study shows that a higher vertical resolution and reliable signal from very low altitudes is required to characterize
the lowest-level cloud layer which occur between approximately 50 m and 165 m above ground. Such clouds stay undetected
for ground-based in-situ sensors (because they are too high) as well as for most automatized ground-based remote sensing
instruments (because they are too low). Future radiative transfer studies should show what the effect of the lowest-level clouds,
which occurred during 25% of the observation time, is on the radiation budget of the region where PS106 was performed.

Future work will confront the observed cloud macro- and microphysical properties as well as the EDR with high resolution
model simulations along the PS106 track that have been carried out in the framework of (AC)3. The herein introduced remote
sensing techniques will also be applied to the dataset-data set of the currently ongoing one-year polar ice drift of RV Polarstern

during the MOSAIC project (Schiermeier, 2019), thus providing an unprecedented data set of Arctic aerosol and mixed-phase
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clouds. This data set will substantially contribute to our understanding of the role of clouds in the current warming of the Arctic

climate system.

available by Schmithiisen (2017a) (PS106.1) and Schmithiisen (2017b) (PS106.2). The lidar measurements are available by Griesche et al.
(2019c), the cloud radar measurements by Griesche et al. (2020b). The Cloudnet data set is available by Griesche et al. (2020a) and related

data sets. The publication of the low level stratus cloud data set is in progress Griesche and Seifert (2020).
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