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Abstract

Low-level mixed-phase clouds (MPCs) play an important role in the Arctic climate system
by contributing to the surface warming. The complexities of the mixed-phase microphysics
combined with the multitude of ways the low-level MPCs interact with the surface and the
boundary layer make these clouds difficult to represent in climate models, which contributes
to the uncertainties in predicting future climate change in the Arctic. Observations are
needed to provide constrains for model parameterizations on one hand, and to improve
process understanding on the other hand. However, continuous observations in the high
Arctic are sparse, particularly on the eastern hemisphere.

This dissertation presents the first work investigating a multi-year dataset of remote
sensing observations of persistent low-level mixed-phase clouds (P-MPC) above Ny-Alesund,
Svalbard. A state-of-the-art Doppler cloud radar providing highly vertically and tempo-
rally resolved cloud measurements was utilized in combination with further remote sensing
and standard meteorological observations. Two complimentary approaches for address-
ing the observational gaps in measuring Arctic low-level mixed-phase clouds have been
considered.

The first study investigated the P-MPCs above Ny-Alesund in the context of the com-
plex fjord environment. The occurrence and properties of P-MPC in different seasons
and under different regional free-tropospheric and surface wind conditions were analyzed.
Furthermore, the influence of thermodynamical coupling with the surface was investigated
considering both its effect on cloud properties and how coupling is related to the local
wind in the fjord. P-MPCs were found to occur most commonly with westerly winds (from
the direction of the sea), and these clouds had a lower liquid base height and higher mean
liquid and ice water paths compared to the clouds associated with easterly winds (from the
direction of the interior of the island). The increased height and rarity of P-MPCs with
easterly free-tropospheric winds suggest the island and its orography have an influence on
the studied clouds. Most P-MPCs were found at least partially decoupled from the surface,
and the decoupled cases where found to have on average a lower liquid water path than the
coupled P-MPCs. Decoupling was more common with surface wind directions associated
with katabatic winds.

The second study explored the potential of the cloud radar Doppler spectrum skewness
for gaining insights in the microphysical properties of the P-MPCs. Combining case studies
and statistical analysis of a 3-year dataset, a conceptual model relating the reflectivities
of supercooled liquid and ice to the skewness profile in the mixed-phase layer at P-MPC
top was developed and tested. The change from liquid dominated reflectivity at cloud top
to ice dominating below was found to be associated with a skewness profile turning from
positive to negative (when defining positive Doppler velocity down towards the radar), thus
skewness is providing a reflectivity weighted measure of phase-partitioning in the mixed-
phase layer. Although the approach is limited to profiles where the amount of liquid is
sufficient to produce a clear signal in the Doppler spectrum, a third of all radar profiles
obtained from P-MPCs were found to exhibit the described skewness feature. The analysis
indicated that the height where skewness changes sign is to a large extend defined by the
reflectivity of the ice phase, and skewness could therefore be useful for studying the early
stages of precipitation formation. The statistical analysis carried out further revealed
steady relationships between skewness and other cloud parameters, that could provide
observational constrain for the evaluation of microphysical parameterizations applied in
numerical models.
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| Introduction

1 Motivation

The Earth’s climate is warming at an unprecedented rate due to anthropogenic greenhouse
gas emissions (IPCC, 2018). The globally observed increase in tropospheric temperature
is pronounced in the Arctic, where the near-surface air temperature has risen more than
two times faster than the global mean since the mid-1990s (IPCC, 2018, Richter-Menge
et al., 2019). This phenomena has been termed Arctic amplification, yet the mechanisms
responsible for the accelerated warming are not well understood (Osborne et al., 2018,
Wendisch et al., 2017). Cwrrently, Arctic warming exceeds the temperature increase at
mid-latitudes by 2 K (Wendisch et al., 2019a). Climate change has already led to dramatic
environmental changes in the Arctic, such as the rapid decrease in sea-ice extent, thawing
of permafrost, decline of snow cover, and changes in precipitation patterns (Meredith
et al., 2019, Stroeve et al., 2012). Future predictions are uncertain because climate models
exhibit large discrepancies in the Arctic (Block et al., 2020). The temperature is projected
to keep rising throughout the 215 century, although the models disagree on the exact
magnitude (TIPCC, 2013).

The rapid climate change has significant impacts on Arctic communities and ecosys-
tems (Andersen et al., 2017, IPCC, 2018, 2019, Larsen et al., 2014). Increasing temperature
and changes in sea ice — together with ocean acidification — impact marine habitats, popu-
lations, and their viability. Land ecosystems are disturbed by changes in the hydrological
cycle, decrease in snow cover, and increase in temperature, and globally unique biodiversity
is threatened (IPCC, 2019). Nowadays, 4 million people live in the Arctic, approximately
10% of whom are Indigenous. Changes in the physical environment have led to negative im-
pacts on food security, water quality, livelihoods, infrastructure, transportation, tourism,
and recreation (Larsen et al., 2014, Richter-Menge et al., 2019), although it should be
noted that for many Indigenous peoples these issues are not exclusively associated with
climate change (Whyte, 2017). Permafrost thawing is damaging infrastructure and related
services (Melvin et al., 2017, Walker and Pierce, 2015). Further hazards, such as wild-
fires, unreliable ice and snow conditions, and more frequent and stronger storms are also
threatening human settlements and livelihoods (IPCC, 2019, Richter-Menge et al., 2019).
Increase in food- and water-borne diseases, malnutrition, injuries, and mental health chal-
lenges have been reported (IPCC, 2019). The impacts of climate change on the health and
well-being of Arctic residents are significant, especially for many Indigenous peoples, and
projected to increase in the future (IPCC, 2019, Jaakkola et al., 2018). Arctic communities
are diverse and will be impacted by climate change differently. In addition to changes in the
physical and biological environment, societal consequences are also connected to demogra-
phy, culture, economic development, exploitative industries, and neo-colonialism (AMAP,
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2017, Larsen et al., 2014, Whyte, 2017). Therefore, the possibilities for adaptation vary.
In the future, it is possible that the rate of climate change exceeds the rate at which some
Arctic natural and societal systems are able to adapt (Larsen et al., 2014).

The impacts of climate change in the Arctic extend beyond the Arctic region. The
decrease in sea-ice cover is opening new economic possibilities for shipping and the extrac-
tion of oil, gas, and minerals, thereby impacting global trade and economy (AMAP, 2017,
Hillmer-Pegram, 2014, Smith and Stephenson, 2013). However, the thinner and more mo-
bile sea ice is also creating more hazards for marine activities, and the increase in resource
exploration might be more influenced by economical conditions than the environmental
changes (AMAP, 2017). The last two decades have already seen an increase in Arctic
shipping in the summer time (IPCC, 2019). Yumashev et al. (2017) estimate that by the
end of the century up to 5% of worlds trade could be shipped through the Northern Sea
Route, generating wealth especially in Europe and Asia. On the other hand, the increased
industrial activities on the Arctic ocean pose a risk on marine ecosystems, and the burning
of fossil fuels sourced from the Arctic further accelerates climate change globally (AMAP,
2017, IPCC, 2019). Changes in species distribution is posing an additional challenge for the
international and national ocean and fisheries governance (IPCC, 2019). Arctic amplifica-
tion might also affect weather in the mid-latitudes (Cohen et al., 2020) and beyond (Kim
et al., 2020), radically increasing the number of people impacted by Arctic climate change.
There is, therefore, a critical need for accurate and reliable predictions of future climate
change in the Arctic.

The sensitivity of the Arctic climate system and the difficulty to predict it stem from
the multitude of interconnected feedback processes (Russotto and Biasutti, 2020, Wendisch
et al., 2017). The Arctic is characterized by heterogeneous surface conditions (open ocean,
sea ice), large seasonal differences in solar radiation (polar day and night), low sun an-
gle, high surface albedo, temperature inversions close to the surface, and frequent and
persistent low-level clouds (Curry, 1995, Schweiger et al., 2008, Wendisch et al., 2017).
These features give rise to feedback mechanisms that lead to Arctic amplification. Several
physical feedback mechanisms are known, such as the surface albedo feedback (Hall, 2004,
Winton, 2006), the Planck feedback (Bony et al., 2006), the lapse rate feedback (Lauer
et al., 2020, Payne et al., 2015), the water vapor feedback (Ghatak and Miller, 2013, Gordon
et al., 2013), and the cloud feedback (Colman et al., 2001, Zelinka et al., 2012). However,
the relative importance and combined influence of and the interactions between different
feedbacks are poorly understood (Goosse et al., 2018, Wendisch et al., 2017). Substantial
uncertainty is associated with estimating the cloud feedback. Its role in Arctic amplifi-
cation is unclear, and different climate models do not even agree on the sign of the total
cloud feedback (Ceppi et al., 2017, Goosse et al., 2018, Zelinka et al., 2020, and references
therein). In addition, clouds are not only relevant for the cloud feedback, but also modulate
the surface albedo, lapse rate and water vapor feedbacks (Crook et al., 2011, Sledd and
L’Ecuyer, 2019, Stapf et al., 2019). The local feedbacks mentioned above are also influ-
enced by the meridional transport of heat and water vapor (Pithan et al., 2018) that also
seem to be changing due to climate change (Armour et al., 2019, Mattingly et al., 2016,
Mewes and Jacobi, 2019). Given the many processes and their interactions, as well as our
limited understanding of them, it is not surprising that models fall short in many aspects
in the Arctic region (De Boer et al., 2012, 2014, Karlsson and Svensson, 2013, Tjernstrom
et al., 2008). Specifically, clouds and cloud related feedback processes have been identified
as a major source of uncertainty (Goosse et al., 2018).
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Clouds interact with the surrounding atmosphere and the surface in multiple ways.
By modifying long- and shortwave radiative fluxes, clouds directly impact the surface
energy budget (Miller et al., 2017, Shupe and Intrieri, 2004). Clouds may also generate
turbulence, vertically redistribute heat and moisture, and form precipitation (Brooks et al.,
2017, Morrison et al., 2012, Solomon et al., 2014). Simultaneously, cloud properties can
rapidly change due to changes in forcing conditions (Kalesse et al., 2016b, Young et al.,
2016). Particularly low-level liquid-containing clouds are important for the warming of
near-surface air (Shupe and Intrieri, 2004). These low-level clouds are typically mixed-
phase, containing both ice and supercooled liquid. Arctic mixed-phase clouds (MPC) have
been observed to occur frequently and to persist for hours or even days (Morrison et al.,
2012, Pinto, 1998, Shupe, 2011). Unfortunately, these clouds are difficult to represent
in numerical models (Morrison et al., 2008, Pithan et al., 2014, Zelinka et al., 2017).
Particularly an issue for estimating the cloud radiative effect and for studying feedback
mechanisms, climate models underestimate the occurrence of low-level clouds in the Arctic
(Vignesh et al., 2020) and struggle with the partitioning between supercooled liquid and ice
(Cesana et al., 2015, Guo et al., 2020, McCoy et al., 2016). Detailed evaluations of specific
climate models have revealed issues in the representation of the cloud life cycle due to
limitations in the microphysical parameterizations (English et al., 2014, Mcllhattan et al.,
2017) and the clouds’ interaction with the local boundary layer (Kretzschmar et al., 2019).
Also a weak poleward heat and moisture transport has been linked to the underestimation
of low cloud cover in climate models (Baek et al., 2020). The peculiar persistency of
Arctic MPCs under different environmental conditions remains an open question, and
improvements in the process-level understanding are still required (Morrison et al., 2012,
Wendisch et al., 2017, 2019a).

The study of Arctic MPCs is challenged by the sparsity of observations. Only few
permanent stations with vertically resolved cloud observations exist in the high Arctic
(Fig. 1). Additionally, several ship-based and airborne campaigns have taken place in the
recent decades (see for example Curry et al., 2000, McFarquhar et al., 2011, Tjernstrom
et al., 2014, Uttal et al., 2002, Verlinde et al., 2007, Wendisch et al., 2019b). Measurement
campaigns provide comprehensive and detailed measurements, but only for a limited num-
ber of cases. On the contrary, continuously operated stations provide long time series that
allow the assessment of seasonality, inter-annual variability, trends, and further statisti-
cal analysis (e.g. De Boer et al., 2009, Maturilli et al., 2015, Norgren et al., 2018, Shupe,
2011). Remote sensing plays a central role in cloud research. Synergistic methods utilizing
ground-based radar, lidar, and radiometers are well established for the study of Arctic
MPCs, although challenges still remain (Korolev et al., 2017, Shupe et al., 2008¢). While
ground-based stations lack the spatial coverage of satellite observations, they provide a
much higher vertical and temporal resolution that allows for the study of cloud processes
(Acquistapace et al., 2017, Mioche et al., 2015). Continuously operated stations therefore
have an important role in Arctic cloud research.

Until recently permanent sites for detailed cloud observations have been focused on
the western high Arctic (Fig. 1). Within the ArctiC Amplification: Climate Relevant
Atmospheric and SurfaCe Processes and Feedback Mechanisms (AC)? -project the French-
German research station AWIPEV in Ny-Alesund, Svalbard, was extended with several
instruments in 2016-2017. Most notable was the addition of a novel frequency modu-
lated continuous wave (FMCW) 94 GHz cloud radar in June 2016 (Kiichler et al., 2017,
Nomokonova et al., 2019). Further remote sensing and surface precipitation devices were
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Figure 1: Atmospheric supersites in the Arctic. The black squares indicate sites with
long term cloud radar observations. The color indicates the mean temperature trend at
850 hPa level in December-January-February based on Era-Interim reanalysis of the time
period 1996-2016. The yellow lines encircle the areas with a significant trend on 95%
confidence level. The figure is originally created by Dahlke and Maturilli (2017) and was
published under the Creative Commons Attribution License (CC BY 4.0) by Hindawi, and
has here been updated to include further measurement sites.

later included. Prior to the new installations the station already hosted various instru-
ments for observing clouds, atmospheric radiation, thermodynamical properties, surface
fluxes, and aerosols, as well as regular radiosoundings (Kulla and Ritter, 2019, Maturilli
and Ebell, 2018, Maturilli et al., 2015, Maturilli and Kayser, 2017). The addition of a cloud
radar made Ny-Alesund a supersite for cloud research, an important extension to the sparse
observational network. Especially interesting is the location of the station. Svalbard lies
in the warmest part of the Arctic, in a region exhibiting the strongest surface warming
(Dahlke and Maturilli, 2017). Intrusions of warm and moist air from lower latitudes and
cold-air outbreaks are common (Pithan et al., 2018, Woods et al., 2013), which also has an
influence on clouds in the Svalbard region (Mioche et al., 2017, Nomokonova et al., 2020).
Locally, the archipelago exhibits large variations in surface properties (glaciers, seasonal
sea ice, and snow cover) as well as orography. The new observations at the AWIPEV
station provide exciting possibilities to study Arctic MPCs in a complex environment.

This thesis, carried out as part of the (AC)3-project, utilizes the new cloud radar
observations at AWIPEYV. The studies presented are the first ones with a focus on low-level
mixed-phase clouds above Ny-Alesund that take advantage of the extended observational
capabilities, analyzing the first 3-years of cloud radar measurements. Attention is given to
the influence of synoptic and local-scale conditions, as well as the details of the mixed-phase
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layer revealed by high resolution Doppler radar observations. In the following, the current
scientific understanding of Arctic MPCs is presented. First, processes and definitions
relevant for all MPCs are described, after which Arctic low-level MPCs are considered
in more detail. Furthermore, a brief introduction to the Ny-Alesund site is given. The
research questions and the contents of the dissertation are introduced in the last part of
this chapter.

2 Scientific background

2.1 Mixed-phase clouds

A mixed-phase cloud (MPC) is a cloud that contains both supercooled liquid and ice
(Andronache, 2017). This seemingly simple definition turns out to be ambiguous when
inspected more closely. Real clouds in the atmosphere do not necessarily consist of homo-
geneously mixed droplets and ice particles (so called genuinely mixed-phase clouds), but
often consist of inhomogeneously mixed hydrometeors and single-phase regions (so called
conditionally mixed-phase clouds). Korolev et al. (2017) elaborate on the difficulty in
defining mixed-phase: “should a cloud be defined as mixed phase if it has one ice particle
per 10 or per 10'? liquid droplets? Should a cloud be considered glaciated if it contains
one liquid droplet per 102 ice particles, or is it still mixed phase?” No consensus of what
defines a MPC has been established, and physically based definitions are challenging to use
in studies utilizing imperfect measurement techniques. In situ and passive and active re-
mote sensing instruments operate on significantly different spacial scales, and use different
metrics to describe cloud structure (Korolev et al., 2017). Additionally, the heterogene-
ity in the cloud impacts microphysical processes and is an interesting question in itself
(Zhang et al., 2019). In practice, the definition for a MPC varies based on the research
focus and instrumentation used. Shupe (2011) defined MPCs as cloud systems “that con-
tain liquid and ice water that are associated through microphysical processes within the
same contiguous layer but must not necessarily contain both condensed phases in all cloud
volumes.” Although such cloud systems include volumes with single phase, these systems
typically contain some genuinely mixed-phase volumes (Shupe et al., 2008c). Here, the
definition given by Shupe (2011) is followed, within the sensitivity limits of the utilized
instrumentation. In this section key concepts and processes relevant for MPCs in general
are presented. Although references to Arctic conditions are provided, the description is in
general not limited to MPCs in the Arctic. Arctic conditions and the cloud regime in the
focus of this work are introduced in more detail in Sect. 2.2.

The mixture of water vapor, liquid droplets and ice crystals is thermodynamically
unstable (Andronache, 2017). At sub-zero temperatures, the saturation vapor pressure
over an ice surface is lower than over a liquid-water surface, causing ice crystals to grow
at the expense of evaporating liquid droplets (Bergeron, 1935, Findeisen, 1938, Wegener,
1911). As a consequence, ice crystal growth is enhanced when liquid droplets are present,
promoting the formation of precipitation and affecting cloud life time. This is known as
the Wegener-Bergeron-Findeisen process (WBF), and is one of the major findings in cloud
physics in the last century. Analysis of an array of climate models have found that the
WBEF plays a central role in determining the liquid fraction and life time of MPCs in the
models (Cesana et al., 2015, Komurcu et al., 2014, Tan and Storelvmo, 2016). However, the
WBF predicts that a mixed-phase cloud is fully glaciated within seconds to a few hours,
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depending on the number concentration of liquid and ice particles. This contradicts the
observations of such clouds persisting for several days (Morrison et al., 2012, and references
therein). The WBF only considers the conditions when the water vapor pressure exceeds
the saturation vapor pressure of ice but is below the saturation vapor pressure over liquid,
and is therefore a limited description of the possible range of water vapor pressure in a MPC
(Korolev, 2007). Important for the persistency of MPCs, the vapor pressure often exceeds
that of liquid saturation, in which case both droplets and ice particles grow simultaneously.
Modeling studies have found that the WBF is active in MPCs only about half of the time
(Fan et al., 2011, Lohmann and Hoose, 2009). That the vapor pressure can exceed the
saturation vapor pressure over liquid makes it possible for supercooled liquid to form,
slowing down the glaciation of the cloud and allowing mixed-phase conditions to persist.

Supercooled liquid has been found in the atmosphere at temperatures reaching down
to —40°C (Korolev et al., 2017, and references therein). Cloud droplets form in the at-
mosphere when an air parcel reaches saturation through cooling or isobaric mixing (Yau
and Rogers, 1996). Droplets are formed with the aid of sub-micron sized particles, i. e.
aerosols. The aerosols that can act as centers for condensation are called cloud conden-
sation nuclei (CCN). The efficiency of an aerosol particle to act as a CCN depends on
its size and chemical composition (McFiggans et al., 2006). Although not every aerosol
particle is as suitable as a CCN, there are enough CCN even in the more pristine areas for
droplets to form when moderate supersaturation is reached (Pruppacher and Klett, 1997).
In the Arctic, CCN concentrations vary from 100 to 1000 cm ™2, but also values as low as
1cm™3 have been reported (Mauritsen et al., 2011, Moore et al., 2011). Sources of CCN in
the Arctic are long-range transport, anthropogenic pollution, and new particle formation
(Gunsch et al.,; 2017, Herenz et al., 2018, Leaitch et al., 2016). After the activation of an
aerosol to a cloud droplet, the droplet grows through vapor deposition as long as it resides
in a supersaturated environment (Yau and Rogers, 1996). Initially, diffusional growth is
very quick to increase the droplet size, but with increasing droplet radius the growth rate
slows down. For cloud droplets larger than about 10 um in radius, collision-coalescence
becomes an important process to grow the droplets.

Supercooled droplets large enough to be considered drizzle droplets (droplets larger
than 100 pm) have been repeatedly observed (Cober et al., 2001, 1996, Isaac et al., 2005,
Politovich, 1989, Singleton, 1960). Supercooled drizzle, or supercooled large droplets (SLD)
as known in the literature, can form similarly as large droplets in warm clouds via collision-
coalescence (the so called supercooled warm rain process, Huffman and Norman, 1988).
Low ice particle concentrations, which indicate a limited loss of liquid to the ice phase via
freezing or WBF, and low droplet number concentration and high liquid water content,
which favor the warm rain process, have been associated with the formation of SLD (Lasher-
Trapp et al., 2008, Rosenfeld et al., 2013, and references therein). Giant aerosol particles
(radii greater than 1 pm) have also been suggested to play a role in SLD formation (Beard
and Ochs, 1993, Lasher-Trapp et al., 2008). Furthermore, certain mixing conditions at
cloud top have been hypothesized to contribute to the development of SLD (Korolev and
Isaac, 2000, Pobanz et al., 1994). Observations suggest that the occurrence of supercooled
drizzle declines with decreasing temperature (Cortinas Jr. et al., 2004), although in situ
observations of SLD below -20°C do exist (Cober et al., 2001). Particularly in Arctic
MPCs, larger droplets are most often found close to cloud top (McFarquhar et al., 2007,
Mioche et al., 2017), but have also been observed in liquid layers embedded in deeper MPC
(Verlinde et al., 2013).
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The process of phase transition towards increased molecular order (vapor — liquid —
ice) requires overcoming the free energy barrier, and is generally called nucleation (Yau and
Rogers, 1996). Unfortunately, there is no satisfactory overarching theory for the phenom-
ena of nucleation, complicating the understanding of ice nucleation processes (Andronache,
2017). Ice particles form in atmospheric conditions through heterogeneous nucleation with
the aid of ice nucleating particles (INP) or at temperatures below about -35°C via homo-
geneous nucleation. For mixed-phase clouds, heterogeneous nucleation is thought to be the
main pathway of primary ice formation (Andronache, 2017). Heterogeneous ice nucleation
can be divided into deposition nucleation and freezing nucleation (following the terminol-
ogy by Vali et al., 2015). In deposition nucleation, ice is nucleated from supersaturated
water vapor onto an INP without a prior formation of liquid. Freezing nucleation is ice nu-
cleation within a body of supercooled liquid. Several freezing nucleation modes are known,
most important being immersion freezing and contact freezing. The dominant mode of ice
nucleation in Arctic MPCs is currently thought to be immersion freezing, where an INP
is immersed in a liquid droplet (Cui et al., 2006, De Boer et al., 2011). However, contact
nucleation, where freezing occurs when INP comes in contact with the surface of liquid
particle, may also sometimes play a role (Ansmann et al., 2009). Ice nucleation depends
strongly on the properties of the aerosol and environmental conditions (Kanji et al., 2017).
Only a small fraction of aerosols are suitable INPs, and the particles ability to act as an
INP is strongly temperature dependent. Substances known to act as INP in atmospheric
conditions are mineral dust, bacteria, fungi, pollen, and plankton. Recently, the sea-surface
micro-layer was found to contain ice nucleating entities, probably of biological origin. A lot
is unknown about INP in the Arctic, particularly concerning spatial variability, temporal
trends and the relative importance of different sources. INP concentrations in the Arctic
vary from 107° to more than 10L~! (Wex et al., 2019, and references therein). INP from
biological origin, both marine and terrestrial, have been identified (Conen et al., 2016, Irish
et al., 2019). Wex et al. (2019) found INP concentrations to be higher in summer, from
June to September, at all studied sites. Currently, the sea-surface micro-layer is being
researched as a possible important source of Arctic INP (Chance et al., 2018, Irish et al.,
2017, Wilson et al., 2015, Zeppenfeld et al., 2019). Although a lot of progress has been
made, there are still many gaps in our understanding of the ice nucleation processes in the
atmosphere, especially in the remote polar regions.

The growth processes of ice crystals are more complicated than that of liquid droplets,
owing to the micro-structures of ice (Pruppacher and Klett, 1997). After nucleation, ice
particles grow through vapor deposition. In a mixed-phase volume, ice particles are in a
strongly super-saturated environment which promotes the diffusional growth. The diffu-
sional growth rate depends on ambient temperature and pressure, and to a lesser extent on
parameters such as super-saturation, ventilation and particle shape. At liquid saturation,
the growth rate is at its highest around -14 to -16 °C. The environmental conditions do not
only impact the growth rate, but also determine the habit of the growing ice crystal. Basic
shapes include columns, plates, and dendrites. When the particle falls through different
ambient conditions, it can experience various diffusional growth regimes leading to a large
number of different kind of ice crystals (Magono and Lee, 1966). Ice particles may further
grow through aggregation. Aggregation is most efficient at temperatures close to 0°C, be-
cause the sticking of ice crystals together after a collision has occurred is favored at warmer
temperatures. Additionally, ice crystals with dendritic features may aggregate at colder
temperatures. The process of a droplet colliding with an ice particle and subsequently
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freezing on it is called riming. For riming to play a significant role in increasing ice mass in
the cloud, the droplets need to be large enough and their concentration needs to be high
enough that the likelihood of collisions is sufficient (Lowenthal et al., 2011). All of these
processes, namely diffusional growth, aggregation, and riming, may take place in the same
cloud, leading to large variation in ice particle shape, size, density, and mass-area relation,
which makes the study of ice microphysical processes via remote sensing challenging.

It is often observed that the number concentration of INPs is lower than the ice particle
number concentration by an order of magnitude or more (Field et al., 2017). Mechanisms
that lead to new ice particles in the presence of preexisting ice without the action of an INP
or homogeneous nucleation are generally referred to as secondary ice production (SIP). The
most well known secondary ice mechanism is rime-splintering, also known as the Hallett-
Mossop process. In the right conditions, ice splinters are produced when droplets rime on
a large ice particle. The process is effective in the temperature range from —3to —8°C and
in presence of droplets larger than 13um (Hallett and Mossop, 1974). Further known but
less well quantified processes are collision-fragmentation (ice splinters produced by ice-ice
collisions), droplet-shattering (ice splinters produced by freezing of large droplets), and
sublimation fragmentation (ice particles separate when ice bridge sublimates). However,
the physical basis of these processes are not well understood and the atmospheric and
cloud conditions are poorly constrained. Because SIP can increase the ice concentration
by orders of magnitude (Phillips et al., 2003), it is generally recognized as an important
process for certain clouds.

Many different kind of MPCs are observed in the atmosphere (Andronache, 2017, Ko-
rolev et al., 2017). Stratiform low- and mid-level clouds and cumulus clouds may be
mixed-phase. MPCs can be associated with frontal systems, orography and convection.
After all, the only thing that is required for a cloud to be considered mixed-phase is the
existence of both liquid droplets and ice particles. The temperature regime for mixed-phase
clouds, defined by the melting and homogeneous freezing temperatures of water, is com-
monplace in the troposphere. A variety of dynamical conditions can lead to mixed-phase
conditions, and the structure and life cycle of different types of MPCs vary considerably
(Costa et al., 2017). A MPC is a complex system that emerges from the the microphysi-
cal processes in interaction with large- and cloud-scale dynamics, and is modified through
internal processes as well as external forcings. To further understand the processes of a
mixed-phase cloud system, it is necessary to set a more specific focus. This work focuses
on the stratiform low-level mixed-phase clouds because of it their commonality, peculiar
persistency and climatic relevance in the Arctic.

2.2 Mixed-phase clouds in the Arctic

The frequency of occurrence of clouds in the Arctic varies from 50% to nearly 100% de-
pending on location, season and the criteria used to detect a cloud. Cloud climatologies
based on satellite observations show highest cloudiness in autumn (Mioche et al., 2015,
Zygmuntowska et al., 2012). Ground based observations agree with the high fraction of
cloud cover in autumn, however, above Ny—Alesund cloudiness seems to peak already at
the end of summer (Maturilli and Ebell, 2018, Nomokonova et al., 2019) and in the western
Arctic a second maximum in spring has been reported (Shupe et al., 2011). In general,
the high cloud fraction is caused by the very frequent low-level clouds (Mioche et al., 2015,
Nomokonova et al., 2019, Shupe et al., 2011). Fig. 2a shows the spatial variability in
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Figure 2: Seasonal cloud cover derived from a synergy of spaceborne radar and lidar
(CALIPSO/CLOUDSAT) measurements taken from 2007 to 2010, covering altitude range
500-12 000 m. a) Occurrence of all clouds (relative to time), and b) fraction of MPCs
(relative to all clouds). The figure is created by Mioche et al. (2015) and was published
under the Creative Commons Attribution License (CC BY 3.0) by Copernicus Publications.

cloud cover across the Arctic in different seasons derived from satellite-based active remote
sensing. Clouds occur particularly often on the Norwegian, Greenland, and Barents Seas.
Not only are clouds more frequent in this region, a larger fraction of them is found to
be mixed-phase (Fig. 2b). Furthermore, Mioche et al. (2015) analyzed clouds over the
Svalbard region (defined as the area between 0°and 30°East and 75°and 80°North in their
study) and found an average of 55% of observed clouds to be mixed-phase, most of them
below 3 km, with the monthly MPC fraction varying between 45% and 60%. The common-
ality of MPCs in the Svalbard region makes Ny-Alesund an attractive site for the study of
MPCs.

Low-level mixed-phase clouds

Across different sites a typical structure of low-level MPCs is observed, characterized by
one or more thin liquid layer(s) embedded in a deeper layer of ice, usually extending far
below the liquid layer(s) (Hobbs and Rangno, 1998, Hobbs et al., 2001, Intrieri et al., 2002,
McFarquhar et al., 2007, Morrison et al., 2012, Rangno and Hobbs, 2001, Shupe et al.,
2001). A schematic picture of the main aspects of such stratiform clouds is presented in
Fig. 3. A typical Arctic low-level MPC features a temperature inversion at cloud top,
intensified by cloud liquid induced radiative cooling (Curry, 1986, Morrison et al., 2012).
The cloud top cooling leads to negative buoyancy and top down driven turbulence (Pinto,
1998, Sedlar and Shupe, 2014). Supercooled liquid mainly forms in updrafts, where the
rising air is adiabatically cooling (Harrington et al., 1999, Jiang et al., 2000, Morrison
et al., 2005, Shupe et al., 2008a). Ice is nucleated in the liquid layer, mostly near the
top of the cloud. Studies have shown an increase in cloud ice to coincide with increase
in cloud liquid, suggesting that ice production is linked to cloud liquid water (Korolev
and Isaac, 2003, Shupe et al., 2004, 2008a, 2006, Westbrook and Illingworth, 2011), and
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Figure 3: Simplified model of the persistent low-level MPC in the Arctic, adapted from
Morrison et al. (2012). The blue shaded are indicates the liquid layer.

that the supercooled liquid precedes ice formation (Morrison et al., 2005, Westbrook and
Mlingworth, 2013). Once an ice crystal forms it grows very rapidly as it is in a strongly
supersaturated environment (Sect. 2.1) and falls out of the liquid layer (Westbrook and
Hlingworth, 2013). There is therefore a constant sink of humidity, as well as INP, from the
cloud via precipitation. Advection, surface fluxes and entrainment at cloud top can act
as sources of humidity and INP for the cloud, depending on the environmental conditions
where the cloud resides (Jackson et al., 2012, Morrison et al., 2012, Solomon et al., 2014).
In some cases ice can sublimate before reaching the ground, and given the right mixing
conditions the water vapor and INP can be recycled back to the cloud reducing the sink
from the system (Solomon et al., 2011). In the following, aspects of the low-level MPC
relevant for this work are introduced in more detail.

According to current understanding, supercooled liquid mainly forms in adiabatically
cooling rising air and to a lesser extent due to radiative cooling at cloud top (Harrington
et al., 1999, Jiang et al., 2000, Morrison et al., 2005, Rasmussen et al., 2002). Shupe
et al. (2008a) analyzed a stratiform MPC case in detail and found an increase (decrease)
in the amount of liquid in updrafts (downdrafts), which has later been reproduced in
studies utilizing large eddy simulation (LES) (e.g. Solomon et al., 2011). Korolev and
Field (2008) also showed theoretically that random turbulent motions lead to saturation
with respect to liquid and can therefore create and maintain supercooled liquid in a cloud.
The radiative cooling is localized to near cloud top (Egerer et al., 2019), and already
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very small amounts of liquid can effectively reduce the temperature of the cloud layer.
However, the magnitude of radiative cooling does not only depend on the cloud but also
the overlying atmosphere. Specifically, a second cloud layer above the low-level cloud can
significantly reduce the cooling rate (Shupe et al., 2013). The radiative cooling acts as
a positive feedback mechanism for the liquid layer to maintain itself, as radiative cooling
drives turbulence that lead to vertical motions (Pinto, 1998, Shupe et al., 2008a). Given
the right conditions, large scale subsidence can lead to the collapse of the cloud (Neggers
et al., 2019).

In situ observations carried out by aircrafts have found that the liquid water con-
tent (LWC) and the size of cloud droplets is increasing with distance from cloud base,
while the droplet number concentration (Ng) remains rather constant with height (Jack-
son et al., 2012, McFarquhar et al., 2007, 2011, Mioche et al., 2017). The LWC profile has
often been found to be sub-adiabatic, which has been attributed to the WBF process and
near cloud top to the entrainment of dry air (Jackson et al., 2012, Mioche et al., 2017,
Shupe et al., 2008a). Mioche et al. (2017) analyzed cloud properties from four aircraft
campaigns on the Greenland and Norwegian seas, and report a mean LWC of 0.1 gm™2 at
the bottom of the liquid layer and almost 0.2gm™3 near the cloud top, and a mean Ng
of about 120 cm™3. Supercooled drizzle droplets are also occasionally observed, usually in
the upper parts of the cloud (Jackson et al., 2012, McFarquhar et al., 2007, Mioche et al.,
2017).

Across different measurement campaigns, ice particle number concentration (N;) have
been found to range from 0.1 to 10L~! (Andronache, 2017). Although the N; concentration
vary greatly, the Nj is usually orders of magnitudes lower than the Ny in the same MPC. In
different studies the mean ice water content (IWC) have been found to vary from 0.01 to
0.035gm ™3 and IWC is either reported to increase from cloud top downwards or no clear
trend is found (Jackson et al., 2012, McFarquhar et al., 2011, Mioche et al., 2017). Mioche
et al. (2017) found the majority of (> 100pm) particles to be rimed or irregulars, with
some plates and stellars. Also McFarquhar et al. (2007) report a large fraction of irregular
particles, in addition to the considerable portions of rosettes, needles, and columns. The in
situ observations show a large variability of the properties of the precipitating ice (see also
Korolev et al., 1999, Wendisch et al., 2019b) hinting towards multiple processes impacting
the ice particle habit, N; and IWC. However, the different studies agree that cloud top is
dominated by liquid droplets, and in the lower part of the cloud and below the liquid base
large ice particles are present.

The MPC can reside in a throughout mixed boundary layer, but also commonly ob-
served is a structure with a cloud driven mixing layer over a surface based stable layer (Mor-
rison et al., 2012, Pinto, 1998). In the Arctic, strong surface inversions and stable strat-
ification in the lower troposphere are common, particularly in winter. When the entire
layer from surface to the cloud is turbulent, the cloud is said to be thermodynamically
coupled with the surface. Coupling has been found to be more likely if the cloud is low
and thereby closer to the surface (Brooks et al., 2017, Shupe et al., 2013). The turbulence
driven by the cooling at cloud top is characterized by narrow strong downdrafts and weak
broad updrafts. This kind of vertical wind structure has been observed for both coupled
and decoupled cases (Sedlar and Shupe, 2014, Shupe et al., 2013) indicating that surface
driven turbulence is not necessary for the cloud to become coupled. Within the cloud, the
liquid layer may extend into the cloud top inversion so that in the upper part a stable layer
is present (Sedlar et al., 2012). This can take place to the extent that the entire liquid
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layer is stably stratified, for example Silber et al. (2020) found 25% of liquid bearing clouds
at Utqiagvik, Alaska, to be stable. Some studies have also considered the stability of the
cloud and associated boundary layer in the context of the cloud life cycle. Sotiropoulou
et al. (2014) suggest that clouds may start low and coupled to the surface. Over time the
cloud base lifts and the cloud driven mixing layer disconnects from the surface causing
the cloud to become decoupled. Stabilization of the cloud layer increases with decreasing
liquid as the cloud develops towards glaciation. Finally, the entire cloud layer is stably
stratified. Contrarily, Silber et al. (2020) claim that stable stratification is more common
at the early stages of the cloud life cycle.

Whether the cloud is (de-)coupled with the surface regulates the interaction between
the surface and the cloud, as the surface can only act as a source of humidity, aerosols,
or precursors for CCN and INP, when there is vertical transport from the surface to the
cloud layer. Only few studies have explicitly considered the impact of coupling on cloud
properties. For example, Sotiropoulou et al. (2014) did not find a difference in liquid
or ice water path between the coupled and decoupled clouds. Taking another point of
view, Li et al. (2017) used LES to test how changes in sea ice cover lead to changes in
the thermodynamic structure of the atmospheric boundary layer, and also found a change
in the total condensed water of the associated low-level MPC. Further modeling (Eirund
et al., 2019) and observational (Young et al., 2016) studies have found a change in cloud
properties when moving from over sea ice to open sea or vice versa. Thus, evidence on
the influence of surface conditions on the low-level MPC do exist, but the mechanisms are
unclear owing to the complex nature of the interactions between the surface and low-level
clouds.

To maintain the liquid layer(s), the production of liquid needs to balance the sink on
the ice particles. To maintain cloud ice, new ice particles need to be continuously initi-
ated, either by ice nucleation or secondary processes. The turbulence, that is caused by
cloud liquid and acts to maintain the liquid layer in the presence of a constant sink, is
considered a key internal feedback mechanism leading to the long life time of the Arctic
MPCs (Morrison et al., 2012). Another necessary condition for MPCs to occur and to
persist is that CCN are more abundant than INP, and thereby the cloud droplet number
concentration is much larger than the ice particle number concentration, limiting the ef-
fectiveness of WBF to remove liquid from the MPC. Modeling studies have shown that
high INP concentrations lead to a rapid glaciation of the cloud (e.g. Morrison et al., 2011).
Furthermore, investigations of the INP budget found that the INP in the boundary layer
deplete rapidly, after which the entrainment rate of INP at cloud top controls the ice num-
ber concentration to a large degree (Fridlind et al., 2012, Fu et al., 2019). The modeling
study by Avramov and Harrington (2010) also indicated that the ice particle growth rate
and fall velocity can impact the phase-partitioning and evolution of the stratiform MPC.
Additionally, also the constant sink of humidity via precipitation needs to be balanced
for the cloud to maintain itself (Savre et al., 2015, Solomon et al., 2014). In the right
conditions, as already discussed, the surface can act as a source of humidity. Several mod-
eling studies have shown the importance of humidity advection and the entrainment of
humidity from above the cloud, particularly in the absence of surface sources (Jiang et al.,
2000, Savre et al., 2015, Solomon et al., 2014, 2011, Sotiropoulou et al., 2018). Sedlar et al.
(2012) report that a specific humidity inversion is observed near cloud top more often than
not. Furthermore, a dry layer below the cloud can lead to the sublimation of precipitating
ice particles, and the INP of the sublimated precipitation may be transported back to the
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cloud (Savre et al., 2015, Solomon et al., 2015, 2014). The large scale advection is not
only relevant for providing the cloud with a source of humidity, but the synoptic situa-
tion can also alter the thermodynamic conditions (e.g. Kalesse et al., 2016b, Shupe et al.,
2013). However, although the phase-partitioning of the cloud can shift due to forcings,
the remarkable resilience is a characteristic feature of the low-level clouds in the Arctic.
Eventually, the MPC might fully glaciate and dissipate, as the ice production ceases in the
absence of supercooled liquid. The MPC might also turn into a single phase liquid or ice
cloud.

The central role of low-level MPCs in the Arctic climate system stems from the mul-
tiple ways the clouds interact with their environment. The cloud modifies the boundary
layer where it resides by modifying radiative fluxes, generating turbulence, and vertically
redistributing moisture. Furthermore, clouds control precipitation, and thereby indirectly
influence further properties of the climate system such as snow cover and surface albedo.
Hence, clouds are not relevant only for the cloud feedback, but also modulate the surface
albedo, lapse rate and water vapor feedbacks (Crook et al., 2011, Sledd and L’Ecuyer,
2019, Stapf et al., 2019). Understanding the emerging properties of the coupled cloud-
atmosphere-sea/land surface system is challenging. For example, decrease in sea-ice has
been linked to anomalously low cloud cover (Kay et al., 2008), while on the other hand
reduced sea-ice is thought to increase cloud fraction (Kay and Gettelman, 2009, Liu et al.,
2012), at least in some seasons (Morrison, 2019).

Despite the progress made in the last decade (Zelinka et al., 2017), state of the art
climate models underestimate the occurrence of Arctic low-level clouds (Vignesh et al.,
2020). Particularly an issue for estimating the cloud radiative effect and the study of
feedback processes, climate models struggle with the partitioning between supercooled
liquid and ice (Cesana et al., 2015, McCoy et al., 2016). These issues, however, might
be related. Engstrom et al. (2014) report an improvement in model performance after
modifying the speed of glaciation, e.g. the rate at which supercooled liquid is converted to
ice. English et al. (2014) reduced the cloud cover and cloud liquid bias by modifying the
ice nucleation scheme. Mcllhattan et al. (2017) found an overestimation of precipitation
in climate models, which was attributed to microphysical processes controlling the liquid-
to-ice formation in MPC. These studies suggest that too rapid glaciation, leading to the
removal of the cloud through precipitation, might be responsible for the underestimated
low-cloud fraction in climate models. However, Kretzschmar et al. (2019) report that
changing the glaciation speed alone was not sufficient to remove bias in low cloud fraction
or cloud phase in the climate model in question, but room for improvement is left in the
interaction between clouds and the local boundary layer. Specifically, Taylor et al. (2019)
compared a range of climate models and found a large disagreement in cloud amount
under stable conditions in the lower troposphere. Studies applying highly resolved models
by Loewe et al. (2017), Ovchinnikov et al. (2014), and others, further confirm the impact
of microphysical processes on the life cycle of low-level mixed-phase clouds. Recent studies
also highlight the sensitivity of cloud radiative forcing and cloud feedback to mixed-phase
microphysics (Bodas-Salcedo et al., 2019, Tan and Storelvmo, 2019). Improvements in the
process-level understanding of microphysical processes and their implications to the MPC
lifecycle are needed to improve the description of low-level mixed-phase clouds in climate
models (Kay et al., 2016, Klein et al., 2009, McCoy et al., 2016).
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2.3 Ny-Alesund and the Svalbard region

The Svalbard archipelago, where the observations utilized in this work were carried out,
lies in the warmest part of the Arctic. Furthermore, the region is experiencing some of the
most rapid seasonal warming on the globe (Fig. 1, Dahlke and Maturilli, 2017). Across the
Arctic, the strongest increase in surface air temperature is found in winter, when depending
on the data set and time period evaluated the strongest increase in temperature are found
on the eastern Arctic Ocean, northern Atlantic, the Greenland, Barents or Kara seas
(Hansen et al., 2010, Serreze and Barry, 2011). The North Atlantic is also a region with
large mean poleward heat and moisture transport, and a large variation in this transport
(Oshima et al., 2004, Woods et al., 2013). Intrusions of warm and moist air from lower
latitudes and the transport of cold dry Arctic airmasses southwards are associated with air
mass transformations where boundary layer clouds also play a role (Pithan et al., 2018).
The increasing temperature at Svalbard has been linked with increased heat transport from
mid-latitudes and increasing downwelling longwave radiation (Dahlke and Maturilli, 2017,
Maturilli et al., 2015). Rinke et al. (2019) and Maturilli and Kayser (2017) report also
an increase in humidity over Svalbard in the recent decades. Ny-Alesund is therefore well
situated for observing the changing climate in the Arctic, and a necessary addition to the
sparse cloud radar network (Fig. 1).

Locally, Svalbard exhibits large variations in surface properties (glaciers, seasonal sea-
ice and snow cover) as well as orography. Ny-Alesund is located on the south side of Kongs-
fjorden on the west coast of Spitzbergen, the largest island on the Svalbard archipelago.
In the recent years, including the entire time period considered in this work, the sea has
remained ice-free at the west coast of Svalbard throughout the year. The area around Ny-—
Alesund exhibits a typical tundra system, and the highest mountains around Kongsfjorden
reach to 800m. Above the mountaintops in the free-troposphere westerly winds prevail,
but near the surface the wind is channeled along the fjord and the predominant wind
direction is from southeast (Beine et al., 2001, Jocher et al., 2012, Maturilli and Kayser,
2017). Previous studies have found the local boundary layer to be shallow and strongly
affected by the orography (Beine et al., 2001, Chang et al., 2017, Dekhtyareva et al., 2018,
Kayser et al., 2017). Mioche et al. (2015) find less MPCs over the islands than over the
surrounding sea during winter and spring, while during summer and autumn the differences
are small, indicating that the islands modify the local boundary layer and the associated
clouds. Over Antarctica, Scott and Lubin (2016) found that orographic lifting of marine
air is likely causing thick MPCs with high ice water content and Grazioli et al. (2017)
showed reduction in snowfall due to katabatic winds, hinting at possible mechanisms that
might also occur at Ny-Alesund.

Prior to the installation of the cloud radar, ceilometers were already operated at AW-
IPEV (Maturilli and Ebell, 2018). The analysis of ceilometer observations by Shupe et al.
(2011) and Maturilli and Ebell (2018) showed that monthly cloud occurrence fraction varied
between 50% and 80% being highest in summer and early autumn. The monthly median
of the lowest cloud base height was found to vary between 500 and 1400 m, and the cloud
base height is on average lower in summer than in winter. The studies also agree on a large
inter-annual variability. In addition, ship-based and aircraft campaigns have taken place
in the region. Recently, Mioche et al. (2017) combined observations from four different air-
craft campaigns over the Greenland and Norwegian seas and evaluated the differences in
microphysical properties of MPCs associated with different airmass characteristics. They
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found that warm southerly airmasses had a higher LWC and Ny compared to the warm
northerly airmasses that had the smallest Nq and the cold airmasses with the lowest LWC.
For the ice phase, the cold airmasses were found to have the highest N; and IWC. Although
the statistics presented by Mioche et al. (2017) only cover a handful of cloud cases (the
analyzed data was collected on 18 days, to be precise), their study points towards the need
to consider the influence of airmass properties and large scale advection on MPCs in the
Svalbard region.

Following the installation of the cloud radar at AWIPEV in 2016, a more detailed
view of clouds above Ny-Alesund became available. Nomokonova et al. (2019) report
the first year of these observations, during which clouds were present over 80% of the
observed time. They found low clouds to dominate, in agreement with previous studies
and observations reported from other sites (Shupe, 2011). Hydrometeors occurred most
frequently in the first 2 km, with a maximum frequency of occurrence at 660 m. Liquid was
detected in all seasons, with the monthly frequency of occurrence ranging from 70-80% in
summer and autumn to the minimum of 36% in winter. From single cloud layers, mixed-
phase clouds (defined as clouds with ice and liquid occurring at any height of the cloud)
were most common. The MPCs were also found to have a higher LWP than liquid-only
clouds. Following the availability of the cloud radar data and products derived from it, the
radar measurements have since been used for the study of cloud radiative effects (Ebell
et al., 2020), the impact on water vapor anomalies on cloud properties (Nomokonova et al.,
2020), ice crystal seeding (Vassel et al., 2019), and for evaluating high-resolution model
performance (Schemann and Ebell, 2020). This thesis, as mentioned in Sect. 1, presents
the first work dedicated on low-level MPCs utilizing the long-term measurements provided
by the comprehensive set of remote sensing instrumentation operated at AWIPEV.

3 Objectives

This dissertation addresses observational gaps in measuring Arctic low-level mixed-phase
clouds in two ways. First, observations of low-level MPCs in a fjord environment in the
warmest region of the Arctic are presented, and the influence of large scale and local
forcings on cloud properties is analyzed. Second, the potential of cloud radar Doppler
spectrum skewness for providing insights to microphysical processes in mixed-phase cloud
volumes is investigated. The two topics are tackled in the two scientific studies of the
thesis, introduced below.

Scientific Study I. Characterization of low-level mixed-phase clouds at Ny-
Alesund

Previous studies have shown that both the large scale advection of airmasses and the
interaction with the local boundary layer and underlying surface can modify the low-
level MPCs. The first study focuses on the characterization of persistent low-level MPCs
(P-MPC) in the context of the complex features of the measurement site. The specific
questions addressed are:

e What is the frequency of occurrence of P-MPCs above Ny-Alesund, and what are

their typical properties (altitude, liquid and ice water path)? Do these parameters
exhibit seasonal variation?
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e How can the thermodynamical coupling of the P-MPC with the surface be evaluated
from the continuous observations? How often are P-MPCs above Ny-Alesund found
to be coupled, and does thermodynamical coupling of the cloud with the surface
influence the amount of liquid and ice in the cloud?

e How are the large-scale and local wind conditions in the fjord influencing the occur-
rence and properties of P-MPCs? How does the location of the measurement site on
a mountainous coastline impact the observed P-MPCs?

The objective is to provide a foundation for the investigation of P-MPCs at the AWIPEV
site. Based on the characterization it is possible to draw first conclusions of the differences
and similarities of the P-MPC observed at Ny-Alesund and elsewhere in the Arctic, and the
representativeness of the observations carried out at AWIPEV. Furthermore, the analysis

provides insights to the relative importance of local scale phenomena and large scale forcing
on the low-level MPCs above Ny-Alesund.

Scientific Study II. Observational signatures of mixed-phase cloud structures
revealed by radar Doppler spectrum skewness

While the large scale advection and local boundary layer processes are important, the
microphysical processes also play an essential role in determining the evolution of low-
level MPCs. However, evaluating microphysical parameterizations in numerical models
is challenging when only limited observational constrains are available. Cloud radars are
one of the few techniques providing vertically resolved measurements of both supercooled
liquid and ice. The skewness of the Doppler spectrum has been successfully used to study
processes in warm clouds and to retrieve microphysical properties of ice clouds (Kollias
et al., 2011b, Maahn and Lohnert, 2017), but in the mixed-phase regime Doppler spectrum
skewness has barely been utilized. The second study investigates the potential of the
Doppler spectrum skewness for gaining insights in the P-MPC, and specifically considers:

e In which conditions can skewness provide additional information about the micro-
physical properties in a mixed-phase volume?

e What defines the skewness of the Doppler spectrum of a vertically pointing cloud
radar in a mixed-phase cloud?

¢ Which microphysical processes leave hints in the Doppler spectra that could be stud-
ied with the help of the skewness of the spectrum?

The objective is to identify features in the observed skewness profiles that can be related
to the microphysical properties of a mixed-phase cloud volume. Such features could be
used in the future for studying microphysical processes in the MPCs, for developing obser-
vational constrains for model parameterizations, or as part of a retrieval for microphysical
properties. However, a prerequisite for any of this is an understanding of the parameters
that define the skewness profile.

The thesis is organized as follows. Chapter IT introduces the observations and auxiliary data
utilized in both scientific studies. Chapters I1I and IV comprise the Scientific Study I and
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II, respectively. These chapters also include more specific background information relevant
for each study, such as the description of the local wind climatology in Kongsfjorden in
Study I, and method development required for the specific analysis carried out, such as
the noise reduction in the skewness data in Study II. The outcome of the first study has
been published by Gierens et al. (2020), and the publication is included here as part of
the thesis. In the end, Chapter V provides a summary of the main findings and draws
conclusions from the scientific studies, and gives an outlook.
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11 Tools and Data

This chapter introduces the data that forms the basis of the scientific work carried out
in the thesis. First, the instruments and measured parameters are presented in Sect. 4.
Because of the central role of the cloud radar, also the main aspects of the governing theory
and operating principles, as well as the data processing carried out, are shortly presented.
For the other instrumentation, only a brief description focusing on the main aspects and
measurement details relevant for this work is given. Following the introduction of the
measurements, the synergistic approach used for combining the different remote sensing
observations, i.e. the Cloudnet algorithm, is presented in Sect. 5. The microphysical
and thermodynamical retrievals used are covered in Sect. 6, and lastly, the auxiliary data
product derived from reanalysis in Sect. 7.

4 Measurements

All observations utilized are collected at the French-German Arctic Research Base AWIPEV,
operated in collaboration by the German Alfred Wegener Institute for Polar and Marine
Research (AWI) and the French Polar Institute Paul Emile Victor (IPEV). AWIPEV is
located in the Ny-Alesund research village (78.9°N, 11.9°E), on the west coast of Spitzber-
gen. The station operates a wide range of instruments for disciplines ranging from biology
to astronomy. The measurements utilized in this work are shown in Fig. 4, and include:
two 94 GHz cloud radars (Sect. 4.1), a microwave radiometer (Sect. 4.2), a ceilometer
(Sect. 4.3), and surface meteorological measurements and radiosondes (Sect. 4.4).

4.1 Cloud radars

The cornerstone of the thesis is the frequency modulated continuous wave (FMCW) 94 GHz
Doppler cloud radar. Two different cloud radars of the University of Cologne have been de-
ployed at AWIPEV since 2016. First, the Jiilich Observatory for Cloud Evolution (JOYCE)
Radar-94 GHz (JOYRAD-94) was installed at the AWIPEV station from 8 June 2016
to 26 July 2017, and again from 12 June 2019 onwards. In between, the Microwave
Radar/Radiometer for Arctic Clouds (MiRAC) was measuring at AWIPEV from 27 July
2017 to 8 October 2018. Only the active component of MiRAC, e.g. the cloud radar re-
ferred to as MiRAC-A| is used in this work. Fig. 4a and b show JOYRAD-94 and MiRAC-A
installed at the roof of the AWIPEV observatory, where they were operated in a zenith
pointing mode. Both instruments are a RPG-FMCW-94-SP -type radar, described in de-
tail by Kiichler et al. (2017). Key technical specifications are given in Table 1. MiRAC-A
was constructed so that it can be mounted on an aircraft and it therefore has smaller
antennas (Mech et al., 2019). Consequently, the sensitivity of the radar is reduced by 6 dB
compared to JOYRAD-94. The instruments also include a 89 GHz passive channel, but
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Figure 4: Instruments used (see text for details): a) JOYRAD-94, b) MiRAC-A, ¢) ra-
diosounding, d) microwave radiometer HATPRO, e) BSRN measurement field with the

ceilometer indicated by the black ellipse.

B. Pospichal (d), and K. Ebell (a,c,e).

Photos provided by T. Nomokonova (b),

Table 1: Technical details of the two cloud radars utilized, JOYRAD-94 and MiRAC-A.

JOYRAD-94

MiRAC-A

Center Frequency

(wavelength)

94 GHz (3.2 mm)

94 GHz (3.2 mm)

Transmitted power

1.5W

1.2W

Antenna type

Two antennas with

500 mm aperture

Two antennas with

250 mm aperture

Antenna separation 568 mm 298 mm
Half power beam width 0.53° 0.85°
Antenna Gain 51.5dB 47dB

Reference

Kiichler et al. (2017)

Mech et al. (2019)

Installation at AWIPEV

8 June 2016 — 26 July 2017
12 June 2019 — ongoing
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due to technical issues degrading the quality of the measurement this data was not uti-
lized in this work. Here, the radar theory and operating principle of the FMCW radar are
briefly introduced. After that, the specific measurement configurations used at AWIPEV
are presented, followed by a description of the data processing steps which have been also
carried out within this thesis.

Radar theory

A radar is a system that transmits a radio wave and measures the signal that is returned
to its antenna due to scattering by objects in the atmosphere. The radar equation gives
the power returning to the receiving antenna (Pg) depending on the range (r), scattering
properties of the target, and the transmitted power (Pr) (Doviak and Zrnié¢, 2006). As-
suming that the electromagnetic wave with the wavelength A propagates without loss due
to hydrometeors or atmospheric gases, the general form of the radar equation for a point
target is

Prp  GZN2f1

Pr~ (ampra P o
Here o is the backscattering cross section and contains all details of the scattering process.
f? is the normalized power density pattern that describes the power density at a given
distance from the beam axis. It is also assumed that the transmitter’s antenna gain (Gr)
equals the receiver’s antenna gain. For a volume scattering target, such as a cloud, the
power scattered back towards the radar depends on the scattering cross sections of all
hydrometeors in the volume, given by

0= /0 N(D)os(D)dD 2)

where 7 is called the radar reflectivity, N (D) is the particle size distribution and D stands
for diameter. The backscattering cross section for liquid droplets much smaller than the
wavelength (i.e. scattering in the Rayleigh regime) is

_ 7.‘.5’ Kwyz

op(D) = X DS (3)

where k,, is the dielectric factor for water. op depends not only on the particle diameter
and phase, but also on the shape and density, and is therefore difficult to estimate for
ice particles (DeVoe, 1964, 1965). Using the soft sphere approach the backscattering cross
section for ice particles have been found to be proportional to D* (Field et al., 2005).
Inserting Eq. 3 into Eq. 2 results in

_ 7.‘.5’,{11}’2

oLz 4

where Z is the radar reflectivity factor defined as
Z= / N(D)D%D . (5)
0

As Eq. 4 is based on Rayleigh scattering off liquid droplets it is not as such applicable to
all hydrometeors. Hence, in radar meteorology the equivalent radar reflectivity factor (Z)
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Figure 5: The sawtooth chirp. The solid line illustrates the transmitted signal, and the
dashed line the returned signal which is a delayed version of the transmitted signal. See
text for explanation of symbols.

is used instead, defined as
A4
Lo =—F—=0 . 6

Z. is defined so that for rain in the Rayleigh scattering regime Z, = Z. Z. has units

6 3

of mm%m=3, but is usually given as dBz defined as decibels relative to the 1 mm®m™

reference level (Smith, 2010). For simplicity, Z, is often referred to as simply ‘reflectivity’.
Using the definition of Z, for a Gaussian beam results in the radar equation for a cloud
volume:

Prp G%027T3\/<cw\257‘26 _ CR5

Pr 29X g2

where 0r is the range resolution and 6 is the antenna’s half power beam width. Cpg is

SZe (7)
the radar constant summarizing all the radar specific parameters and the dielectric prop-
erties of the medium which are assumed to be constant. Radiometer Physics GmbH, the
manufacturer of JOYRAD-94 and MiRAC-A, reports that the beam pattern of the radars
overlaps with a Gaussian pattern to 95% (Rose, 2015). For |k,| the value of 0.86 is used,
which corresponds to the |k, | of pure liquid water at 90 GHz. An important simplification
in Eq. 7 is the omission of the attenuation due to hydrometeors and atmospheric gases.
At 94 GHz the attenuation due to dry gases, water vapor, and liquid hydrometeors is not
negligible (Lhermitte, 1990). Furthermore, the D% (D*) dependency of Z, for droplets
(ice particles) is only valid for the Rayleigh scattering regime, i.e. when D << A. The
radars used in this study are measuring at a wavelength of 3.19mm, so that for larger ice
particles Mie scattering becomes relevant. However, for cloud droplets, drizzle, and small
ice particles Rayleigh scattering can be assumed.

Operating principle of the FMCW Doppler radar

As suggested by its name, a FMCW radar transmits a continuous wave whose frequency
is modulated (Ulaby and Long, 2014). The RPG-FMCW-94-SP radars used in this study
are linear FMCW radars that use a sawtooth frequency pattern, referred to as a chirp.

21



4. MEASUREMENTS

Fig. 5 illustrates a transmitted chirp and the returned signal for a stationary point target.
The time (¢) for the signal to travel to the target and back is

_2r

At (8)

Cc

where c is the speed of light. In the radar the transmitted and received signal are mixed,
which generates the intermediate frequency signal, also referred to as the beat signal (Meta,
2006). The frequency difference between the transmitted and received signal fp is given
by the frequency of the beat signal. From Fig. 5 it can be seen that fp is related to At by

f= 7 A )
where B is the chirp bandwidth and T, is the chirp duration. Thus, by measuring fp
the range of the target can be obtained by combining Eqs. 8 and 9. Without going into
detail, it is noted that fp can only be obtained with a finite resolution of § f, and the range
resolution dr is directly proportional to df.

When the target is moving, the frequency is shifted due to the Doppler effect by

2Vp

fp = N (10)
where Vp is the velocity component in the direction of the beam (i.e. Doppler velocity)
and A is the wavelength of the transmitted signal. Repeating the chirp Ncp;-p times, a
time series of the beat signal is obtained. Applying a Fourier transform to this time series
provides the frequency shifts due to the moving targets. The discrimination of frequency
shifts due to range and Doppler velocity is based on the assumption that the latter is
smaller. Thus, the returned power can be mapped to a (discrete) range and Doppler
velocity space. Further making use of Eq. 7 results in the equivalent radar reflectivity factor
at each range gate as a function of Doppler velocity, i.e. the radar Doppler spectrum. The
largest fp that can be detected is restricted by the chirp repetition time (e.g. T¢), which
in turn is related to the bandwidth and the discrete frequency steps that form the chirp.
The maximum unambiguous Doppler velocity (i.e. Nyquist velocity V},,,) which can be
obtained is therefore dictated by the chosen sampling strategy. If the Doppler velocity of
the target exceeds V,,y, the signal appears in the wrong range-Doppler velocity-bin, which
is referred to as aliasing.

The main advantages of the FMCW radars compared to traditional pulsed radars is
the higher range resolution that can be obtained and the lower transmission power that
is required to achieve similar sensitivities. The higher range resolution allows for more
detailed information to be gained about the hydrometeor populations, especially in regions
of strong vertical gradients. The lower transmission power means that no high-voltage
components are required in the radar apparatus, leading to lower production costs and
power consumption. On the other hand, the signal attenuates quicker, which however is
not a serious issue for the low-level MPCs investigated in this study.

Measurements carried out at AWIPEV

As can be seen from Eq. 1, the power of the returned signal is decreasing with range

4

proportional to r*. To compensate for the sensitivity loss at higher altitudes while still
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Table 2: Key parameters of the sampling strategy used for the first JOYRAD-94 installa-
tion (June 2016 — July 2017). r = range resolution, §Vp = Doppler velocity resolution,
Viyg = Nyquist velocity. “Total time’ gives the time required to carry out the sampling,
and the time needed for measuring a complete profile is the sum of the column, i.e. 2.4s.

Range 6r (m) | 6Vp (ms™1) | Vpyy (ms™!) | Total time (s)
100-400 m 4.0 0.025 6.2 0.53
400-1200 m 5.3 0.017 4.2 0.59
1200-3000 m 6.7 0.021 2.5 0.731
3000-12000m | 17 0.021 2.5 0.568

Table 3: As Table 2, but for MiRAC-A (July 2017 — October 2018) and the second
JOYRAD-94 installation (June 2019 onwards). Time required for measuring the complete
profile was 2.0s.

Range 6r (m) | 6Vp (ms™1) | Vi (ms™t) | Total time (s)
100-400 m 3.2 0.02 5.1 0.64
400-1200 m 7.5 0.02 5.1 0.48
1200-3000 m 9.7 0.013 3.2 0.503
3000-12000m | 23.8 0.025 3.2 0.377

making use of the instruments capability to provide a high vertical resolution, the RPG-
FMCW-94-5SP gives the possibility to measure different atmospheric layers using different
chirps executed consecutively (Kiichler et al., 2017). For the measurements carried out at
AWIPEV four chirps where used, three for the lowest 3km and one for the range from
3 to 10km. Key parameters for the sampling strategies chosen for the first JOYRAD-
94 installation (June 2016 — July 2017), the MiRAC-A installation (July 2017 — October
2018) and the second JOYRAD-94 installation (June 2019 onwards) are given in Tables 2
and 3. The radars were continuously operated with the given specifications except for
short periods used for testing different settings. Furthermore, to limit the amount of data
collected, data logging only took place when high enough signal-to-noise ratio was obtained.

Data processing

Following the principles described above, the radars provide the spectral Z., i.e. Z. as
a function of Doppler velocity (Z.(Vp)). To assure the quality of the data, further data
processing was carried out on routine basis. Known artifacts were removed or corrected
for. The most substantial part of the processing of the data is the dealiasing algorithm
applied. Kiichler et al. (2017) introduced a dealiasing procedure for the JOYRAD-94 that
made use of a co-located radar whose Doppler spectra was assumed non-aliased. The
algorithm was further extended to a stand-alone version in Kiichler (2019). As part of this
work, the data processing program was applied to the JOYRAD-94 and MiRAC-A data
collected at AWIPEYV and the development of the software was continued to follow the
progress of the instruments software development and to allow processing data from new
radars with additional capabilities (specifically the polarimetric RPG-FMCW-94-DP). The
resulting dataset, as well as the raw binary data logged by the instrument, are stored at
the computing center of the University of Cologne for 10 years. Study II focuses on the
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analysis of the Doppler spectrum, and the quality of the spectral data is therefore of great
importance.

When the Doppler velocity of the target exceeds the Nyquist velocity, in a FMCW radar
the signal appears in the adjacent range gate (Maahn and Kollias, 2012). The spectra can
be restored by concatenating the spectral data with that of the adjacent range gate, but
additional criteria are now required to determine the correct ranging of the spectra. In
the algorithm applied here, first the occurrence of aliasing is detected by evaluating if a
significant signal above the noise floor is found in the first and last 5% of the Doppler
spectral bins. If any aliasing is identified, the entire cloud layer is dealiased. First, the
spectra from two range gates below and above are concatenated. At cloud top, it is assumed
that the measured mean Doppler velocity is non-aliased, and moving step-wise down from
cloud top the spectra are assigned to (presumably correct) range gates. This method fails
when strong up- or downdrafts are present at cloud top, or if too strong vertical gradients
are present in the cloud layer. To mitigate these issues, the time series of the dealiased
mean Doppler velocity is checked to find and correct profiles that differ too much from the
neighboring profiles.

The spectral moments of Z.(Vp) were obtained as follows. The mean and peak noise
levels of the Doppler spectra were determined following Hildebrand and Sekhon (1974).
A minimum of three consecutive bins above peak noise level were required for the signal
to be considered significant, but no limitations on how many significant peaks could be
detected within one spectra was applied. The zeroth moment gives the reflectivity, and is
simply the integral of Z.(Vp):

Ze=Y_ Z.(VD)SVp . (11)
The first moment, i.e. the mean Doppler velocity (Vi,),

_ 2 Ze(VD)VD

Vin 7

(12)

represents the reflectivity weighted mean Doppler velocity of the scatterers in the radar
volume. The second moment is the Doppler spectrum width o

e

o \/ > zxvmévp — V)2 13)

which is related to the variance of the Doppler velocity of the scatters. Different fall veloc-
ities of co-existing hydrometeors, turbulence, and wind shear contribute to the broadening
of the Doppler spectra (Doviak and Zrni¢, 2006). The third moment, i.e. the skewness of
the Doppler spectrum (Sg),

Z Ze(VD)(VD — Vm)g

Sy = 7.0 (14)

describes the symmetry of the Doppler spectrum compared to a Gaussian shape. How
Sp can be related to the microphysical parameters in a mixed-phase cloud is the topic of
Study II.
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4.2 Microwave radiometer

The humidity and temperature profiler HATPRO (Rose et al., 2005) is a microwave ra-
diometer (MWR) used to retrieve column integrals of liquid and water vapor and coarse
temperature and humidity profiles. HATPRO measures the atmospheric brightness tem-
perature (Tg) at 14 channels in the K-band (22.24-31.40 GHz) and V-band (51.26-58 GHz)
with a temporal resolution of 1-2s. HATPRO has been measuring at AWIPEYV since March
2011 (Nomokonova et al., 2019). Since October 2016 a scanning strategy is applied that
interrupts the mainly zenith pointing measurement at regular intervals. Every half an hour
a 360° azimuth scan is performed at an elevation angle of 30°, followed by an elevation scan
consisting of six elevation angles (5.4°, 10.2°, 19.2°, 30°, 42°, and 90°) which is repeated
after 15min. To provide accurate measurements of brightness temperatures, an absolute
calibration is carried out approximately biannually. The measurement suffers from wetness
on the radome, and instances with liquid precipitation are therefore flagged and removed
from the analysis. This work makes use of the liquid water path and integrated water va-
por as well as the temperature profile in the lower troposphere, obtained by the retrievals
introduced in Sections 6.1 and 6.3, respectively.

4.3 Ceilometer

A ceilometer is an active remote sensing instrument using lidar technology, emitting a
short laser pulse and detecting the returning signal (Emeis, 2011). Cloud and rain droplets
scatter the emitted beam efficiently, which provides a strong signal but also causes a rapid
attenuation in the liquid layer. Since August 2011 a Vaisala CL51 ceilometer is operated
at AWIPEV (Maturilli and Ebell, 2018). The instrument measures at 905 nm and provides
backscatter profiles with a temporal resolution of 12-20s and vertical resolution of 10 m for
a range up to 13km. The Vaisala CL51 uses a rather strong pulse for being a ceilometer,
which allows for a larger range and makes it more sensitive to high cirrus clouds but
also means it is not eye-safe like most other ceilometers (Vaisala, 2010). The measured
backscatter is calibrated following O’Connor et al. (2004). In this work the attenuated
backscatter (') profiles are used as part of the Cloudnet algorithm (Sect. 5) and for
introducing case studies analyzed in Study II.

4.4 Auxiliary measurements

Standard surface meteorological observations are carried out as part of the Baseline Surface
Radiation Network (BSRN). Surface pressure is measured with a Paroscientific, Inc. 6000-
16B and the 10m wind speed and direction with a Thies Clima Combined Wind Sensor
Classic. Ambient temperature at 2 and 10m are measured with Thies Clima PT100.
The obtained data are quality controlled (Maturilli et al., 2013) and provided with 1 min
temporal resolution (Maturilli, 2020).

Radiosondes are launched routinely at AWIPEV every day at 11:00 UTC, with ad-
ditional launches carried out during campaigns (Maturilli and Kayser, 2017). From the
beginning of the time period covered in this work (June 2016) until 2 May 2017 all sondes
were of the type Vaisala RS92, and the data was processed using the GRUAN version 2
data processing (Maturilli and Kayser, 2016, Sommer et al., 2016). Since 2 May 2017 the
sondes where of type Vaisala RS41.
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5 Instrument synergy: Cloudnet

The Cloudnet algorithm combines reflectivity (Z.) and mean Doppler velocity (V,,,) from
the cloud radar, LWP from the HATPRO, and attenuated backscatter (8') from the
ceilometer, with thermodynamical profiles from a numerical weather prediction (NWP)
model to provide best estimates of cloud properties in an unified framework (Illingworth
et al.,; 2007). The NWP models used for the Cloudnet application at Ny—Alesund are the
Global Data Assimilation System 1 (GDAS1, Kanamitsu, 1989) used until the end of Jan-
uary 2017, and the operational version of the ICON (ICOsahedral Non-hydrostatic) NWP
model (Zéngl et al., 2015) used from February 2018 onwards. In the Cloudnet program the
observations are averaged to a common 20 m vertical and 30s temporal resolution, known
instrumental artifacts are removed, correction procedures are carried out and suspicious
data is flagged. Specifically, for Z, a correction for liquid attenuation is applied. Cloudnet
aims to provide best estimates of the measured parameters, and also provides estimates of
the associated uncertainties.

Cloudnet performs a classification of the lidar and radar echoes following Hogan and
O’Connor (2004). In this work the target classification is of key importance, as the identi-
fication and sampling of the persistent low-level MPCs analyzed in both scientific studies
is based on the classification. Each pixel is classified as either containing hydrometeors,
aerosols, insects, or clear sky. An example of the Cloudnet target classification product
is given in Fig. 2 of the publication included in Sect. 8. The base of a liquid layer is de-
termined from the 3’-profile. First, the presence of a liquid layer is identified based on 3’
exceeding a set threshold, which is followed by a relatively rapid decrease in 3. Second,
the precise altitude of the liquid base is determined based on the ’-gradient. The top of
the liquid layer is defined as the last bin with non-zero ' in the case that this is found
within few hundred meters above the liquid base, otherwise the 3'-gradient is used again.
If radar signal is found above the [’-defined liquid top, the liquid top is moved upwards
to the radar defined cloud top. However, at sub-zero temperatures the radar signal is only
considered up to 300m above the ('-defined cloud top in order to avoid misclassifying
ice falling from above as liquid. Furthermore, no liquid at temperatures below -40°C is
allowed. The identification of ice is somewhat simpler. All pixels with measured radar
Z. and wet-bulb temperature below zero are assumed to be ice, unless the radar echo is
identified within a liquid layer where the reflectivity is higher at 20% below cloud top than
at 20% above cloud base, in which case the cloud is considered liquid-only. Furthermore,
ceilometer echo above 6 km is also classified as ice. Note that all precipitation at sub-zero
temperatures is assumed to be ice.

The temperature information required in the classification outlined above is provided by
the NWP data. Nomokonova et al. (2019) evaluated the temperature output of the NWP
models used in Cloudnet by comparison with radiosonde profiles, and found the standard
deviation between the model and measured temperature not to exceed 1.7 K. Hence, there
might be uncertainties in the identification of ice at temperatures close to zero. However,
the main limitations of the Cloudnet target classification in the context of this work are
1) the limited possibility to detect several liquid layers in an atmospheric column due to
the attenuation of the ceilometer signal, and 2) the lack of a detection scheme for drizzle
or rain at temperatures below zero.

In addition to the target classification informing the selection of clouds for the scientific
studies, the classification is also used to determine when the ice water content retrieval
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(Sect. 6.2) is to be applied. Furthermore, the liquid base height identified by Cloudnet is
used instead of the product provided by the instrument manufacturer. Also the cloud top
height required in Study II is given by Cloudnet.

6 Microphysical and thermodynamical retrievals

6.1 Liquid water path and integrated water vapor

The liquid water path (LWP) and integrated water vapor (IWV) were retrieved from
the T of the K-band channels of the HATPRO (Sect. 4.2) following the multivariate
linear regression approach (Crewell and Lohnert, 2003, Lohnert and Crewell, 2003). A
detailed description of the procedure to obtain site-specific regression coefficients and the
offset correction applied is provided by Nomokonova et al. (2019) and Nomokonova (2020).
Nomokonova (2020) also evaluated the performance of the IWV retrieval specifically at Ny-
Alesund, and found a root mean square error (RMSE) of 0.56 kgm—2 between the IWV
obtained from radiosondes and HATPRO. In previous studies, the uncertainty of the LWP
retrieval has been estimated to be 20-25gm~2 (Léhnert and Crewell, 2003).

LWP is used in this work to characterize the amount of supercooled liquid in the low-
level MPC, and is therefore one of the key parameters analyzed. Because no information
about the vertical distribution of liquid is available (beyond the liquid layers detected
by Cloudnet, see Sect. 5), the LWP values are only used when no further cloud layer
above the low-level cloud is detected to avoid attributing liquid of a mid-level cloud to
the low-level cloud. Additionally, the IWV is used in Study I to provide context for the
atmospheric conditions associated with different seasons and wind regimes. The retrievals
are only applied on vertically pointing measurements, so that periodic gaps in the data
occur during scanning (Sect. 4.2).

6.2 Ice and liquid water content

For estimating the ice water content (IWC), the retrieval developed by Hogan et al. (2006)
was used. The IWC is related to the Z. and temperature (1') at 94 GHz by

log,o(IWC) = 0.000580Z,T + 0.0923Z, — 0.00706T — 0.992 . (15)

The uncertainty in the retrieved IWC has been estimated to range from -50% to 100%
(Heymsfield et al., 2008, Hogan et al., 2006). Nomokonova and Ebell (2019) provide an
TWC dataset for Ny-Alesund, where the IWC was calculated using the Z, and T provided
by Cloudnet. The retrieval is applied to all bins where Cloudnet identifies ice, and it is
assumed that in mixed-phase bins the contribution of liquid to the reflectivity is negligible.
These IWC data were used in this work to calculate the ice water path (IWP, i.e. the
column integral of IWC) in Study I. Furthermore, the IWC retrieval is used in Study II to
estimate the IWC related to specific Z,.

For retrieving the liquid water content (LWC), the algorithm by Frisch et al. (1998)
was used. The retrieval scales the measured LWP to the liquid layer using

LWP(Z.;)'/?

LWC; =
Zﬁll 5rn(Ze,n)1/2

(16)
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where 6r; and Z.; are the range resolution and reflectivity at range gate 7 and NN is
the total number of range gates in the cloud. The uncertainty of the LWP translate to
uncertainties in the retrieved LWC. However, the main challenge in the context of this work
is that the Z, in a mixed-phase cloud is not exclusively associated with liquid, invalidating
the assumptions of the retrieval. The LWC retrieval is therefore only used for a specific
mixed-phase profile in Study II, for which the Z. could be decomposed to the Z. from
supercooled liquid (Zjiquiq) and ice (Zjce).

6.3 Temperature profiling

The Tp measured by the V-band channels of the HATPRO (Sect. 4.2) were used for tem-
perature profiling following the multivariate linear regression retrieval analogously to the
LWP and IWV retrievals (Sect. 6.1, Lohnert and Crewell, 2003, Nomokonova et al., 2019).
Crewell and Lohnert (2007) showed that combining brightness temperatures measured at
varying elevation angles provides an increased accuracy in the temperature profile retrieved
in the lower troposphere compared to zenith-only measurements. The temperature profiles
used in this study were retrieved from the elevation scans performed 3-4 times per hour
(Sect. 4.2). The retrieval was applied on a vertical grid with a resolution of 50 m near
ground and decreasing with height (Crewell and Léhnert, 2007). Note, that this is not the
vertical resolution of the measurement itself but the height levels for which the retrieval
was applied. Nomokonova et al. (2019) showed that the uncertainties in the temperatures
from the NWP models were larger in the lowest 2km, which is the reason for using the
temperature profiles retrieved from the HATPRO elevation scans in this work. However,
the retrieval is not able to resolve the strong temperature gradient present at the top of
most low-level MPCs. A comparison of temperature profiles retrieved from the HATPRO
elevation scans and radiosondes including only profiles obtained when a persistent low-level
MPC was identified above Ny-Alesund revealed an RMSE up to 1.7 K in the lowest 2.5km
(not shown), which is comparable to the RMSE of the NWP models for all scenes in the
same height region (Nomokonova et al., 2019). The temperature profiles obtained are used
in Study I for detecting the thermodynamical coupling of the cloud with the surface and to
provide context for the atmospheric conditions associated with different seasons and wind
regimes.

Cloud top temperature

In both scientific studies the cloud top temperature is analyzed. Cloud top temperature
was obtained by linearly interpolating the temperature profile from nearest vertical grid
points and between adjacent profiles given that the time difference between the profiles
did not exceed half an hour. In Study II, the temperature from the NWP model in the
Cloudnet dataset is used to fill in for the HATPRO data for the cases when HATPRO data
was not available.

7 Other data products

7.1 Circulation weather type

In order to evaluate the low-level MPCs in the context of the synoptic wind conditions
in Study I, a circulation weather type (CWT) classification is used. The CWT following
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7. OTHER DATA PRODUCTS

Jenkinson and Collison (1977) was obtained from the ERA-Interim (Dee et al., 2011)
reanalysis data using the cost733class software package (Philipp et al., 2014). 16 grid
points centered around Ny-Alesund are used, covering an area from 77.5° N to 80.5° N,
and 9.75° E to 14.25° E (indicated in Fig. 1a of the publication included in Sect. 8). As a
result, the flow on the 850 hPa level is classified as either W, NW, N, NE, E, SE, S, SW,
cyclonic, or anticyclonic.
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111 Characterization of low-level mixed-
phase clouds at Ny-Alesund

8 Low-level mixed-phase clouds in a complex Arctic environ-
ment

In this study, the persistent low-level mixed-phase clouds (P-MPC) observed above Ny-
Alesund are investigated in the context of the fjord environment. Long-term cloud radar
observations in the high-Arctic are sparse (Fig. 1), and the measurements carried out at
AWIPEV are a necessary addition to this network. However, analyzing cloud observations
obtained at AWIPEYV is challenged by the complexities associated with the measurement
site, namely the orography and coastal location that give rise to meso-scale phenomena
such as sea breeze and katabatic winds (Esau and Repina, 2012), large heterogeneities in
surface properties, and the location of Svalbard on the North-Atlantic, which is one of the
main pathways of heat and humidity from lower latitudes into the Arctic (Jakobson and
Vihma, 2010). In this study, the occurrence and properties of P-MPC in different seasons
and under different surface and regional free-tropospheric wind (represented by the CWT,
Sect. 7.1) conditions are analyzed. Furthermore, the influence of the thermodynamical
coupling state on cloud properties, and how coupling is related to the local wind in the
fjord, are investigated. The parameters analyzed are the frequency of occurrence of the
P-MPC, the height of the liquid layer, the liquid and ice water paths, and cloud top tem-
perature. To carry out the analysis, first a criteria for the detection of P-MPC based on
the Cloudnet target classification (Sect. 5) is developed. This P-MPC sampling criteria is
further used in Study II. A new method to evaluate the thermodynamical coupling of the
liquid layer with the surface was developed and evaluated using radiosonde profiles. The
presented study is the first investigation focusing on low-level MPCs utilizing the extended
remote sensing suite at AWIPEV, and provides a characterization of the P-MPCs in the
complex fjord environment based on 2.5 years of observations. The insights gained provide
a foundation for considering the local influences on low-level clouds in any future studies,
and are a prerequisite for designing future research on interactions between the low-level
MPC and the surface in the Kongsfjorden valley. The results also provide guidance to
assess the representativeness of the low-level observations carried out at Ny-Alesund.

The study has been published in
Gierens, R., Kneifel, S., Shupe, M. D., Ebell, K., Maturilli, M., and Léhnert, U. (2020).
Low-level mixed-phase clouds in a complex Arctic environment. Atmos. Chem. Phys. 20

(6), 3459-3481. https://doi.org/10.5194/acp-20-3459-2020
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The article was published by Copernicus Publications and is here reproduced under the
Creative Commons Attribution License (CC BY 4.0). The first author carried out the
analysis and writing for the manuscript in its entirety, and prepared all figures with the
exception of Fig. 1b. For the contributions of other authors, see ‘Author contributions’ in
the manuscript.
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Abstract. Low-level mixed-phase clouds (MPCs) are com-
mon in the Arctic. Both local and large-scale phenomena in-
fluence the properties and lifetime of MPCs. Arctic fjords are
characterized by complex terrain and large variations in sur-
face properties. Yet, not many studies have investigated the
impact of local boundary layer dynamics and their relative
importance on MPCs in the fjord environment. In this work,
we used a combination of ground-based remote sensing in-
struments, surface meteorological observations, radiosound-
ings, and reanalysis data to study persistent low-level MPCs
at Ny-Alesund, Svalbard, for a 2.5-year period. Methods to
identify the cloud regime, surface coupling, and regional
and local wind patterns were developed. We found that per-
sistent low-level MPCs were most common with westerly
winds, and the westerly clouds had a higher mean liquid
(42 gm~?) and ice water path (16 gm~2) compared to those
with easterly winds. The increased height and rarity of per-
sistent MPCs with easterly free-tropospheric winds suggest
the island and its orography have an influence on the stud-
ied clouds. Seasonal variation in the liquid water path was
found to be minimal, although the occurrence of persistent
MPCs, their height, and their ice water path all showed no-
table seasonal dependency. Most of the studied MPCs were
decoupled from the surface (63 %—82 % of the time). The
coupled clouds had 41 % higher liquid water path than the
fully decoupled ones. Local winds in the fjord were related
to the frequency of surface coupling, and we propose that
katabatic winds from the glaciers in the vicinity of the sta-
tion may cause clouds to decouple. We concluded that while
the regional to large-scale wind direction was important for
the persistent MPC occurrence and properties, the local-scale
phenomena (local wind patterns in the fjord and surface cou-

pling) also had an influence. Moreover, this suggests that lo-
cal boundary layer processes should be described in models
in order to present low-level MPC properties accurately.

1 Introduction

The Arctic is warming more rapidly than any other area on
Earth due to climate change (Serreze et al., 2009; Solomon
et al., 2007; Wendish et al., 2017). It is well established that
clouds strongly impact the surface energy budget in the Arc-
tic (Dong et al., 2010; Shupe and Intrieri, 2004), but feed-
back processes that include clouds are not well characterized
(Choi et al., 2014; Kay and Gettelman, 2009; Serreze and
Barry, 2011). Particularly low-level mixed-phase clouds are
important for the warming of near-surface air (Shupe and In-
trieri, 2004; Intrieri et al., 2002; Zuidema et al., 2005). The
multitude of microphysical and dynamical processes within
the cloud and the interactions with local and large-scale pro-
cesses make these mixed-phase clouds difficult to represent
in numerical models (Morrison et al., 2008, 2012; Komurcu
et al., 2014). Improvements in the process-level understand-
ing are still required to improve the description of low-level
mixed-phase clouds in climate models (McCoy et al., 2016;
Kay et al., 2016; Klein et al., 2009).

Previous studies have shown the prevalence of mixed-
phase clouds (MPCs) across the Arctic (Shupe, 2011;
Mioche et al., 2015). MPCs occur in every season, with the
highest occurrence in autumn and in the lowest 1 km above
the surface, and they can persist from hours to days (Shupe
et al., 2006; Shupe, 2011; De Boer et al., 2009). The persis-
tent low-level MPCs have a typical structure that consists of

Published by Copernicus Publications on behalf of the European Geosciences Union.
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one or more supercooled liquid layers embedded in a deeper
layer of ice, where liquid is usually found at cloud top, and
the ice precipitating from the cloud may sublimate before
reaching the ground (Morrison et al., 2012, and references
therein). Several studies have shown an increase in cloud ice
to coincide with increase in cloud liquid, suggesting that ice
production is linked to the liquid water in the cloud (Korolev
and Isaac, 2003; Shupe et al., 2004, 2008, 2006; Westbrook
and Illingworth, 2011; Morrison et al., 2005). The amount
of liquid and ice and the partitioning between the condensed
phases (i.e., phase partitioning) are important parameters due
to their key role in determining the clouds’ radiative effect
(Shupe and Intrieri, 2004).

A variety of environmental conditions can effect cloud
micro- and macro-physical properties. According to simula-
tions over different surface types, changes in surface proper-
ties lead to changes in the thermodynamic structure of the at-
mospheric boundary layer, the extent of dynamical coupling
of the cloud to the surface, and the microphysical properties
of the MPC (Morrison et al., 2008; Li et al., 2017; Savre
et al., 2015; Eirund et al., 2019). Also, observational evi-
dence on the connection between changes in surface condi-
tions and MPC occurrence (Morrison et al., 2018) as well as
thermodynamic structure and droplet number concentration
(Young et al., 2016) has been found. Kalesse et al. (2016) dis-
covered in a detailed case study that for the MPC in question
phase partitioning was affected by the coupling of the cloud
to the surface, large-scale advection of different air masses
as well as local-scale dynamics. Conversely, Sotiropoulou
et al. (2014) did not find differences in cloud water prop-
erties between coupled and decoupled clouds. Scott and Lu-
bin (2016) show that at Ross Island, Antarctica, orographic
lifting of marine air is likely causing thick MPCs with high
ice water content. Changes in aerosol population, especially
ice-nucleating particles (INPs), have been found to modulate
the ice formation rate (Jackson et al., 2012; Morrison et al.,
2008; Norgren et al., 2018; Solomon et al., 2018). To com-
plicate matters further, the cloud also modifies the boundary
layer where it resides by modifying radiative fluxes, generat-
ing turbulence (due to cloud-top cooling), and vertically re-
distributing moisture (Morrison et al., 2012; Solomon et al.,
2014; Brooks et al., 2017).

While being common in the entire Arctic, MPCs are
most frequently observed in the area around Svalbard and
the Norwegian and Greenland seas (Mioche et al., 2015).
Nomokonova et al. (2019b) report 1 year of ground-based
remote sensing observations of clouds at Ny-Alesund, Sval-
bard, and find that 20 % of the time single-layer MPCs (de-
fined as single-layer clouds with ice and liquid occurring at
any height of the cloud) were present, with the highest fre-
quency in autumn and in late spring—early summer. Sval-
bard lies in a region where intrusions of warm and moist
air from lower latitudes are common (Woods et al., 2013;
Pithan et al., 2018), and differences in air mass properties
have been associated with differences in ice and liquid water
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content and particle number concentration in MPCs (Mioche
et al., 2017). Locally, the archipelago exhibits large varia-
tions in surface properties (glaciers, seasonal sea ice, and
snow cover) as well as orography. There are fewer MPCs
over the islands than over the surrounding sea during winter
and spring, while during summer and autumn the differences
are small (Mioche et al., 2015), indicating that the islands
modify the local boundary layer and the associated clouds.
How the orography influences the low MPCs in more detail
is difficult to study using spaceborne radars due to the rather
big blind zone and considerably large footprint. Aircraft and
ground-based remote sensing, together with modeling stud-
ies, are better suited for answering this question.

In this paper we investigate persistent low-level mixed-
phase clouds (P-MPCs) observed above Ny-Alesund on the
west coast of Svalbard. Mountainous coastlines are com-
mon at Svalbard, Greenland, and elsewhere in the Arctic
(Esau and Repina, 2012). Ny-;\lesund is an excellent site to
study low-level MPCs in such complex environments. The
time period considered is June 2016—October 2018, when a
cloud radar of the University of Cologne was operating at
the French—-German Arctic Research Base AWIPEV as part
of the project Arctic Amplification: Climate Relevant Atmo-
spheric and Surface Processes, and Feedback Mechanisms
(AC)3. A combination of ground-based remote sensing in-
struments, surface meteorological observations, radiosound-
ings, and reanalysis data was used to identify and character-
ize the P-MPCs, to describe the extent of surface coupling,
and to evaluate these in the context of wind direction in the
area around the station. In addition to providing a description
of micro- and macro-physical properties of P-MPCs and their
seasonal variation, we aim to identify some of the impacts
the coastal location and the mountains have on the observed
P-MPCs as well as determine the relevance of surface cou-
pling for cloud properties at the site. In Sect. 2 the measure-
ment site, the instrumentation, and the data products used are
introduced, followed by the description of the methodology
developed to identify persistent low-level MPCs (Sect. 3.1),
coupling of the cloud to the surface (Sect. 3.2), and the
approach to describing regional and local wind conditions
(Sect. 3.3 and 3.4). The Results and discussion section de-
scribes the occurrence of P-MPCs (Sect. 4.1) and their av-
erage properties as well as variation under different seasons
and dynamical conditions. The relationship between P-MPC
and the regional wind direction (Sect. 4.2), different seasons
(Sect. 4.3), surface coupling (Sect. 4.4), and local wind con-
ditions (Sect. 4.5) are considered. The results are discussed
in the context of atmospheric temperature and humidity and
considering previous studies at Ny-Alesund and other Arctic
sites. In the end the main aspects are summarized followed
by conclusions in Sect. 5.
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2 Observations
2.1 Measurement site

The measurements were carried out at the French—-German
Arctic Research Base AWIPEV in Ny-Alesund (78.9° N,
11.9° E), located on the west coast of Svalbard, on the south
side of Kongsfjorden (Fig. 1). The area is mountainous, fea-
turing seasonal snow cover, a typical tundra system, and
glaciers. In the period investigated the sea remained ice-free
throughout the year. The local boundary layer is known to
be strongly affected by the orography (Kayser et al., 2017;
Beine et al., 2001) and is often quite shallow with an average
mixing layer height below 700 m (Dekhtyareva et al., 2018;
Chang et al., 2017). Surface layer temperature inversions are
common, especially in winter (Maturilli and Kayser, 2017a).
The mountains reach up to 800 m and strongly influence the
wind around Ny—Alesund. In the free troposphere westerly
winds prevail. The wind conditions are described more in de-
tail in Sect. 3.4. Clouds have been found to occur above Ny-
Alesund 60 %-80 % of the time (Nomokonova et al., 2019b;
Maturilli and Ebell, 2018; Shupe et al., 2011). Clouds gen-
erally occur more frequently in summer and autumn and are
less common in spring, although the inter-annual variability
is large.

2.2 Measurements and data products

Most of the measurements and cloud and thermodynamic
parameter retrievals utilized were described in detail by
Nomokonova et al. (2019b) and references therein. Here, the
most important aspects are summarized, together with addi-
tional data products used. A summary of the instrumentation,
their specifications, and derived parameters is given in Ta-
ble 1.

2.2.1 Instrumentation

We employ a suite of remote sensing instruments: radar, mi-
crowave radiometer, and ceilometer. Within the frame of the
(AC)? project the JOYRAD-94 cloud radar was installed at
AWIPEYV on June 2016. In July 2017 it was replaced by the
MIRAC-A cloud radar, which operated until October 2018.
Both instruments are frequency-modulated continuous-wave
cloud radars measuring at 94 GHz, described in detail by
Kiichler et al. (2017). The main difference between the two
radars is the size of the antenna, which for MIRAC-A is
only half of that of the JOYRAD-94. The smaller antenna
leads to a sensitivity loss of about 6 dB and an increase in
the beam width from 0.53 to 0.85° (Mech et al., 2019). A
Humidity and Temperature PROfiler (HATPRO) passive mi-
crowave radiometer (MWR) has been operated continuously
at AWIPEV since 2011. The instrument has 14 channels in
the K- and V-bands to retrieve liquid water path (LWP), in-
tegrated water vapor (IWV), and temperature and humidity
profiles (Rose et al., 2005). In addition to the zenith point-
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ing measurements, an elevation scan is performed every 15—
20 min to obtain more accurate temperature measurements
in the boundary layer (Crewell and Lohnert, 2007). Finally,
the Vaisala CL51 ceilometer measures at 905 nm, providing
attenuated backscatter coefficient (8) profiles (Maturilli and
Ebell, 2018).

To complement the remote sensing observations, we make
use of soundings and standard meteorological parameters
measured at the surface. In Ny—Alesund radiosondes are
launched routinely every day at 11:00 UTC, and more of-
ten during campaigns (Maturilli and Kayser, 2017a; Dahlke
and Maturilli, 2017). From the surface measurements we uti-
lized temperature, pressure, and wind speed and direction
data (technical details in Table 1). The instruments for sur-
face meteorology are continuously maintained by the AW-
IPEV staff, and all data are quality controlled (Maturilli et al.,
2013).

2.2.2 Cloudnet

The Cloudnet algorithm combines radar, radiometer, and
ceilometer measurements with thermodynamic profiles from
a numerical weather prediction (NWP) model to provide the
best estimates of cloud properties (Illingworth et al., 2007).
The observational data, described in the previous section, are
homogenized to a common resolution of 30s in time and
20 m in the vertical. In the Ny—f\lesund data set, the Global
Data Assimilation System 1 (GDASI1, more info at https:
/Iwww.ready.noaa.gov/gdas1.php, last access: 28 February
2019) was used as the NWP model until the end of Jan-
vary 2017, after which it was replaced by the operational
version of the ICON (ICOsahedral Non-hydrostatic) NWP
model (Zangl et al., 2015).

In our work we rely on the target classification product
(Hogan and O’Connor, 2004) that classifies objects detected
in the atmosphere as aerosols, insects, or different types
of hydrometeors (cloud droplets, drizzle, rain, ice, melting
ice; see Fig. 2 for an example). Radar reflectivity (Z,.) and
ceilometer B-profiles are used to detect the presence and
boundaries of clouds. Cloud phase is distinguished on the
basis of Z,, B, temperature (T), and wet bulb temperature;
in addition, Doppler velocity from radar is used to position
the melting layer. No differentiation is made between ice in
a cloud and precipitating ice. While applying this widely ac-
cepted methodology, for our study there are two important
limitations. Firstly, the detection of liquid within a MPC is
based on B, such that if cloud top is not found within 300 m
from the height where the ceilometer signal is extinguished,
all cloudy bins above this height are classified as ice. Sec-
ondly, no method to distinguish supercooled drizzle from ice
is available yet (Hogan et al., 2001; Hogan and O’Connor,
2004).
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Table 1. The instruments used, the most relevant specifications of each measurement, and overview of derived parameters are shown. If the vertical (Az) or temporal resolution (At) is
changed from that measured by the instrument, the resolution used in the analysis is given in the last column.

Instrument Temporal  Vertical resolution Parameters measured Derived parameters
resolution
100400 m: 4 m Radar reflectivity (Z,), Cloud presence, cloud boundaries
JOYRAD-9%4 2-3s 400-1200m: 5.3 m Doppler velocity (Vy;) (by Cloudnet; Az =20m,
RPG-FMWC94-SP 1.2-3km: 6.7 m At =305)
100400 m: 3.2m Ice water content (IWC)
MIRAC-A 2-3s 400-1200m: 7.5m Az =20m,
1.2-3km: 9.7m At =30s
ls - Brightness temperatures  Liquid water path (LWP)
Microwave radiometer ~HATPRO at 22.24-31.40 GHz
15-20min - Brightness temperatures ~ Potential temperature (0)-profiles,
at 51.26-58 GHz Az =50-250m in the lowest 2.5 km
. . Attenuated backscatter Cloud base, liquid presence
Ceilometer Vaisala CL51 12-20s 10m (B) at 905 nm (by Cloudnet; Az = 20m, Az = 305)
Thies Clima PT100 Measurement at 2 and 10m  Temperature Potential temperature (6)
Surface meteorology Paroscientific, Inc. 6000-16B - Pressure
I mi
Combined Wind Sensor Classic, i Measurement at 10 m Wind speed and 30 min mean wind speed
Thies Clima direction and direction
Radiosonde RS92, RS41 57m Temperature, pressure Potential temperature (6)

Wind direction

‘Wind direction
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2.2.3 Derived properties

The amount of liquid and ice in the cloud, and their ratio, is
one of the most important properties of MPCs. In addition,
humidity supply is a key requirement for cloud formation
and continuation. Liquid water path (LWP) and integrated
water vapor (IWV) were retrieved from the zenith-pointing
observations of the MWR using statistical multivariate linear
regression (Lohnert and Crewell, 2003). Coefficients for the
retrieval were based on sounding data; more details about the
retrieval and corrections applied are given by Nomokonova
et al. (2019b). Previous studies have found the accuracy of
the method to be 20-25 g m~2 (Léhnert and Crewell, 2003).

Ice water content (IWC) was calculated using the Z,—T re-
lationship from Hogan et al. (2006), where temperature was
taken from the same model as used for Cloudnet. The un-
certainty of the retrieval is estimated to be —33 % to +50 %
for temperatures above —20 °C. Ice water path (IWP) for P-
MPCs was calculated by integrating IWC from the surface
to cloud top. Furthermore, the LWP was averaged to 30s to
match the temporal resolution of IWP.

In order to calculate the potential temperature (6) profile
based on the temperature profile retrieved from the MWR
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elevation scans, an estimate of the pressure profile is re-
quired. For this we took the measured surface pressure and
used the barometric height formula to estimate pressure at
each height. The resulting 6-profiles were compared with the
profiles from radiosondes in the period June 2016—October
2018 (not shown). A slight cold bias is present (< 0.4 K).
The RMSE increases with altitude, but in the lowest 2.5 km
the RMSE is still below 1.8 K. For cloud-top temperature,
the temperature retrieved from the MWR elevation scan was
linearly interpolated between the retrieval levels to cloud-top
height.

3 Methods

3.1 Identification of persistent low-level mixed-phase
clouds

To identify P-MPCs, each profile was evaluated individu-
ally to detect low pure-liquid and liquid-topped mixed-phase
cloud layers, after which the persistency of the liquid layer
was considered. Using Cloudnet target classification, the first
step was to identify different cloud layers in each profile.
Here a cloud layer refers to a continuous (gaps of fewer than
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four height bins, corresponding to 80 m, were omitted) layer
of cloud droplets and/or ice. Each layer in the profile was
classified as ice only, liquid only, or mixed phase. To distin-
guish between low stratiform and deep multilayered mixed-
phase clouds, only profiles with a single liquid layer and
the liquid layer being close to cloud top were considered. In
practice, the detected upper boundary of the liquid layer was
required to be in the uppermost 20 % of the cloud layer. The
requirement for liquid being exactly at cloud top was relaxed
since the ceilometer signal cannot necessarily penetrate the
entire depth of the liquid layer. These criteria (single liquid
layer, liquid close to cloud top) were very effective in select-
ing the desired low-level mixed-phase cloud regime. How-
ever, some mid-level clouds also fulfilled the criteria, and
therefore we limited cloud-top height to be below 2.5 km. For
the remaining profiles, which all contain either liquid-only or
liquid-topped mixed-phase clouds, the persistence of the lig-
uid layer was evaluated. We only included clouds where the
liquid layer existed for a minimum of 1 h, with gaps < 5 min.
Since the focus of this study is on mixed-phase clouds, we
further excluded clouds where no ice was detected. Note that
continuous presence of ice was not required; only the cloud
liquid had to persist in time. The result is a data set with
clouds below 2.5 km where liquid is located at cloud top and
persists at least 1 h, and at some point in time ice is associated
with the liquid layer. Note that time periods where another
cloud layer is found above the P-MPC are not excluded. Fig-
ure 2 shows an example of the identified persistent MPC as
well as another mixed-phase cloud. Despite the strict criteria,
such clouds were present 23 % of the observational time.

In addition to identifying the time periods with P-MPCs
present, the Cloudnet data were used to determine the base
of the liquid layer and the cloud-top height. A P-MPC case
was defined as the time from the beginning to the end of
the identified persistent liquid layer. Furthermore, we con-
sider the layer from liquid base to cloud top as the cloud and
everything below liquid base to be precipitation. This def-
inition was chosen because the liquid base is well defined
from the ceilometer observations. Considering the focus on a
persistent liquid layer identified by vertically pointing mea-
surements, the cases included implicitly require either very
low wind speeds or a larger cloud field being advected over
the site. When another cloud is detected above the P-MPC,
the possibility that it contains undetected liquid cannot be
excluded, and in these cases the measured LWP cannot be
unambiguously attributed to the liquid layer of the P-MPC.
Hence, those time periods were flagged to be removed in any
analysis of the cloud’s liquid content. Unfortunately, we can-
not make the assumption that upper cloud layers would not
impact the liquid content of a P-MPC (Shupe et al., 2013).
The presented LWP distributions are therefore only represen-
tative for single-layer cases. Furthermore, all columns with
liquid precipitation or drizzle were excluded, leading to a loss
of data mainly in the summer months. While this is somewhat
unavoidable (e.g., when the MWR measurements suffer from
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a wet radome), it leads to the exclusion of rather warm pre-
cipitating P-MPCs from the analysis.

3.2 Detecting surface coupling
3.2.1 Defining coupling with radiosonde profiles

The thermodynamic coupling of the P-MPC to the surface
was determined based on the -profile. A quasi-constant
profile was taken to indicate a well-mixed layer, while an
inversion denotes decoupling between different layers. For
the sounding profiles, we simplified the methodology of
Sotiropoulou et al. (2014). The cumulative mean of 6 from
the liquid layer base height downward is compared to 6 at
each level below the cloud. If this difference exceeds 0.5 K,
the cloud is considered decoupled. Figure 3a and b show
two example cases, one for a coupled and one for a decou-
pled cloud, respectively. Both profiles demonstrate a struc-
ture typical for stratiform Arctic MPC: a temperature inver-
sion at cloud top, below which a well-mixed layer is identi-
fiable. In the case of the coupled P-MPC (Fig. 3a), the well-
mixed layer extends to the surface. For the decoupled P-MPC
(Fig. 3b) the well-mixed layer extends 200 m below the lig-
uid layer base, below which several weaker temperature in-
versions and a generally stable stratification can be identified.

3.2.2 New continuous method

To continuously evaluate the coupling of the P-MPC to the
surface, we developed a new method based on surface obser-
vations and the potential temperature profiles retrieved from
the MWR, which are available more frequently, i.e., every
15-20 min, compared to radiosonde data (Sect. 2.2.3). At
each time when a MWR 6-profile was available, the cloud
was classified as either coupled or decoupled based on a two-
step algorithm. First, the stability of the surface layer was
evaluated using the measurements of the meteorological sta-
tion. The premise of this criteria is that if the surface layer is
stably stratified, the cloud must be decoupled from the sur-
face as there exists a stable layer between the surface and
cloud base. The 6-profile is used as a proxy for stability. If the
gradient of the 30 min mean 6 between 2 and 10 m was posi-
tive (e.g., an inversion was present between 2 and 10 m), the
surface layer was considered stably stratified, and therefore
the cloud was decoupled. If this was not the case, the second
criteria based on the MWR 6-profile was used. We calculate
the difference in potential temperature (A6) between the sur-
face level and at the height halfway to the liquid base height.
If A6 is below the threshold of 0.5 K, the cloud at this in-
stance was considered coupled, and otherwise it was consid-
ered decoupled. The reason for using the height equaling half
of the liquid layer base height can be understood by compar-
ing the 0-profiles from sounding and MWR in Fig. 3a and b.
While the general shape of the profile can be retrieved from
the MWR measurements, it is not possible to resolve sharp
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Figure 3. Examples of 6-profiles from sounding and MWR, as well as surface observations: a coupled cloud on 24 October 2017 11:55-
12:05 UTC (a) and a decoupled cloud on 1 February 2018 16:47-16:56 UTC (b). The blue shaded area indicates the cloud layer, where cloud
base and top are determined as the median values of the Cloudnet-based cloud base and top for the duration of the sounding. The gray dashed
line indicates the decoupling height defined from the sounding 0-profile. Comparison of potential temperature profiles from sounding and
retrieved from MWR measurements when P-MPCs were present, with height normalized with respect to the liquid layer (¢). Comparison of
the diagnosed coupling with the new method based on MWR and surface observations and based on sounding profiles (d).

inversions or detailed structures of the profile. Yet tempera-
ture inversions are very common at the top of P-MPCs. The
comparison of MWR profiles with all available soundings
when a P-MPC was present (Fig. 3c) shows that the accu-
racy of the retrieved potential temperature is reduced in the
vicinity of the liquid layer top and that the influence extends
to below the liquid layer base. At 0.5x liquid base height the
impact of cloud-top inversion is smaller than at liquid base
and the RMSE is below 1K, which is why we chose this
height to determine the stability of the subcloud layer. Note
that it should not be inferred that the method can only detect
decoupling occurring in the lowest half of the subcloud layer.
When decoupling occurs above the layer explicitly included,
it is common that the lower half of the subcloud layer is at
least partly stably stratified, as can also be seen in the exam-
ple of Fig. 3b, prompting a correct decoupling classification.

As the final step, the individual profiles were considered
together to define the degree of coupling of each observed
P-MPC case. For each detected cloud event, the number of
coupled and decoupled profiles were counted. If all profiles
were decoupled, the P-MPC was considered fully decoupled.
When more than 50 % of the profiles were found to be decou-
pled, the P-MPC was defined as predominantly decoupled.
The rest were considered coupled.

3.2.3 Comparison of methods

The performance of the new method for estimating the cou-
pling for each individual profile was evaluated using the
soundings as a reference. We restricted the soundings to
cases for which the cloud was present from the launch time
until the sonde passed a height of 2.5 km (maximum cloud-
top height considered). Those soundings were compared to
the MWR profile closest (but not more than 20 min away)
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to the radiosonde launch time. The sounding-based diagno-
sis found 31 % of the evaluated P-MPCs to be coupled and
69 % to be decoupled, compared to 18 % and 82 %, respec-
tively, for the newly developed method for the corresponding
clouds (Fig. 3d). This suggests a tendency in our method to-
wards decoupling. However, the sounding profiles may miss
very shallow surface-based inversions. For 24 % of the pro-
files considered to be coupled based on the radiosondes, the
2 and 10m temperatures indicate a surface inversion. Clas-
sifying these clouds as decoupled instead changes the ratio
of coupled and decoupled P-MPCs from the sounding data
set to 23 % and 77 %, which is closer to that found with the
new method. The main disadvantage of our method is that
the temperature profiles retrieved from the MWR measure-
ments do not provide a detailed profile, but rather the general
shape of the profile, and so the developed method occasion-
ally fails. Furthermore, the 10 m layer considered for surface
stability is rather shallow, and intermittent coupling could oc-
cur regardless of the thermodynamic profile structure.

3.3 Circulation weather type

Since the local wind direction in the lower troposphere above
Ny-Alesund is heavily influenced by the orography (Ma-
turilli and Kayser, 2017a), the circulation weather type based
on Jenkinson and Collison (1977) was applied in order to
evaluate cloud properties in the context of the regional wind
field. Using 850 hPa geopotential height and shear vortic-
ity from ERA-Interim, the flow at each time (00:00, 06:00,
12:00, and 18:00 UTC) was classified as either W, NW, N,
NE, E, SE, S, SW, cyclonic, or anticyclonic. A total of 16 grid
points centered around Ny-Alesund were used, so that the
area covered is approximately 300 km in the meridional and
100 km in the zonal direction (77.5-80.5° N, 9.75-14.25° E;
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see Fig. 1a). The approach aids in assessing whether the ob-
served clouds were advected to the site from the open sea or
over the island as well as the proximity of high- and low-
pressure systems.

3.4 Local wind conditions

The channeling of the free-tropospheric wind along the
fjord axis is a typical feature of an Arctic fjord (Svend-
sen et al., 2002; Esau and Repina, 2012, and references
therein). Previous work has found the feature to also be
prominent at Kongsfjorden (Maturilli and Kayser, 2017a).
It is well documented that despite the dominating westerly
free-tropospheric wind direction, in Kongsfjorden the near-
surface wind tends to blow southeasterly along the fjord axis
(Maturilli and Kayser, 2017a; Beine et al., 2001; Jocher et al.,
2012). This is usually attributed to katabatic forcing of the
Kongsvegen glacier about 15km east-southeast from Ny-
Alesund (Fig. 1), although Esau and Repina (2012) argued
that for typical synoptic conditions the land—sea breeze cir-
culation would be the dominant driver. The secondary mode
in surface wind is from the northwest, from the sea towards
the island’s interior. According to Jocher et al. (2012), the
northwesterly surface winds are associated with cold air ad-
vection that is related to passing low-pressure systems. Beine
etal. (2001) find this wind direction to be pronounced in June
and July, which they associate with sea breeze and the melt-
ing of sea ice. In addition, at Ny-Alesund weak southwest-
erly surface winds are observed, caused by katabatic flow
from Zeppelin mountain range and the Brgggerbreen glacier
south of Ny-Alesund (Jocher et al., 2012; Beine et al., 2001)
under specific synoptic conditions (Jocher et al., 2012; Ar-
gentini et al., 2003). The local wind conditions impact the
stratification of the local boundary layer (Argentini et al.,
2003; Svendsen et al., 2002). Argentini et al. (2003) show
that during the ARTIST campaign (15 March—16 April 1998
at Ny—Alesund) stable conditions were mainly observed with
southeast wind and hardly ever with northwest wind. Unsta-
ble conditions occurred from 90 to 270° and under light wind
conditions. Furthermore, large wind shear was observed to
generate turbulence and lead to neutral stratification. This
brief summary of previous studies demonstrates the com-
plexities of the local wind conditions present at the AWIPEV
station.

We cannot properly describe the circulation in Kongsfjor-
den from our point measurements at Ny-Alesund or eval-
uate the drivers behind the local wind, nor are these pro-
cesses within the scope of our study. However, it is possi-
ble that certain wind patterns are associated with phenom-
ena (shear-induced turbulence, drainage flows from moun-
tains and glaciers transporting cold air into the sub-cloud
layer) that modify the P-MPC studied. To evaluate whether
the local wind patterns modify the P-MPC, we identified the
main modes in the 10 m wind direction and combined them
with the circulation weather type to create a proxy for dif-
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ferent wind regimes. As expected, three modes can be iden-
tified in the surface wind (Fig. 4a). The dominating wind
direction (85-165°) corresponds to the direction out of the
fjord to the open sea. Less pronounced but clearly identi-
fiable are the two other modes that indicate flow from the
sea into the fjord (270-345°) and the katabatic flow from
the glaciers south of the station (200-270°). Wind speed
above 12ms~! was only observed between 90 and 120°.
Seasonal wind roses are provided in Appendix A2. The fre-
quency with which each surface wind mode was associated
with the different weather types during the cloud observation
period (June 2016-October 2018) is illustrated in Fig. 4b.
For most circulation weather types, the southeasterly surface
wind dominated and the northwesterly wind was rare. An ex-
ception were the weather types N and NW, for which the
northwesterly direction was most common.

To illustrate how the weather type and surface wind di-
rection modes correspond to different wind profiles, the av-
erage wind direction profiles based on radiosonde data from
June 2016 to October 2018 are shown for weather type W
(Fig. 4c). When the surface wind direction was northwest-
erly, the average direction changed only slightly from 280°
in the free troposphere to align with the fjord axis at about
310°. The largest variation in the lowest 200 m was exhib-
ited by the southwesterly surface wind direction. The most
common regime (surface wind from southeast) had an aver-
age profile with free-tropospheric wind from the west, turn-
ing south and all the way to the southeast (120°) in the lowest
300 m. Figure 4c illustrates why a combination of surface and
free-tropospheric wind direction is needed to isolate differ-
ent patterns. Considering the moderate standard deviation in
the wind direction profiles shown in Fig. 4c, it is reasonable
to assume that each surface wind direction mode together
with the weather type, which describes the mean regional
wind direction at 850 hPa, describes a certain wind pattern
and thus gives a first estimate of the wind conditions around
Ny—Alesund.

3.5 Statistical tools

To test the statistical significance of differences between two
or more distributions, the Mood’s median test to compare the
medians in different populations was used (Sheskin, 2000).
This test was chosen because it does not require normally
distributed data and the compared samples can be of different
sizes. The median of each population is compared to the me-
dian of the distribution including all data, and the Pearson’s
x? test is used to test the null hypothesis that medians from
different populations are identical. To reject the null hypoth-
esis thus leads to the conclusion that the different populations
have different medians.

The data points in the time series of the variables tested
(LWP, IWP, cloud-top temperature, and cloud-base height)
are correlated with each other and can not as such be used
in the statistical test. We assume that each P-MPC case is in-
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dependent of the others, and for cloud-top temperature and
cloud-base height we use the medians for each case for test-
ing. LWP and IWP were found to vary more within each
case, and therefore several data points from every P-MPC
case were sampled. For this, we estimated the de-correlation
timescale as the time where the autocorrelation function,
computed for each P-MPC case individually, reaches zero.
For the majority of P-MPC cases there were too many gaps in
the data to reliably compute the autocorrelation function, and
hence no de-correlation timescale could be estimated. From
the values available, the median was calculated and then
double the median was used as the de-correlation timescale
Atqer for all cases. For testing, the data were sampled ran-
domly, with a minimum gap of Aty between the sampled
data points.

4 Results and discussion
4.1 Occurrence of persistent MPC and other clouds

We first examine the frequency of occurrence of different
types of clouds in the observation period of the cloud radar
(10 June 2016-8 October 2018) considering the 30 s aver-
aged columns of the Cloudnet product. A cloud was found
above Ny—zoAlesund 76 % of the time measurements were run-
ning. The month-to-month variation was considerable, vary-
ing from 40 % to over 90 % (Fig. 5). Averaging for all years,
cloudiness was slightly higher in summer (June—August;
80 %) and autumn (September—October; 77 %) and lower in
spring (March—-May; 69 %) and winter (December—February;
74 %). Intra-annual variation is pronounced in autumn, when
cloud occurrence frequency varied from 69 % to 84 %. MPCs
(defined here as any profile where co-located cloud liquid
and ice are found) were present 41 % of the time, with a
somewhat higher frequency in autumn. Liquid-only clouds
(profiles with cloud droplets without co-located ice) had an
overall occurrence frequency of 14 % and a clear seasonal
cycle with most liquid-only clouds occurring in summer and
hardly any in winter or spring. Thus, the radiatively im-
portant cloud liquid was more often found in mixed-phase
clouds, although the contribution of liquid-only clouds was
notable in summer. All of the presented figures are given rela-
tive to the amount of data available. Figure 5a shows the high
data coverage obtained, implying that — with the exception of
the first and last months — we can give a reliable estimate of
the frequency of cloud occurrence within the detection limits
of the instruments.

The persistent low-level mixed-phase clouds (P-MPCs;
see Sect. 3.1 for definition) cover 23 % of the data set, high-
lighting the relevance of this cloud regime. In total 1412
cases of P-MPC were identified. The “all MPC” and the P-
MPC occurrences in Fig. 5 are not directly comparable, since
the first one refers to individual profiles and the latter is to a
large extent defined by a temporally continuous liquid layer
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and also includes profiles without a mixed-phase layer de-
tected. P-MPCs were most common in summer (32 %) and
occurred less often in winter (15 %) and spring (16 %), with
autumn being the intermediate season (24 %). The P-MPC
occurrence thus follows the seasonal cycle of cloud liquid
occurrence (Nomokonova et al., 2019b).

For defining the persistence of the liquid layer some
thresholds needed to be set, including how long gaps were al-
lowed and the minimum duration required. The choices made
(5min and 1 h) were motivated by the aim for a certain cloud
regime, namely a stratiform mixed-phase cloud in the bound-
ary layer. A sensitivity test allowing only 2 min gaps in the
liquid layer showed the only major difference to be in the oc-
currence frequency of P-MPCs, while the properties of the
clouds or the seasonal cycle of P-MPC occurrence did not
differ substantially.

4.2 P-MPC properties and regional wind direction

Figure 6 shows the occurrence of each weather type (used to
determine the regional free-tropospheric wind direction; see
Sect. 3.3) in our period of study, and the fraction of those
times when a P-MPC was identified. In general, NE, SE,
and NW were less common than the other wind directions.
For a given weather type, the fraction of P-MPC occurrence
varied considerably. Almost a third of the time when winds
were from the west (W), a P-MPC was found at Ny-Alesund.
Weather types S, SW, NW, and anticyclonic were also favor-
able for P-MPC. Based on an evaluation of sounding profiles,
the most common free-tropospheric wind direction for the
weather type anticyclonic was west (not shown). On the other
hand, winds from north and east (weather types N, NE, and
E) brought P-MPC:s to the site less often. The weather types
which are most commonly associated with P-MPCs can be
determined by combining the occurrence frequency of each
weather type and its P-MPC fraction (Fig. 6). Consequently,
P-MPCs were most often associated with the weather types
W, SW, and anticyclonic, which include almost half (48 %)
of all profiles.

The distributions of liquid layer base height, LWP, and
IWP and their dependence on wind direction are presented in
Fig. 7. The base of the liquid layer was usually between 540
and 1020 m above the surface, with mean and median liquid
base height of 860 and 760 m, respectively. The typical P-
MPC thus lies above the fjord at a height fairly close to the
mountaintops. Fewer P-MPCs were associated with weather
types NE, E, and SE, and with mean liquid base heights well
above 1km these were found at larger altitudes than most
of the P-MPCs. The mean LWP for P-MPCs was 35 gm™>2
with a standard deviation of 45 gm™2. On average most lig-
uid was found in the P-MPC in weather type SW (49 gm~2),
and the least was found in weather type NE (12 gm~2). How-
ever, the variability within each weather type was larger than
the differences between the weather types. The IWP distribu-
tions are strongly skewed (Fig. 7c) towards low values. Zeros
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Figure 6. The frequency of occurrence of each weather type and the
fraction with P-MPC presence.

were ignored, but all nonzero values were included. For all
P-MPCs, the mean and median IWPs were 12 and 2.1 g m_z,
respectively. Between the different weather types, the mean
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were omitted. N gives the number of soundings available for each mean profile.

(median) varied from the 5.6 (1.1) g m~2 of weather type SE
to 17 (6.2) gm~2 of weather type NW. The weather types
NW, W, and SW stand out in terms of high IWP and have a
mean IWP of 16 gm~2. Overall, the westerly weather types
(SW, W, and NW) were associated with lower P-MPCs and
with more liquid and ice (mean LWP 42 gm~2), while the
easterly weather types (SE, E, and NE) were less common,
distinctly higher, and connected to the lowest average LWP
and IWP.

Large-scale advection and air mass properties are known
to influence MPC properties (Mioche et al., 2017; Qiu et al.,
2018, amongst others). Previous studies suggest that at Sval-
bard northerly flow is often associated with cold air masses
originating from the central Arctic and that southerly flows
bring warmer and more humid air from lower latitudes
(Dahlke and Maturilli, 2017; Knudsen et al., 2018; Kim et al.,
2017; Mioche et al., 2017). Furthermore, the open sea west
of the Svalbard archipelago might act as a local source of
humidity and heat. Here we use temperature at 1.5 km (cor-
responding to the 850 hPa level) and integrated water vapor
(IWYV) from the MWR to represent the atmospheric tem-
perature and humidity conditions under which the P-MPCs
were occurring. In agreement with previous studies, Fig. 8
shows that the highest average IWV and warmest tempera-
tures were associated with southerly winds, while the lowest
average IWV and coldest temperatures were associated with
northerly winds. The domain considered for the weather type
(Fig. 1a) is too small to describe large-scale advection or air
mass origin, but Fig. 8 suggests the weather type is nonethe-
less a useful proxy for air mass properties. The average IWV
and 1.5 km temperature can explain the first-order variation
in P-MPC occurrence and LWP between weather types. The
south-southwesterly winds are warm and humid and are as-
sociated with frequent occurrence of P-MPC with relatively
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Figure 8. IWV (a) and 1.5 km temperature (b) for time periods with
P-MPC present for each weather type. Boxes and whiskers as in
Fig. 7. The medians were found to differ on a 95 % confidence level.

high amounts of liquid, compared to the north-northeasterly
winds, which are drier and colder and are associated with less
frequent P-MPC occurrence and lower LWP (Figs. 6, 7b, and
8a). Owing to the complexity of ice microphysical processes,
such a direct relationship cannot be found between atmo-
spheric humidity and temperature (Fig. 8) and IWP (Fig. 7c).
On the other hand, as already noted above, Fig. 7 shows a
clear contrast between the properties of easterly and west-
erly P-MPCs. These differences cannot be explained by the
IWV and 1.5 km temperature distributions, which are rather
similar for weather types W and E. Hence, atmospheric tem-
perature and humidity are important but not the only relevant
forcing for P-MPC at Ny-Alesund.

The influence of the island and its orography clearly af-
fects the height of the liquid layer (Fig. 7a). The median al-
titude of the P-MPC base with easterly winds (weather types
NE, E, and SE) was above the height of the mountaintops,
suggesting that the clouds were usually advected to the site
above the mountains rather than forming locally in the fjord.
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The P-MPCs associated with easterly winds were also less
frequent (Figs. 6 and 7a). If we assume the majority of ob-
served P-MPC being of an advective nature, the low occur-
rence frequency with winds from the east would imply less
cloud formation over the island compared to over the sea or
dissipation of cloud fields while being advected over the is-
land. Mioche et al. (2015) found less low (below 3 km) MPC
over land than over sea in the Svalbard region in spring and
winter, while in summer and autumn the differences were
small. Cesana et al. (2012) studied liquid-containing clouds
in the Arctic and found fewer low (below 3.36 km) liquid-
containing clouds above Svalbard than over the surrounding
sea in all seasons. Although direct comparison is not possible
due to inconsistencies in the observation techniques, cloud
sampling, and the considered area, the mentioned studies all
indicate that the influence of the Svalbard archipelago de-
creases the amount of low liquid-bearing clouds.

The combination of the effects of large-scale advection
and air mass properties, as well as the influence of the Sval-
bard archipelago, can provide an explanation for the depen-
dence of the P-MPC properties on weather type presented in
Figs. 6 and 7. Southwesterly and westerly free-tropospheric
winds were associated with most P-MPCs and the highest
average LWP and IWP, likely due to higher amounts of hu-
midity available from lower latitudes. The southeasterly to
northeasterly winds had the least P-MPCs and comprise the
lowest average LWP and IWP, related to the drier air masses
from the north and less favorable conditions for cloud for-
mation over the island. Other mechanisms can be considered
to further explain the observed IWP variation. Ice formation
could be enhanced in the cold temperatures for weather types
N and NE (Fig. 8), whereas the higher IWP for weather types
SW, W, and NW might be related to larger amounts of super-
cooled liquid available in the P-MPCs (Fig. 7b, c) or higher
aerosol concentration in air masses advected from lower lati-
tudes.
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4.3 Seasonality

The seasonal variation in the studied P-MPC properties
and atmospheric conditions at Ny-;\lesund are presented in
Fig. 9. In agreement with previous studies (Nomokonova
et al., 2019b; Maturilli and Kayser, 2017a), the highest av-
erage temperature and humidity are found in summer and
the lowest in winter and spring (Fig. 9a, b). The height of
the P-MPC shows a clear seasonality, with lower liquid base
height in summer and higher in winter (Fig. 9c). Zhao and
Wang (2010) evaluated 5 years of low-level clouds (cloud
base below 2km) observed at Utqiagvik (previously known
as Barrow), Alaska, and also found a seasonality in cloud
height with a minimum in summer. Furthermore, these re-
sults are in agreement with the seasonality in cloud height at
Ny—Alesund reported by Shupe et al. (2011). The IWP distri-
butions show a clear seasonality, with low values in summer
and autumn and a clear maximum in spring (Fig. 9e). The
low IWP in summer and autumn (median 0.2 and 1.0 g m~2,
respectively) can be attributed to relatively warm tempera-
tures close to 0 °C. The median IWP in spring (7.5 gm™2) is
almost 2-fold of the median IWP in the winter (4.0 gm’2),
which can hardly be attributed to the different temperature
conditions (Fig. 9b). The higher IWV in spring compared to
winter (Fig. 9a), however, can play a role. Furthermore, the
high IWP in spring could be related to the generally higher
aerosol loading in the Arctic atmosphere in the late winter
and spring, a time period also known as the Arctic haze sea-
son (Quinn et al., 2007).

Conversely, the LWP distributions show a minimal sea-
sonality despite the seasonal variation in IWV and 1.5km
temperature related to the P-MPC (Fig. 9a, b, d). The high-
est (lowest) median LWP in summer and spring (winter)
was 24 gm~2 (18 gm~2), and the seasonal mean values var-
ied from 33 to 36 gm~2. Note that this result does not im-
ply a lack of seasonal variability in overall cloud LWP (see
Fig. 5 in Nomokonova et al., 2019a), only in the specific
cloud regime evaluated. One challenge of the algorithm to
identify the P-MPC are thick liquid layers where Cloudnet
only identifies the lowest parts of the layer as containing lig-
uid. The problem was partly mitigated by relaxing the cri-
teria for liquid presence at cloud top; nonetheless we find
cases with a thick liquid layer that do not fulfill the crite-
ria of a liquid-topped mixed-phase layer and the rest of the
cloud gets cut off (see Fig. 2 at 12:00 UTC on 30 May 2018).
This artificially limits our data set to clouds where the liquid
layer is thin enough, and there might be some clouds with
more liquid that are not included in our analysis. Consider-
ing the LWP distributions were skewed towards lower val-
ues (Fig. 7b), these cases are likely to be a minority for the
cloud regime considered. However, it is possible that the av-
erage LWP is somewhat underestimated. In addition, it could
be that the cloud detection algorithm limits the considered
cases to a specific LWP regime, which results in the lack of
seasonality in the LWP of the P-MPC.
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Since P-MPC properties (excluding LWP) as well as atmo-
spheric temperature and humidity vary seasonally, a seasonal
dependency in wind direction could explain the weather-
type-dependent variations in P-MPC properties found in
Sect. 4.2. To examine this possibility, Fig. 10 shows the
proportion of P-MPC observations in each season for every
weather type. The observation period of 2.5 years from June
2016 to October 2018 together with the seasonal variation in
P-MPC occurrence (Fig. 5) lead to the uneven distribution
of data between seasons. Overall, the summer months con-
tribute most to the data set. However, there are no extensive
differences found between the weather types. Most notewor-
thy is the high spring and low autumn occurrence of NW,
which might contribute to the high IWP for this weather type
(Fig. 7c). Furthermore, N and E were relatively more com-
mon in winter, N and SE more common in spring, and N less
common in autumn. Given the lack of a distinct signal, we
believe the seasonal variation in wind direction plays a mi-
nor role in the weather-type-dependent differences in P-MPC
occurrence and properties described in the previous section.

We further compare properties of the P-MPCs at Ny-
Alesund and their seasonal variation to observations of simi-
lar cloud regimes at other Arctic sites. Only studies that com-
prise at least 1 year of observations were considered. Shupe
et al. (2006) evaluated MPCs observed at the 1-year-long
Surface Heat Budget of the Arctic Ocean (SHEBA) cam-
paign and found an annual average LWP and IWP of 61
and 42 gm™—2, respectively. Both IWP and LWP were found
to have a maximum in late summer and autumn. The study
did not explicitly focus on low-level clouds but found that
90 % of the observed MPCs had a cloud base below 2 km.
De Boer et al. (2009) focused on single-layer mixed-phase
stratus at Eureka, Canada, and reported seasonal mean LWP
to vary between 10 and 50 gm~2. Zhao and Wang (2010)
show monthly mean values for LWP at Utqiagvik to vary
from 10 to 100 gm~2 and for IWP from 10 to 25 gm~2. Sim-
ilarly to SHEBA, at both Eureka and Utgiagvik the maximum
LWP was found in autumn. However, at Eureka as well as
Utgiagvik a maximum in the amount of ice in MPCs was
found in spring as well as autumn. The differences in sea-
sonal cycles of LWP and IWP at different sites could be due
to different forcing conditions, in addition to the choice of
the cloud regime that might also play a role. Sedlar et al.
(2012) included all single-layer clouds below 3 km and found
that most of the LWP distribution was within 0 to 100 gm~2,
with slightly higher values in the data set from SHEBA than
Utqiagvik. The average figures are comparable to those ob-
served for P-MPC at Ny-Alesund, although the mean values
in our study are at the lower end of the range reported at
Utqiagvik and SHEBA.

Finally, the seasonal variation in P-MPC occurrence is
compared with previous studies in the Svalbard region.
Shupe et al. (2011) as well as Maturilli and Ebell (2018)
report most clouds in summer and early autumn above Ny-
Alesund, agreeing with our findings. Conversely, Mioche
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Figure 10. Distribution of seasons in the studied data set for each
weather type. Only time periods when a P-MPC was present are in-
cluded to evaluate the possible impact of wind direction seasonality
on cloud properties and occurrence.

et al. (2015) identified most low-level (below 3 km) MPCs
in the Svalbard region in autumn and a minimum in occur-
rence in summer based on the synergy of the measurements
from CloudSat and CALIPSO. P-MPCs commonly contain
very low amounts of ice, which might be below the sensitiv-
ity limit of the satellite observations, explaining some of the
disagreement. Furthermore, Mioche et al. (2015) were miss-
ing clouds below 500 m due to the blind zone of CloudSat,
and since clouds generally are lower in summer this would
lead to a higher fraction of missed clouds in this season. In
any case, considering the large month to month variation in
cloud occurrence (also shown by Shupe et al., 2011), differ-
ent results when considering different time periods can be
expected. Our time series might still not be long enough to
give a precise estimate of the seasonal variation in cloud oc-
currence frequency.

4.4 Surface coupling
Figure 11a shows the fraction of observed P-MPCs classified

as coupled, predominantly decoupled and fully decoupled in
each season. A total of 63 % of all observed P-MPC cases
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were found to be fully decoupled, and only 15 % were cou-
pled. The degree of coupling had a clear seasonal cycle, with
decoupling being the dominant mode in autumn and winter
and most coupled P-MPCs occurring in summer. The ob-
served seasonality in the surface coupling of P-MPC could
be related to the overall higher lower-tropospheric stability
in winter, which could limit the coupling of the cloud. Previ-
ous studies have found that the coupling of low Arctic MPCs
depends on the proximity of the cloud to the surface since
the cloud-driven mixing layer is more likely to reach the sur-
face if the cloud is low (Shupe et al., 2013; Brooks et al.,
2017). Also, in our data set the median cloud-base height for
decoupled P-MPCs (1010 m) is considerably larger than the
median cloud-base height of the coupled P-MPCs (620 m)
(Fig. 11b). For P-MPC with liquid base heights of more
than 1.5km, coupling to the surface was not observed. P-
MPCs were on average higher in winter and lower in summer
(Fig. 9¢), which could partly explain the seasonal variation in
the frequency of surface coupling.

To evaluate the effect surface coupling has on cloud prop-
erties, we only considered P-MPC in weather types SW and
W in order to limit the different factors in play. These clouds
include the full range of coupling states and cover one-third
of the data set (Fig. 7a). The coupled P-MPCs had more
liquid than the fully and predominantly decoupled P-MPCs
(Fig. 12a). The median LWP did not differ significantly be-
tween the predominantly and fully decoupled P-MPCs (25
and 28 g m~2, respectively), while the median LWP for cou-
pled cases was clearly larger (47 g m~2). Differences in IWP
between the coupling states were small (Fig. 12b). The me-
dians did not vary significantly (from 11 to 12gm™2), but
the larger IWP values (between 30 and 100 g m~2) were less
likely for the coupled P-MPC. From the LWP and IWP dis-
tributions it follows that the total amount of condensed water
(LWP + IWP) was higher for coupled than predominantly or
fully decoupled P-MPC. This suggests either a source of hu-
midity from the surface that is not available for the decoupled
P-MPC or a smaller sink.

Many ice microphysical processes have a temperature de-
pendency (Lamb and Verlinde, 2011), and the observed dif-
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ferences in LWP and IWP distributions between coupled and
decoupled P-MPCs could be caused by different sampling
across the temperature range. Observed cloud-top tempera-
tures ranged from —28 to 45 °C, with most P-MPCs occur-
ring at the warm end of this range (Fig. 12c). As the persis-
tent liquid layer is the defining feature of the P-MPCs, it is
not surprising that they occurred more often at warmer tem-
peratures where liquid is generally more abundant. The cold-
est P-MPCs (cloud-top temperatures below —18 °C) were al-
ways decoupled and occurred in winter and early spring. The
cloud-top temperature distributions were very similar for the
coupled and predominantly decoupled P-MPCs, suggesting
that the differences in IWP and LWP distributions between
these two groups can not be explained by a varying frequency
of different temperature regimes. The cloud-top temperature
distribution of fully decoupled P-MPC differs from that of
the predominantly decoupled and coupled clouds by having
a larger number of cold cloud tops and a smaller peak at the
warm end of the distribution. Yet the IWP and LWP distribu-
tions do not differ substantially between fully and predom-
inantly decoupled P-MPCs. Although the observed differ-
ences in LWP and IWP between coupled and fully decou-
pled P-MPCs could be caused by differences in temperature,
we cannot explain the differences between predominantly de-
coupled and coupled clouds or the similarity of the predom-
inantly and fully decoupled P-MPCs simply from the cloud-
top temperature distributions.

The analysis presented only included weather types SW
and W. These weather types are amongst the weather types
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with the largest average LWP and IWP. The variation in LWP
and IWP between coupled and decoupled P-MPCs for the
other weather types would therefore be smaller in absolute
numbers. Including all weather types, the medians for LWP
for coupled and predominantly and fully decoupled were 34,
22,and20 g m~2, and the medians for IWP were 7.5, 9.4, and
9.4 gm™2, respectively. The outcome that coupled P-MPC
had more liquid and that differences in IWP were small is
the same. One needs to keep in mind that these numbers
are dominated by the westerly weather types which cover
the bulk of the data. It is possible that different relationships
between cloud properties of coupled and decoupled clouds
would be found for weather types which have distinctly dif-
ferent mean wind conditions. While we cannot conclude that
the presented results hold for all situations occurring at Ny-
Alesund, they describe the most common conditions.

The comparison between the coupling detection from
sounding and the new method based on MWR and surface
observations implied that the new method is more inclined
to consider a profile decoupled (Sect. 3.2.3). Yet, the sim-
ilarity of the LWP and IWP distributions for predominantly
and fully decoupled P-MPCs suggests that these groups were
very similar. Considering cloud properties, it does not seem
that the predominantly decoupled clouds would be mistak-
enly considered more decoupled than they are. It is possi-
ble that our method erroneously classifies weakly coupled
P-MPC as predominantly decoupled and that in these cases
the interaction with the surface is limited and does not mod-
ify the cloud properties, considerably leading to similar LWP
and IWP distributions for these clouds and the actually de-
coupled P-MPC. Accordingly, we conclude that decoupling
might be overestimated, but this does not have serious conse-
quences on the results on cloud properties. Considering the
different estimates (Figs. 3d and 11a), we can regard 63 %—
82 % of the P-MPCs to be decoupled and 15 %—33 % to be
coupled. Moreover, intermittent turbulence and the coupling
it may lead to are rather challenging for our approach, as the
thermodynamic profile takes time to adjust. However, the tur-
bulent transport of heat can be assumed to be similar to the
transport of any other scalar. If the turbulence that occurred
was too short-lived to modify the temperature profile dis-
tinctly, it would also be unlikely to transport great amounts
of water vapor or aerosols to the cloud layer.

Shupe et al. (2013), Sotiropoulou et al. (2014), and Brooks
et al. (2017) have evaluated the coupling of low clouds dur-
ing the ASCOS campaign (August—September 2008) using
different methods and slightly different time periods and ob-
served decoupling from the surface 75 %, 72 %, and 76 % of
the time, respectively. Their measurements were mostly of
clouds above sea ice, and for a shorter time period. The re-
sults are therefore not directly comparable with the multiyear
statistic presented here. Moreover, the mechanisms that lead
to decoupling at ASCOS were likely different than at Ny-
Alesund. Like Shupe et al. (2013), but unlike Sotiropoulou
et al. (2014), we found a difference in LWP between cou-
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pled and decoupled clouds (Fig. 12a). If we assume that the
(sea) surface can provide a source of moisture for the P-MPC,
coupling could add moisture to the cloud layer and lead to a
higher total water path. Considering the small differences in
IWP (Fig. 12b), it does not seem that the surface would be an
important source for INPs, or there are some other mecha-
nisms that limit ice formation in coupled clouds where more
liquid water is present. The observed seasonality in the sur-
face coupling of P-MPC (Fig. 11a) could be related to the
overall higher lower-tropospheric stability in winter, which
could limit the coupling of the cloud as well as to the lower
cloud-base height in summer (Fig. 9c) that makes it easier
for the cloud to couple to the surface due to its proximity.

4.5 Local wind patterns around Ny-f&lesund

The effects local winds have on the P-MPC were evaluated
using the weather type together with the surface wind di-
rection as a proxy for the wind conditions at Ny-Alesund
(Sect. 3.4). The most common wind situation for the P-MPC
at Ny-Alesund is a southeasterly surface wind underlying
westerly and southwesterly upper winds (Figs. 4, 6). Hence,
the wind turns from the surface upwards to the almost op-
posing direction by 1.5 km height (Fig. 4c). Directional wind
shear is therefore commonplace for P-MPC at Ny-Alesund
(Fig. 4b), either in or below the cloud layer. The magnitude of
the wind direction change varies with the free-tropospheric
wind. The only exception are weather types N and NW, for
which the most common surface wind is northwesterly, and
the wind does not turn, or only turns slightly, with increasing
altitude. A further consideration related to the surface wind
direction is the history of the boundary layer. The air has
experienced very different surface properties when moving
from open sea to land with northwesterly surface wind or
from mountainous, often snow- and ice-covered terrain to a
flat sea surface with southeasterly surface wind.
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The influence of local winds on the P-MPC was found to
be limited. Figure 13a shows the fraction of time with P-MPC
occurring (similarly to Fig. 6) for each weather type and
surface wind direction combination. Weather types cyclonic
and anticyclonic are somewhat hard to interpret, as these
are associated with varying free-tropospheric wind directions
above the site and were therefore not included. The low num-
ber of cases with southwest and northwest surface wind lim-
its the possibilities to compare different surface wind regimes
for most of the weather types. For weather types SW and W
the southwest surface wind was associated with higher fre-
quency of cloud occurrence compared to the southeast sur-
face wind. In contrast, for weather type N northwest surface
wind had P-MPCs most often and southwest the least. Based
on this analysis no overall tendency for a certain surface wind
direction or the amount of directional shear between the sur-
face and the free-tropospheric wind to increase or decrease
P-MPC occurrence was found.

Regarding P-MPC properties, no strong relationships with
surface wind direction were identified. Only the main find-
ings are summarized here and further details are provided
in Appendix Al. Considering weather types N, W, and SW,
which have the most cases across different surface wind di-
rections, no statistically significant differences were found in
the median liquid base height or cloud-top temperature. The
northwest surface wind was associated with the highest me-
dian LWP, possibly due to the higher level of humidity avail-
able over the open sea. The southwest surface wind was as-
sociated with a significantly higher IWP for weather types W
and SW (median IWP 16 and 18 gm~2, respectively). How-
ever, these variations in LWP and IWP were not found for all
three weather types analyzed.

Local winds in Kongsfjorden were quite apparently con-
nected to the coupling of the P-MPC (Fig. 13b). Coupling
was most common with northwest surface wind (from the
sea) and least common with the southeast surface wind (to-
wards the sea), and the same behavior was found for every
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season despite the seasonality of both surface wind direc-
tion and cloud coupling (see Appendix A2). For the P-MPC
to be thermodynamically decoupled from the surface, a sta-
bly stratified layer needs to exist between the surface and
the cloud base. Argentini et al. report a dependence of sur-
face layer stratification on wind direction (Argentini et al.,
2003, Fig. 5). Stable conditions were most often found with
southeast surface wind, for which only 8 % of the P-MPCs
were considered coupled. On the other hand, stable condi-
tions were rare with northwest surface wind, for which 37 %
of the P-MPCs were coupled. The near-surface wind from
the southwest and southeast is often related to flows from the
glaciers (Jocher et al., 2012; Beine et al., 2001; Sect. 3.4)
that bring cold air down to the valley in a shallow layer close
to the surface. Such a cold surface layer is very efficient in
decoupling the cloud and acts against the cloud-driven turbu-
lence that could otherwise couple the P-MPC to the surface.
This effect might be stronger with southeast than southwest
surface wind, since the katabatic winds from the southwest
are weaker (Fig. 4a). The differences in the coupling of the
P-MPC with varying wind conditions can be explained by the
differences in stratification of the lower boundary layer un-
der different surface wind conditions. We conclude that the
surface wind has the potential to modify the conditions in the
boundary layer, which in turn can act to suppress coupling.
The local influence on coupling makes assessing the con-
nection between coupling and cloud properties more chal-
lenging. The cloud might have been coupled to the surface
while over the sea, and when it was advected into the Kongs-
fjorden valley the local wind changed in the sub-cloud layer,
leading to decoupling. It is also difficult to evaluate coupling
and local winds separately, because most coupled clouds
were associated with northwest surface wind (Fig. 13b).
Coupled P-MPCs had higher LWP than decoupled P-MPCs
(Fig. 12a), and P-MPCs associated with northwest surface
wind had higher LWP than those occurring with other sur-
face wind directions (Fig. A1b). Perhaps the higher LWP is
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related to the combined effect of the two: more humidity is
available from the open sea than over land and coupling is re-
quired for the water vapor to be transported from the surface
to the cloud layer. There is a relationship between surface
coupling and the local wind conditions at Ny—Alesund, but
to understand the impact of the combined effects on P-MPC
properties would require further studies.

5 Conclusions

We present 2.5 years of vertically resolved cloud observa-
tions carried out at the AWIPEV station at Ny-Alesund.
Methods to identify persistent low-level mixed-phase clouds
(P-MPCs), their coupling to the surface, and the regional
and local wind conditions were developed. We found P-MPC
to occur 23 % of the time, most often in summer and least
often in winter. The cloud base was typically 0.54—1.0 km
high, LWP was 6-52 gm~2, and IWP was 0.2-12gm™2. P-
MPCs were found to occur at higher altitudes in winter and
lower altitudes in summer. LWP presented a lack of sea-
sonal variation, possibly due to the selection of the cloud
regime in this study. On the other hand, IWP had a clear
seasonal dependence. IWP was low in the relatively warm
months of summer and autumn and had a clear maximum
in spring. The frequency of occurrence was found to de-
pend on free-tropospheric wind direction, and most P-MPCs
were associated with westerly winds. The height of the cloud
was strongly influenced by orography. Less frequent P-MPCs
and with higher cloud-base height were found with easterly
winds compared to westerly winds, and these clouds had
lower LWP and IWP. The most common surface wind di-
rection in Kongsfjorden is from the southeast, but this is typ-
ically underlying synoptic winds from westerly directions.
Local winds were not found to impact the occurrence or the
height of the P-MPCs, but for some free-tropospheric wind
directions the surface wind direction was related to variations
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in LWP and IWP. P-MPCs were mostly decoupled (63 %—
82 % of the time), and coupling occurred most often in sum-
mer and for clouds close to the surface. Coupled P-MPC had
a higher LWP than decoupled P-MPC, but no differences in
IWP were found. Furthermore, the local wind patterns ap-
peared to be related to surface coupling; specifically, the P-
MPCs with surface wind directions associated with glacier
outflows were more commonly decoupled. The variation in
median LWP between different wind directions at 850 hPa
was larger than the variation found between different surface
wind regimes or coupling states. On the other hand, IWP was
found to vary with regional and local wind direction as well
as season, but no dependency with coupling to the surface
was found. We conclude that while the regional to large-
scale wind direction was important for P-MPC occurrence
and their properties, the local-scale phenomena such as sur-
face coupling and the local flow in the fjord also had an in-
fluence.

Our results suggest that the P-MPC water properties can be
influenced by the processes in the local boundary layer. The
observed LWP values are in the range where the clouds are
not yet fully opaque, and changes in LWP will have an impact
on the radiative forcing of clouds at Ny-Alesund (Ebell et al.,
2019). For numerical models to correctly describe low-level
MPCs’ ice and liquid water content, and hence the radiative
effect, the boundary layer dynamics need to be accurately
described. In Ny-Alesund, and in other Arctic fjords, this re-
quires that local wind in the fjord is represented, and thus a
description of the orography and key surface properties (tem-
perature, snow cover, etc.) needs to be accounted for in the
model.
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Long-term data sets are valuable for evaluating models
since the evaluation can be carried out in a statistical man-
ner instead of case-by-case basis. The data set presented in
this paper can be used for model comparison, to provide in-
sight into model performance regarding low-level MPCs in
the complex Arctic fjord environment. In addition, the results
presented here provide background information that aids the
interpretation of case studies underway from recent measure-
ment campaigns (Wendisch et al., 2019). In this study, the
effects of aerosols acting as ice-nucleating particles or cloud
condensation nuclei have not been evaluated. Also, the cloud
microphysical processes taking place should be considered
in more detail. Further work is thus needed to understand the
relationships between various processes controlling the prop-
erties and development of low-level MPCs at Ny-Alesund.
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Appendix A: Details on the relationship between local
wind conditions and P-MPC

Al P-MPC properties

The results of the analysis on P-MPC properties for differ-
ent wind regimes is provided here, and some possible mech-
anisms are contemplated. The cloud properties associated
with different surface wind directions were compared sep-
arately for each weather type. Only weather types N, W, and
SW were considered (Fig. Al) in order to have a sufficient
amount of data (at least 30 cases) in each group being com-
pared (Fig. 13a). The median liquid base height did not differ
significantly (on a 95 % confidence level) for any of the three
weather types evaluated. The northwest surface wind was as-
sociated with the highest median LWP; however, for weather
type SW the differences were not statistically significant. For
weather type N the median LWP for northwest surface wind
was 22 gm~2 compared to 12 and 7.8 gm~2 of southeast
and southwest surface winds, respectively. Also, for weather
type W the northwest surface wind was associated with the
highest median LWP (39 g m~2), however the lowest median
LWP was with southeast surface wind (18 gm~2). The me-
dian IWP varied insignificantly (from 7.8 to 9.7 gm~?) for
weather type N. For weather type SW, the southwest sur-
face wind had the highest median IWP at 18 gm~2, almost
double that of the median of southeast (10 g m~2) and north-
west (9.1 gm~2) surface winds. Similarly, for weather type
W the median IWP for the southwest was 16 gm~2 and only
11 and 9.6 gm™? for southeast and northwest surface winds.
Because of the temperature dependence of many microphys-
ical processes, it would be possible that the observed differ-
ences were a result of different temperature regimes domi-
nating in the compared groups. However, no statistically sig-
nificant difference in the cloud-top temperature distributions
was found (Fig. Ald).

Local conditions evidently modify the wind field in the
fjord (Sect. 3.4), but whether this affects the P-MPC is not as
easily determined. Although we find some differences in the
P-MPC occurrence and properties with different local low-
level wind patterns (Figs. 13 and Al), these could also be
due to the large-scale conditions related to different local
circulation patterns. We here consider some phenomena that
might be taking place. The near-surface wind from the south-
east could hinder the low P-MPC residing over the sea from
advecting into the fjord where the observations were taking
place. This would lead to higher cloud-base height for the
southeast surface wind regime, or a lower frequency of oc-
currence, as the lowest P-MPC would be limited. For both
weather types N and W the northwest surface wind had the
lowest 25 percentiles of the liquid layer base height (lower
edge of the boxes in Fig. Ala). Figure 13a gives no indica-
tion that the southeast surface wind would have been related
to an overall lower frequency of occurrence. Although the
lowest P-MPCs were more often associated with northwest

Atmos. Chem. Phys., 20, 3459-3481, 2020

surface wind, liquid base height below 400 m was also not
that common for this wind regime. Hence, it seems that the
southeast surface wind did not substantially prevent the P-
MPC on the sea from advecting into the fjord. Considering
Figs. 4c and Ala together, the depth of the layer where wind
is found to deviate the strongest from the free-tropospheric
wind direction is below the median P-MPC base height, and
the 25th percentile is above the depth of the layer where on
average the wind is in alignment with the surface wind di-
rection. Hence, many of the P-MPCs reside in a layer where
the wind direction is changing with altitude, or just above it.
The wind shear could induce turbulence, which in turn could
affect the properties of P-MPCs, and it might be influencing
vertical fluxes of heat, moisture, and aerosols. These kind of
processes could explain the differences found in IWP and
LWP between different wind regimes. However, to examine
these processes would require a more sophisticated descrip-
tion of the local circulation and turbulence in the boundary
layer than was used here.

A2 Seasonality of surface wind direction and P-MPC
coupling

Seasonality in near-surface wind and the degree of P-MPC
coupling with different surface wind directions are presented.
Figure A2 shows the wind rose for each season for 10 m wind
in the studied period, June 2016—October 2018. Differences
between the seasons are present in the relative importance
of the three surface wind modes, in agreement with Beine
et al. (2001) and Maturilli and Kayser (2017a). The summer
months stand out with more common northwesterly winds,
which has previously been attributed to sea breeze (Beine
et al., 2001). Subsequently, the other directions are less fre-
quent. In autumn and winter the northwesterly winds almost
completely disappear. The seasonal variation is likely due to
the different degree at which the drivers (e.g., sea breeze
circulation, katabatic flow, channeling of free-tropospheric
wind along the fjord) act in different seasons.

The relationship between surface wind and P-MPC cou-
pling is similar in all seasons except summer (Fig. A2e—
h). In winter, autumn, and spring coupling with southeast
surface wind was rare or nonexistent. Coupling mostly oc-
curred with northwest surface wind. The reasons follow those
given in Sect. 4.5: the more (less) stable stratification of the
lower boundary layer associated with the southwest (north-
west) wind, probably related to the cold outflow from the
glaciers that increase the stability of the sub-cloud layer pro-
moting decoupling. In summer the situation is somewhat dif-
ferent from the other seasons. Southeast wind was still re-
lated to the fewest coupled P-MPCs, but the differences be-
tween different wind directions were smaller. Furthermore,
the coupling frequency with southwest wind was very simi-
lar to that of northwest wind. The wind roses for each season
(Fig. A2a—d) suggest a variation in boundary layer dynamics
in summer, which could be contributing to the altered rela-
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Figure A2. Wind rose for 30 min mean 10 m wind for each season (a—d) in the cloud observation period (June 2016-October 2018). The
fraction of P-MPC cases classified as coupled, predominantly decoupled, and fully decoupled for each surface wind direction mode in each

season (e-f).

tionship between surface wind direction and the frequency
of P-MPC coupling. Moreover, as discussed in Sect. 4.4, the
overall lower stability in the boundary layer as well as the
lower cloud-base height in summer enhance surface coupling
compared to the other seasons. Hence, local wind conditions
seem to have less importance in summer, although the inter-
action with the local boundary layer is present in all seasons.
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Code and data availability. The Cloudnet data are available at
the Cloudnet website (http://devcloudnet.fmi.fi/, last access:
25 June 2019). The radiosonde data are available in PANGAEA
(https://doi.org/10.1594/PANGAEA.845373, Maturilli and Kayser
(2016) for 1993-2014; https://doi.org/10.1594/PANGAEA.875196,
Maturilli and Kayser (2017b) for 2015-2016; search term
“project:label: AC3 ny-alesund radiosonde” afterwards). The me-
teorological surface observations are available in PANGAEA
under the search term “Continuous meteorological observa-
tions at station Ny-Alesund”. The MWR data are also avail-
able in PANGAEA (https://doi.org/10.1594/PANGAEA.902183,
Nomokonova et al., 2019¢c). The software used for the me-
dian test was available courtesy of Keine (2019). The cloud
microphysical data set is currently under review for PAN-
GAEA (https://doi.org/10.1594/PANGAEA.898556, Nomokonova
and Ebell, 2019). Topography data in Fig. 1 are provided by Amante
and Eakins (2009) (panel a) and the Norwegian Polar Institute
(2014) (panel b). Color maps used in Figs. la, 4a, 7a, and A2a—d
are provided by Crameri (2018).
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IV Observational signatures of mixed-
phase cloud structures revealed
by radar Doppler spectrum skew-
ness

9 Introduction

The first study (Chapter III) found that persistent low-level MPCs (P-MPC) are com-
mon above Ny—Alesund, and that cloud properties are impacted by wind conditions and
thermodynamical surface coupling. However, the differences between the different cloud
categories are exceeded by the variability within the categories. For example, the LWP
was on average higher for coupled than decoupled P-MPC, but the values span a similar
range and other processes than surface coupling need to be considered for explaining the
LWP for any specific cloud case. The analyses in the first study show that while the local
and synoptic scale forcing impact the clouds, they are not sufficient to fully explain the
observed variability in cloud properties and the evolution of the P-MPC. Furthermore, the
mechanisms by which the environmental conditions modify the clouds were not examined.
To address these questions a more detailed look into the processes within the cloud is
required. This conclusions is also widely supported by the literature (Sect. 2.2). While
the thermodynamic conditions are considered important, the central role of microphysical
processes to steer the cloud life cycle is also recognized. It is therefore worth considering
how the highly resolved Doppler radar data could be further utilized. The second study of
the thesis focuses on the use of the cloud radar Doppler spectra for the research of Arctic
MPCs.

There is an ongoing need for improved numerical representation of mixed-phase cloud
processes (Sect. 2). To this end, observational datasets are required to evaluate model
parameterizations. Vertically resolved and continuously operated remote sensing instru-
ments can provide valuable information on cloud properties under variable atmospheric
conditions, but lack the detailed description of hydrometeors (e.g. particle size distribu-
tion, ice crystal shape) that in situ observations can provide. The use of remote sensing
datasets for model evaluation is challenging because it is often not possible to unambigu-
ously attribute the measurements to exact process rates. However, certain features in
the observed parameters can be indicative of specific processes, sometimes referred to as
observational “fingerprints”, and thereby provide constraints for model parameterizations.
Previous studies have shown that microphysical processes such as drizzle formation rim-
ing, aggregation, and secondary ice production can be identified by a detailed analysis of
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radar Doppler spectra (Giangrande et al., 2016, Kalesse et al., 2016a, Kollias et al., 2011a,
Rambukkange et al., 2011, Zawadzki et al., 2001). Particularly in warm clouds, parame-
ters derived from the cloud radar Doppler spectra have proven useful for the evaluation of
model parameterizations (Acquistapace, 2017, Rémillard et al., 2017). Because of a larger
variability in hydrometeor populations and possible processes, observational fingerprints
in cloud radar Doppler spectra are less well characterized for mixed-phase clouds.

The use of the lower moments of the radar Doppler spectra is commonplace in studies
on Arctic mixed-phase clouds where a vertically pointing millimeter wavelength cloud radar
(MMCR) is available. The lower moments of the Doppler spectra, taken here to refer to
reflectivity (Z.), mean Doppler velocity (V;,), and Doppler spectrum width (o), provide
key information about the occurrence and properties of hydrometeors. Specifically, the
spectrum width has been used as an indicator for mixed-phase conditions (Shupe, 2007).
Because the supercooled liquid droplets have a terminal fall velocity of 0ms~! while ice
particles fall at 0.3-1ms™!, the presence of both liquid and ice in the radar measuring
volume increases the spectrum width. Several studies have used mean profiles of the lower
moments to study the effects of thermodynamical conditions on Arctic MPCs (Qiu et al.,
2018, Sedlar et al., 2012, Sedlar and Tjernstrom, 2009, Sotiropoulou et al., 2014, 2016).
These parameters are also used to inform model set-up and to evaluate model performance
(Marsham et al., 2006, Norgren et al., 2018, Schemann and Ebell, 2020). Furthermore,
the radar parameters can be used to retrieve microphysical properties such as liquid and
ice water content and effective radii as well as eddy dissipation rate, although some of the
techniques are only applicable for single-phase conditions (Shupe et al., 2012, 2015, 2008c,
and references therein). In certain situations also microphysical processes can be detected
from the lower moments, for example the increase in V,, in a layer containing liquid is
indicative of riming (Kalesse et al., 2016a, Zawadzki et al., 2001). Only occasionally higher
moments or further parameters derived from the Doppler spectra (e.g. number of peaks,
left and right slope) are used in studies about mixed-phase clouds. This introduction
covers the literature on radar Doppler spectra based techniques that go beyond the lower
moments, with a focus on mixed-phase clouds but not limited to the Arctic.

Owing to the importance of phase-partitioning to radiative properties and the devel-
opment of the cloud (Sect. 2.2) and the importance of detecting supercooled liquid for
aviation safety (Wang et al., 2017), several studies have focused on using the Doppler
spectra to determine hydrometeor phase and to detect super-cooled liquid in mixed-phase
clouds. Because ceilometer and lidar attenuate by an optical depth of about 3, a reliable
phase detection from cloud radar that can be applied to deep multi-layered clouds is desir-
able. Luke and Kollias (2007) used a range of parameters describing the Doppler spectrum
(e.g. the moments, minimum and maximum detected velocity, left and right slope) to
train a neural network for hydrometeor phase classification. Riihimaki et al. (2017) used
k-means clustering of a set of spectral parameters for hydrometeor phase classification, and
state that the variables most effective in detecting mixed-phase volumes where spectrum
width, left slope and right slope. Recently, Silber et al. (2019a) showed that there are
considerable limitations in accurately detecting super-cooled liquid with bulk-parameters
such as the Doppler spectrum width. Luke et al. (2010) showed that by identifying peaks
in the Doppler spectrum it is possible to detect the presence of super-cooled liquid in cloud
regions where lidar and ceilometer cannot penetrate. Increasingly sophisticated methods
to identify different peaks in the Doppler spectrum are carried out to facilitate phase clas-
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sification as well as process studies (Kalesse et al., 2019, Melchionna et al., 2008, Radenz
et al., 2019).

The identification of the liquid peak in the Doppler spectra opens further possibilities
for retrieving cloud and atmospheric parameters. Decomposing the spectra to different
vertically consistent modes allows the determination of reflectivity and mean Doppler ve-
locity profiles for liquid and ice phase separately (Rambukkange et al., 2011, Shupe et al.,
2004, Yu et al., 2014). Having obtained the Ze related to super-cooled liquid allows the
application of retrievals for liquid water content and droplet effective radius (Shupe et al.,
2004, Verlinde et al., 2007). Furthermore, cloud droplets can be used as tracers for air mo-
tions due to their negligible terminal velocity (Gossard, 1994, Kollias et al., 2001, Shupe
et al., 2004). Identifying the liquid peak and associated Doppler velocity can therefore
be used to estimate vertical motions and allows for the correction of ice particle Doppler
velocities with air motions to get better estimates of the fall velocities (Shupe et al., 2004,
Yu et al., 2014). In a more simple approach, the vertical motions can also be estimated
from the slow falling edge of the spectra (Shupe et al., 2008a,b, Sokol et al., 2018, Zheng
et al., 2017).

Already Zawadzki et al. (2001) suggested that the detailed consideration of Doppler
spectrum profiles shows indicators of riming and secondary ice production in a deep strat-
iform cloud, although the X-band radar used in their study was not able to detect the
super-cooled droplets. Later Rambukkange et al. (2011) and Giangrande et al. (2016)
found corresponding structures in MMCR Doppler spectra, where also the super-cooled
droplets were identifiable. In these studies ice falling into a layer of super-cooled liquid
was found to increase in fall velocity, and within the liquid layer a new mode appeared in
the Doppler spectra. Given the thermodynamic conditions were favorable (Rambukkange
et al., 2011), and supported by air craft in situ and surface disdrometer observations (Gian-
grande et al., 2016), the new mode was attributed to new ice via rime-splintering, and the
increase in fall velocity of the background ice to be due to riming. Kalesse et al. (2016a)
further explored the use of such observational fingerprints of riming to constrain the rim-
ing process in a 1-D bin microphysical model. Verlinde et al. (2013) studied in detail an
Arctic multi-layered mixed-phase cloud using Doppler spectra supported by aircraft in situ
observations, and was additionally able to identify drizzle in the spectra. Verlinde et al.
(2013) and Giangrande et al. (2016) demonstrate how aircraft observations can be used to
guide the interpretation of the Doppler spectra, which then can be applied to describe the
studied cloud system spatially and temporally beyond the very limited aircraft sampling.
Another approach to support the interpretation of the features in the MMCR Doppler
spectra is to combine it with a polarimetric radar. Oue et al. (2016), Oue et al. (2018)
and Vogel and Fabry (2018) showed that this way additional insights to the riming pro-
cess could be found. These examples of finding signatures of microphysical processes in a
detailed analysis of single frequency non-polarimetric radar Doppler spectra are all from
multi-layered clouds, and only a few (namely Kalesse et al., 2016a, Oue et al., 2016, 2018,
Verlinde et al., 2013) are from the Arctic.

In the presence of hydrometeors with varying terminal velocity, the skewness of the
Doppler spectrum gives an indication whether the spectral reflectivity is dominated by the
slower or faster falling hydrometeors (Luke and Kollias, 2013). Note, that the skewness
referred to in this work is the skewness of the cloud radar Doppler spectra and not the
skewness of the vertical wind distribution. The Doppler spectrum skewness has been
found to be a useful parameter to study drizzle onset (Acquistapace et al., 2019, Kollias
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et al., 2011b) and for retrieving microphysical parameters in ice clouds (Maahn et al., 2015,
Maahn and Lohnert, 2017). The skewness-Z, relationship in warm drizzling clouds is found
so robust it has even been suggested as a potential method for radar calibration (Maahn
et al., 2019). Also Kalesse et al. (2016a) presented the skewness of the super-cooled liquid
mode to infer the presence of drizzle in the mixed-phase cloud in question. The skewness of
the Doppler spectrum has the advantage that it is insensitive to absolute radar calibration
or attenuation, but requires a careful processing of the data (Luke and Kollias, 2013,
Williams et al., 2018). So far skewness has not had a correspondingly important role in
the study of mixed-phase clouds as in the other cloud regimes mentioned. Some phasge-
classification algorithms utilize skewness (Luke and Kollias, 2007), although Riihimaki
et al. (2017) and Silber et al. (2019a) state that the spectrum width and the left and right
slope are the parameters contributing most to the mixed-phase detection. Giangrande
et al. (2016) found that the part of the cloud where considerable riming and secondary ice
production was identified was characterized by a strong negative skewness (defined as +
up, see Fig.1lc and 9b in Giangrande et al., 2016). Kalesse et al. (2016b) showed a time-
height plot for skewness in a low-level stratiform MPC in the Arctic (Fig. 5h in Kalesse
et al., 2016b). At cloud top, skewness indicates that cloud droplets are dominating the
Doppler spectra, below which skewness changes sign when the ice starts to dominate. In
the precipitating ice below the cloud a range of skewness values from zero to negative to
positive are observed over the 1.5 day period the cloud was present above the site. Studies
utilizing skewness in a statistical sense beyond individual case studies, such has been done
with drizzle in warm clouds, are currently lacking for the mixed-phase cloud regime.

For Arctic low-level stratiform mixed-phase clouds the MMCR, Doppler spectra beyond
the lower moments has mainly been utilized as a tool for separating liquid and ice Z, and
Vin (e.g. Shupe et al., 2008c). The retrieval of vertical motions facilitated key findings
for the way cloud scale dynamics modulate the amount of supercooled liquid and ice in
the cloud (Shupe et al., 2008a), and the interaction of the cloud with the boundary layer
(Shupe et al., 2013). Kalesse et al. (2016b) presented a skewness time series for this cloud
regime and interpreted it in agreement with other observation and modeled conditions,
but did not analyze the skewness further. The utilization of skewness is challenging in
mixed-phase clouds due to the possibility of multiple co-existing hydrometeor populations
and different combinations that may lead to similar signatures in the Doppler spectra (Oue
et al., 2018). However, given the success of using skewness in combination with other radar
parameters for studying warm rain processes, it is worth considering the possibilities of
skewness for investigating MPCs. Furthermore, very few measurement techniques exist
that can observe the interplay between supercooled liquid and ice, and any approaches
that can probe the development of mixed-phase cloud volumes have the potential to be
beneficial.

This second study of the dissertation explores the possibility of using cloud radar
Doppler spectrum skewness for studying microphysical processes in the cloud top liquid
layer of the persistent low-level mixed-phase clouds (P-MPC). Due to the strong size de-
pendency of Z., skewness could provide insights to the growth of ice particles and the early
stages of precipitation formation. In the right conditions skewness could also indicate if
supercooled liquid or ice dominate the radar signal, as described by Kalesse et al. (2016b).
The P-MPC are identified following the criteria described in Sect. 8, but a longer time
series is included here as more radar data (Sect. 4.1) has become available since the con-
clusion of the first study. Data collected from 10 June 2016 to 8 October 2018 and 14 June
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2019 to 31 December 2019 are analyzed. Furthermore, only profiles that are mixed-phase
according to Cloudnet are considered, and for each P-MPC case a combined minimum of
10 minute (20 Cloudnet profiles) of mixed-phase profiles was required. This is of course
limited to the ability to Cloudnet to correctly identify supercooled liquid and ice, which
has known limitations (Sect. 5), but including profiles that a priori are not expected to
include mixed-phase clouds to analyze mixed-phase conditions would be counterproduc-
tive. A cloud with a single liquid layer is the most basic kind of MPC, and a good starting
point for developing the basis of exploiting skewness in MPCs in general. Furthermore,
the analysis of the Doppler spectra is predominantly focused on cases where supercooled
liquid is producing an identifiable radar signal. First, additional processing of the Doppler
spectrum data was carried out (Sect. 10). Sect. 11 focuses on building an understanding of
the radar Doppler spectra and its moments in P-MPCs to develop a conceptual model of
Doppler spectrum skewness in the liquid containing layer. Selected case studies are inves-
tigated, and key assumptions and challenges are discussed. In Sect. 12 skewness profiles
with a distinct layered structure are analyzed in more detail. An algorithm to detect the
feature, and its commonality and the connections with other cloud properties are inves-
tigated. In Sect. 13 possible ways forward are discussed. The summary and conclusions
(Sect. 14) close the chapter.

10 Additional processing of the radar Doppler spectra

The instruments, measurement set-up, data processing and quality control have been de-
scribed in Chapter II. Specifically for this study, additional processing steps for the radar
Doppler spectra were applied and are briefly described here.

As in any observational data, also the cloud radar Doppler spectrum contains random
noise. Given an adequate signal-to-noise ratio, this does not impose considerable issues for
the integrated reflectivity (Ze) or mean Doppler velocity (V;,,). However, higher moments
increasingly suffer from noisiness in the data (Lenschow et al., 2000) and the noise interferes
with the analysis of the Doppler spectra. To mitigate these issues, a 5-point moving mean
was applied on the radar power spectra. Significant peaks were identified using the peak
noise level calculated from the unaveraged spectra (see Sect. 4.1). Only peaks with at least
5 consecutive bins above the peak noise level were considered. After identifying the peaks,
the peak edges were set to be the first and last bin where the power was above the peak
noise floor, and the noise was removed. For this study the moments are calculated following
Equations 11-14 including all significant peaks (and not only the strongest peak as was
done for example by Williams et al., 2018, or Kalesse et al., 2016a). Figs. 6a and b show two
examples of Doppler spectra for a MPC observed at Ny-Alesund on 23 November 2016, and
the moments calculated before and after applying the moving mean on the spectra. As can
be expected, the moving mean makes the major features of the spectra more prominent.
The lower moments are not strongly affected, but for the higher moments the difference
can be considerable. Figs. 6¢c and d show a timeseries of skewness (S%) profiles without and
with, respectively, the moving mean applied on the Doppler spectra. The main features of
the skewness field are not altered, but Fig. 6d is overall slightly less cluttered. To further
improve the quality, a 3-by-3 moving mean (+1 range gate and +1 time step) was applied
on the moments timeseries. Fig. 6e shows the example skewness timeseries after this last
step, demonstrating a less noisy skewness signal compared to Fig. 6c.
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Figure 6: Examples for the cloud radar power spectrum (a, b) and skewness time height
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spectra are shown by the black crosses in panel c, a) at 1.41km and b) at 1.18 km.
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Different number of bins for the moving mean of the Doppler spectra were tested. A
very narrow averaging window did not result to considerable improvements in the quality
of the spectra or the moments, where as a broad window led to a loss of features in the
spectra. The value used (5) was chosen as a compromise between these effects. It should be
noted that the treatment used here is only one option, chosen for simplicity, and alternative
techniques are available (Williams et al., 2018).

11 Radar Doppler spectra in low-level mixed-phase clouds

Here, the Doppler spectrum and its moments are investigated through examples of P-
MPC cases observed above Ny-Alesund. In the following, three different P-MPC cases are
considered. The cases are chosen to represent clouds with different characteristics, all of
which fall under the label of “persistent stratiform MPC” at Ny-Alesund. All of the cases
feature a persistent liquid layer at cloud top, but the amount of liquid and precipitation
vary. The Doppler spectra is interpreted with the support of auxiliary data and existing
literature. The first case (Sect. 11.1) is presented in more detail, as it will be returned to
in the next section. The second and third case (Sect. 11.2 and 11.3) will be only shortly
introduced and the focus is plainly on the Doppler spectra. The last part of this section
summarizes the findings of the case studies to build a conceptual understanding of how
the Doppler spectrum skewness (Sy) describes the P-MPC and which processes influence
it. Also key challenges of interpreting Sy are discussed. At the end, assumptions required
for further analysis are stated.

Throughout this section, only low-level MPC with a single liquid layer are considered
and the focus is on the liquid-containing layer at the top of the cloud. All cases selected
are chosen to be free from other clouds above because this makes it possible to attribute
all of the measured LWP to the low-level cloud, and processes such as seeding or radiative
coupling with a cloud above can be excluded. Individual profiles shown in this section are
labeled as A, B, C,... in the order in which they are discussed. The labeling continues
through Sects. 11.1-11.3 to avoid ambiguity.

11.1 5 November 2016: Mixed-phase cloud ideal for investigating the
Doppler spectra

Case overview

The first case considered is a mixed-phase cloud present above Ny-Alesund for the entire
day on the 5 November 2016 (Fig. 7). The previous day deep multi-layered clouds were
observed, which gave way to a low-level cloud shortly after midnight. According to the
Cloudnet classification the low-level cloud was mixed-phase, with a liquid layer at cloud
top and continuous ice precipitation (Fig. 7b). In the early morning, the cloud top height
was close to 1 km and the liquid base around 600 m. During the day the cloud slowly lifted
and the liquid layer became thicker so that by late evening the base of the liquid layer had
reached 1km and cloud top was nearing 2km. No further clouds above the low cloud were
detected before the evening when a mid-level cloud appeared (Fig. 7a,b). Although the
Cloudnet target classification shows a rather steady low-level MPC, inspecting the radar
reflectivity (Z.) and liquid water path (LWP) timeseries reveal considerable variability
(Fig. 7Ta,c). At the beginning of the day Z. was relatively high (at —10dBz) but decreased
quickly. Over most of the day Z. stayed low, with slightly higher values starting from
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Figure 7: Overview of the P-MPC case observed above Ny-Alesund on 5 November 2016.
a) Reflectivity; b) Cloudnet target classification (Sect. 5) and surface coupling detection
developed in Sect. 8. This cloud was classified as predominantly decoupled; ¢) Liquid water
path from HATPRO (Sect. 6.1); d) Cloud top temperature estimated by the Cloudnet
NWP model and HATPRO elevation scan (Sect. 6.3); e) Wind conditions. For 10 m wind
direction both 1min and 30 min mean values are shown. The Circulation Weather Type
(CWT, Sect. 7.1) available every 6 hours is indicated by the background color. The time
of the sounding shown in Fig. 8 is indicated by the black triangle in panel a.
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Figure 8: Thermodynamical profiles from the radiosounding started at 10:52 UTC on
5 November 2016. a) Potential temperature, b) specific humidity, ¢) relative humidity
with respect to liquid (solid line) and ice (dashed line). Half an hour mean potential
temperature from the surface observations is also shown in panel a. The light blue area
indicates the height where Cloudnet identified liquid during the sounding time.

noon and a rapid increase at 17 UTC. Except for the last hours of the case, precipitation
sublimates before reaching the ground. Similarly to Z., LWP was also initially high and
then decreased first to below 100 g m~2 within the first 2 hours and further to almost zero
by 9UTC. In the afternoon LWP starts to increase again together with the deepening
liquid layer and increase in Z.. Although the highest LWP values are beyond the range of
what is typical for the P-MPC at Ny-Alesund, the case mean at 46 g m~2 represents rather
average conditions (Sect. 8).

The cloud was formed within westerly wind (Fig. 7e). The large scale weather con-
ditions consisted of a strong high pressure system over Greenland and low pressure over
Europe. The 12UTC CWT classification (Sect. 7.1) was anticyclonic, probably related to
a small perturbation in the large scale flow (not shown). Until 7UTC the 10 m wind was
steadily from west, aligned with the free-tropospheric wind and following the Kongsfjorden
valley from sea to inland. Within couple of hours the 10 m wind turns first south and then
southeast to be channeled in the opposite direction along the fjord. The conditions present
for the rest of the day are very typical for Ny-Alesund: southeast surface wind underlying
southwest 850 hPa wind.

The sounding at 11 UTC indicates a temperature inversion at cloud top and a well-
mixed layer below the cloud (Fig. 8a). The liquid layer seems to have extended into the
temperature inversion, which would suggest that the very top of the cloud was stably
stratified. However, judging from the relative humidity profile (Fig. 8c) the sonde passed
through the cloud at a location where the liquid layer was particularly thin and the liquid
layer top height from Cloudnet might be overestimated in Fig. 8. The potential tem-
perature profile indicates a weak surface based inversion. The method to continuously
evaluate surface coupling developed in the first study (Sect. 8) indicates that the cloud
was mostly decoupled with some profiles classified as coupled between 6 and 9:30 UTC
(Fig. 7b). Correspondingly, the cloud case is classified as predominantly decoupled. The
sounding profile, taken shortly after the coupled profiles were detected, indicates that the

63



11. RADAR DOPPLER SPECTRA IN LOW-LEVEL MIXED-PHASE CLOUDS

mixing layer reached from the cloud almost to the surface and also the temperature in-
version presented by surface observations (2 and 10m temperature) was weak (Fig. 8a),
which support the weak decoupling classification. The instances of surface coupling oc-
curred simultaneously as the wind conditions were changing (Fig. 7b,e), which could be
related. The southeasterly surface wind present from 10 UTC onwards might have acted
to stabilize the surface layer and strengthen the decoupling of the cloud (see Sect. 8 for
a detailed discussion). Unfortunately no further soundings were performed on this day to
confirm the development of the coupling state.

The surface based inversion suggests that the turbulence in the mixing layer was driven
by the cloud or forced mechanically. Radiative cooling at cloud top may generate negative
buoyancy and by that turbulent kinetic energy (Shupe et al., 2013). During the day the
cloud top temperature was gradually decreasing (Fig. 7d), although it should be remem-
bered that neither of the methods used to estimate cloud top temperature have a better
accuracy than 1 —2K (Sect. 6.3). The temperature decrease present in the NWP model
timeseries could also be due to the rising cloud top. As no other cloud was present above
the low-level MPC for most of the day and the data does suggest a decrease in cloud top
temperature, it is plausible that sufficient radiative cooling at cloud top took place to drive
mixing in the sub-cloud layer. Additionally, in the afternoon wind shear was present, as
the surface wind direction deviated strongly from that in the free-troposphere (Fig. 7e).
This wind shear might have been another source of turbulence. However, to draw defi-
nite conclusions about the dominating mechanisms or how turbulence intensity developed
during the day would require further analysis.

The absolute humidity above the cloud was low at the time of the sounding (<0.5 gm™3;
Fig. 8b), indicating that the free troposphere did not provide a source of humidity for the
cloud. Since the cloud was also mostly decoupled from the surface, the cloud probably
did not have a sufficient source of humidity to compensate for the continuous sink via
precipitation, thus causing the decrease in LWP during the first half of the day. The
relative humidity profile shows that the layer saturated with respect to ice did not extend
far below the liquid layer (Fig. 8b), explaining the sublimation of precipitation indicated
by the radar measurements (Fig. 7a). The sublimation of precipitation together with the
turbulent layer extending below the cloud might have allowed for recycling of humidity and
thus enabling the cloud to persist despite the continuous precipitation and lack of humidity
sources (Solomon et al., 2014, 2011). In the evening the cloud gets thicker and a mid-level
cloud appears, suggesting a change in atmospheric conditions. The integrated water vapor
(IWV) starts to increase from 15 UTC onwards, and the sounding made the next day shows
higher absolute humidity (> 1gm™3) near the top of the low-level cloud (not shown). The
presence of a humidity source from the free-troposphere provides a possible explanation
for the strong increase in the LWP, Z., and the thickness of the cloud after 17 UTC.

Overall, the low-level cloud above Ny-Alesund on the 5 November 2016 exhibits many of
the typical characteristics of an Arctic MPC repeatedly observed at other sites (Sect. 2.2):
A thin but persistent super-cooled liquid layer producing continuous precipitation, a strong
temperature inversion at cloud top and a turbulent layer driven (at least to some extent) by
cloud top radiative cooling. At the time of the sounding no humidity inversion near cloud
top was found, but it is possible that one emerged later during the day. The cloud exhibits
a noteworthy persistency despite the changing wind and thermodynamic conditions, a
defining feature for these kind of clouds.
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Figure 9: FExcerpt of the P-MPC case on 5 November 2016. a) Ceilometer attenuated
backscatter and radar moments: b) reflectivity, ¢) mean Doppler velocity, d) Doppler
spectrum width, and e) skewness. The black dots indicate the liquid base height retrieved
by Cloudnet (Sect. 5). The dashed vertical lines show the times for which profiles are
shown in Figs. 10 —14, corresponding to labels A-C.
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Radar observations

To identify detailed structures in the radar Doppler spectra and the moments in the
5 November 2016 P-MPC case, a shorter example time period in the early morning is shown
in Fig. 9. The ceilometer shows a strong backscatter between 800 m and 1.1km, above
which the signal disappears (Fig. 9a). The strong gradient in the attenuated backscatter
(8") around 800 m indicates the base of a liquid layer, which is well retrieved by the Cloud-
net algorithm (indicated by black dots in Fig. 9). The initial strong increase in backscatter
is quickly reduced again as the ceilometer signal gets attenuated and diminishes before
reaching cloud top. Below the liquid base ('-values are small, as the ceilometer is less
sensitive to the low number of large precipitating particles. The layer containing liquid
likely spans from the liquid base, indicated by the ceilometer, to cloud top. Due to the cold
temperature (Fig. 7d), Cloudnet assumes that the precipitation was ice. For simplicity,
the layer between the ceilometer detected liquid base and cloud top is referred to as the
mixed-phase layer (MPL), as both phases are expected within the layer even if it is not
certain that they are found in every part of it.

The ceilometer time series looks very steady, while the radar parameters are variable
and show many structures in the cloud. Within the MPL, Z, varied from -30 to -15dBz
in the half an hour period presented in Fig. 9. Variation in Z, is caused by the changing
number and size of droplets and ice particles, although attributing the measured Z. to
specific values of these parameters in mixed-phase volumes is not trivial (Shupe et al.,
2008c). The mean Doppler velocity (V;,,) is a superposition of the terminal fall velocity of
the hydrometeors and the vertical air motions, neither of which can be directly inferred
from the timeseries in Fig. 9b. However, knowing that hydrometeors always fall downwards,
any Vi, that is upwards has to be related to an updraft. More upwards Doppler velocities
were present in the upper parts of the MPL, and below the liquid base a more consistently
downwards V,,, was observed. In the upper part of the MPL the ice particles are likely to
have been relatively small and thus having less of an impact on V,,,. The V,,, was therefore
closer to the Doppler velocity of the liquid droplets, which can be assumed to be tracers
for air motions (Shupe et al., 2004). Below the liquid base V,,, was heavily influenced by
the fall velocity of the precipitating particles. The evaluation of V,, in the upper part
of the MPL suggests narrow strong downdrafts and broader updraft regions, as would be
expected for a cloud top driven mixing layer. The Doppler spectrum width (o) had the
highest values in the first half of the investigated period, reaching up to 0.8 ms~!. In most
profiles o was larger in the lower parts or middle of the MPL, indicating mixed-phase or
heavily turbulent cloud volumes. Skewness (Si) shows some interesting features within
the MPL. For most of the time a layered structure was present with a region of strongly
negative Si above the liquid base followed by a layer with strongly positive S,. At the very
top of the cloud S was often close to zero. Below the liquid base S; was mostly negative,
but the features were less strong and more patchy compared to those within the MPL.

Doppler spectra

To be able to interpret the radar moments, the Doppler spectrum across one profile (i. e.
a spectograph) at 7:09:57 UTC is shown in Fig. 10f. At this instance, the liquid base is
identified at 773m and LWP was about 70 gm™2. The spectograph features two distinct
modes in the MPL, one only present in the MPL and increasing with height and another
one appearing 100 m below cloud top, growing with decreasing height and continuing be-
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Figure 10: Spectograph measured at 07:09:57 UTC on 5 November 2016 (profile A in
Fig. 9) in f), and Doppler spectra at selected heights in a)-e). For each spectra in a)-e) the
momnients corresponding to the spectra are given, and the height of the spectra are shown
by black lines in f). The red dashed lines indicate the liquid base and cloud top as given
by Cloudnet, where the liquid base height is derived from the ceilometer and cloud top
is defined here as the edge between the last bin with detected hydrometer and the above
empty bin. The black dashed line in f) shows where the spectra is split for evaluating the
cloud and precipitation mode separately in Fig. 11 (see text for details).

low the liquid base. Here, everything below liquid base is considered precipitation, and
the mode related to precipitation will generally be referred to as the precipitation mode.
Considering the clearly sub-zero temperature near cloud top where the precipitation is
formed (Figs. 7d), the precipitation is likely to be ice. It seems that ice is initiated rather
close to cloud top and grows towards cloud base eventually falling out as precipitation,
in agreement with previous observational and model based studies of Arctic MPCs (Sec-
tion 2.2). Above the liquid base, another mode is present in the spectra. The second,
smaller mode has a lower fall velocity than the precipitation mode. Because of the lower
fall velocity and the increase towards cloud top, the second mode is very likely to be asso-
ciated with cloud droplets. This assumption is supported by the ceilometer’s detection of
liquid base close to the altitude where the mode appears in the spectra. Also the MWR
measurements indicate the presence of 70 g m~? liquid somewhere in the column, and since
no other cloud is detected above the low-level cloud this liquid is most likely located within
the MPL. The two modes present in the spectograph can therefore be considered to relate
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to super-cooled liquid droplets (the cloud mode) and ice generated in the MPL and falling
out (the precipitation mode).

To understand how the different features of spectra relate to the moments, Fig. 10
also includes Doppler spectra at selected heights together with the moments calculated for
each spectrum. At cloud top (Fig. 10a), the Doppler spectrum presents one mode with
moderate reflectivity, a rather small spectrum width, and skewness close to zero. Moving
130 m lower (Fig. 10b), the precipitation mode has additionally appeared in the spectrum,
increasing the reflectivity and spectrum width somewhat and turning the skewness strongly
positive. The Doppler spectrum is clearly asymmetric with the slower falling cloud mode
dominating, which corresponds to a positive skewness when + is defined down towards the
radar (Sect. 4.1). In the middle of the cloud (Fig. 10c) both modes are of similar size so
that skewness is small while spectrum width has further increased. Moving further down
to about 80m above the liquid base (Fig. 10d), the spectra has again become strongly
asyminetric, this time with the precipitation mode dominating and hence negative skew-
ness. The spectrum width remains sizable. As the precipitation mode increases while the
cloud mode shrinks from cloud top to liquid base, there is no considerable change in the
total reflectivity from 1012m to 852m (Fig. 10b—d). In the precipitation below the liquid
base, the Doppler spectra presents one mode with a moderate reflectivity and spectrum
width, and skewness close to zero (Fig. 10e). The impact of vertical air motions shifting
the Doppler velocity is particularly clear in the zig-zag pattern in the spectograph above
900 m, which makes it difficult to interpret the mean Doppler velocity across the profile.

The two modes in Fig. 10f are so distinct, it is trivial to separate them and consider
the reflectivity and mean Doppler velocity of each mode separately. The spectra in the
bins where both modes are present was split at the most prominent minimum between
the two peaks, or simply at the gap if such is present (black dashed line in Fig. 10f).
After separating the spectra, Z. and V,,, for each mode were calculated and are shown in
Fig. 11a—b. The mean Doppler velocity of the cloud mode can now be used to evaluate
the vertical motions in the MPL (assuming the cloud droplets act as a tracer for vertical
air motions following Shupe et al., 2004). Within the one profile, both up- and downwards
motions are present as the vertical wind varies from —0.68ms™! to 0.43ms~! (Fig. 11b).
Such variation in vertical motions with height can be explained by the presence of rather
small eddies, the occurrence of which agrees with the turbulent nature of the cloud layer.
Further, it is possible to subtract the vertical air motions from the mean Doppler velocity of
the precipitation mode, resulting to a profile of precipitation fall velocity in the layer where
the cloud mode is present (Fig. 11b). When the precipitation mode first appears, it has a
fall velocity of 0.56 ms~!. The fall velocity gradually increases towards liquid base, where
it reaches 1.1 ms~!. The relative low reflectivity of the precipitation mode (below -20 dBz)
suggests light snowfall, which is not unusual for this type of clouds (Morrison et al., 2012).
Z. values between -25 and -20dBz are close to the medians of Z.-distributions within
the MPL reported at other sites (see for example Qiu et al., 2018, Sedlar et al., 2012,
Sotiropoulou et al., 2014).

The joint increase of Z. and V,, of the precipitation mode suggests the ice particles
were gradually growing while falling through the MPL. The temperature near cloud top was
about -10 °C at the time of the profile (Fig. 7d), which corresponds to plate-like ice crystal
habits (Pruppacher and Klett, 1997). The fall velocity was in a range common for pristine
ice crystals and small aggregates and graupel (Barthazy and Schefold, 2006, Brandes et al.,
2008). The precipitation mode also becomes broader with decreasing height, reaching a
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Figure 11: Moments corresponding to spectograph in Fig. 10 (profile A). For reflectivity
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a) LWC and b) IWC calculated based on cloud and precipitation mode Z,
profiles, respectively, shown in Fig. 11a. For the IWC retrieval the temperature from the
sounding at 10:52 UTC (Fig. 8) was used.
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spectrum width of 0.3ms™! at the liquid base (Fig. 10, Fig. 11c). Aggregation, riming
and splintering all may broaden the Doppler spectrum (Barrett et al., 2019, Giangrande
et al., 2016, Kneifel et al., 2016), but so does also the increase in turbulence or wind shear
(Shupe et al., 2008b). The repeatedly occurring negative skewness below the liquid base
(Fig. 9¢) suggests that in the precipitation a tail of slower falling particles occur, and
hence the presence of multiple ice habits. However, the Doppler spectra do not represent
features distinct enough to determine which processes might have taken place, other than
the general increase in size within the MPL indicated by the increase in reflectivity and
fall velocity.

The inspection of Figs. 10-11 leads to an interpretation of skewness within the mixed-
phase layer. At cloud top, only the cloud mode was present and skewness is close to zero.
If any ice was present above 1.04km, it was below the detection limit of the radar. The
skewness becomes positive when the second mode appears in the spectra, and remains
positive as long as the cloud mode has a higher reflectivity and thus dominates the signal
(Fig. 11a,d). The change from positive to negative skewness indicates a change in the
dominating mode. At 900 —930m height the Z. of the two modes is approximately equal
and skewness is close to zero. In the lower parts of the MPL skewness is negative as the
faster falling precipitation mode dominates the signal. In the example shown in Fig. 11
skewness becomes rather close to zero at liquid base. This, as already discussed, was not
always the case (Fig. 9¢). Note, that the dominating mode (Fig. 11e) in the MPL is defined
in terms of radar reflectivity and not the particle mass or number concentration.

To relate the skewness profile to hydrometeor mass and partitioning between the phases,
the liquid and ice water content (LWC and IWC, respectively) profiles are calculated based
on the reflectivity of each mode (Fig. 11a) using the retrievals given in Sects. 6.2. For the
IWC retrieval the temperature profile from the sounding at 10:52 UTC (Fig. 8) was used.
The application of the retrievals in this manner requires that the Z,,ccip and Zgouq have
been obtained, and might therefore not be possible for other profiles. The LWC exhibits
a quasi-adiabatic profile (Fig. 12a), and the values are close to the average LWC reported
from aircraft in situ observations by Mioche et al. (2017) for MPCs in the Svalbard region.
The IWC increases towards liquid base, where it reaches its maximum value and then
slowly decreases again (Fig. 12b). The IWC is on the low end of the IWC values reported
by Mioche et al. (2017) but not out of range, and similarly low IWC have been reported
on other Arctic sites (De Boer et al., 2009). The profile is also from a time when Z. was
rather low (Fig. 7) and estimating IWC later during the day would result to higher values.
It is also worth mentioning that the IWC-retrieval by Hogan et al. (2006) was developed
for thick mid-latitude frontal clouds and might not perform as well for a thin Arctic cloud.
The MPL was heavily liquid dominated. LWC was an order of magnitude higher than
the IWC although the reflectivities of the cloud and precipitation mode were comparable.
This demonstrates the strong dependency of radar reflectivity on particle size (Z, oc DY,
see Sect. 4.1): the same mass distributed over a low number of larger particles causes
a higher Z. than when spread over a large number of small particles. Furthermore, ice
particles have a lower density than liquid droplets. The high liquid fraction (ratio of liquid
to total condensed water) is common for low-level MPC in the Arctic (De Boer et al., 2009,
Mioche et al., 2017, Shupe et al., 2008c), and in terms of the LWC and IWC profiles the
5 November 2016 case does not present anything unusual.

In Fig. 11 the values calculated from the spectograph presented and after applying
the 3-by-3 moving mean (Sect. 10) are shown for the o and Sy the profiles. The values
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Figure 13: Spectograph measured at 07:27:34 UTC on 5 November 2016 (profile B in
Fig. 9) and associated moments. a) as Fig. 10f, b)-d) as Fig. 11.

calculated for the particular spectra presented are shown to facilitate the understanding
of how the specific spectra correspond to the values of the moments. The noisiness of the
parameters is evident in the profiles and demonstrate the need for additional smoothing
to facilitate further analysis of the data.

Another example profile from the same case is shown in Fig. 13. Similarly to the first
spectograph presented in Fig. 10f, in Fig. 13a two distinct modes are present. The cloud
mode becomes clearly distinguishable from the precipitation mode only 60 m above the
ceilometer detected liquid base. Although the spectra cannot be neatly separated to two
modes in the lowest part of the MPL, the cloud mode is still visible in the spectograph
and causes a negative skewness (Fig. 13d). Compared to the spectograph in Fig. 10f, in
Fig. 13a the precipitation mode appears closer to cloud top, and starts to dominate higher
up in the MPL (Fig. 13a, b). Correspondingly, the layer of positive skewness has moved
upwards and is shallower. Overall, the skewness profile follows the reflectivities of the cloud
and precipitation modes as described above: a positive skewness in the layer where the
cloud mode dominates (1 —1.08 km), zero skewness at the height where the reflectivities of
each mode are equal (0.99 km), and negative skewness in the precipitation mode dominated
layer (0.77 —0.99 km). The reflectivity of the precipitation mode in Fig. 13b does not show
a monotonic increase with decreasing height, but instead decreases from 900 m downwards
and has a kink at 730m. The most likely explanation for this peculiar behavior is the
nature of the measurement: the radar observation is a snapshot of a dynamic 3-dimensional
structure observed in an FKulerian framework, and even though it is common to interpret a
radar profile as presenting a continuous development in the hydrometeor population, this
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Figure 14: As Fig. 13 for 7:14:29 UTC on 5 November 2016 (profile C in Fig. 9).

is in reality not the case. Returning to the timeseries in Fig. 9, some structures appear
slanted as the cloud is advected above the observatory and the horizontal wind pushes the
falling hydrometeors. Few studies have suggested evaluating the spectra along fall streaks
(Kalesse et al., 2016a, Pfitzenmaier et al., 2017), however, this approach does not provide
an all-conclusive solution for the problem. The measurement technique only gives a partial
picture of the development of the cloud, and this limitation needs to be kept in mind when
interpreting the results. With a statistical approach that compiles long term measurements
it is assumed that clouds are sampled at different parts and development stages of the cloud
regime in question, thus producing a representative distribution of cloud parameters.

The last spectograph considered was measured at 07:14:59 (Fig. 14). Two modes can
be identified in the spectograph but for most of the profile it is not trivial to separate them.
Here decomposing the spectra would require more sophisticated approaches and it is not
necessarily possible in all bins. Although it is not possible to quantitatively determine the
mode with larger Z., the visual inspection of Fig. 14a suggests that the skewness is still
reflecting the dominating mode of the spectra as described before. Moreover, the individual
modes in Fig. 14a appear broader compared to the two previous spectographs (Figs. 10f,
13a). Also the width of the complete spectrum is larger (Fig. 11c, 13a, 14b). The Doppler
spectrum width is influenced by microphysical properties (e.g. the presence of multiple
hydrometeor habits) and dynamical conditions (Sec. 4.1). In mixed-phase volumes larger
o is expected, and Figs. 10-14 show that o was generally larger (> 0.3 ms™!) when multiple
modes were present in the spectograph. In Fig. 14 turbulence is likely to cause broadening
of the spectra. Particularly at 1-1.1 km both modes are similarly affected, which suggests a
dynamic rather than microphysical cause for the increased spectrum width. Hence, it seems
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Figure 15: Overview of the clouds observed above Ny-Alesund on 14-17 October 2019.
a) Reflectivity; b) Cloudnet target classification; c¢) Liquid water path. The dates on
the x-axis are placed at midnight and indicate the start of the corresponding day. Note
the different LWP and Z. scales compared to Fig. 7. The gap in the radar data on the

16 October was due to connection issues between the instrument and the measurement
PC.

that the largest spectrum width corresponds to spectra with multiple modes combined with
higher levels of turbulence. The larger ¢ in the lower parts of the MPL that was seen in
Fig. 9d is caused by the mixed-phase conditions (broad bimodal spectra). The larger o in
the first half of the time period could be attributed to more turbulence at this time.

11.2 17 October 2019: Mixed-phase cloud with less well defined Doppler
spectra

Since the morning of 14 October 2019 until the afternoon of 17 October there was an almost
continuous low cloud cover over Ny-Alesund (Fig. 15). On few occasions above 6 km barely
detectable cirrus clouds occurred. In the morning of 17 October a mid-level cloud appeared,
which descended during the day reaching near the ground by the evening. During 14-17
October the low-level cloud was changing a lot. At times it was deeper and contained
multiple liquid layers while on some occasions no liquid was measured (Fig. 15b,c). At the
end of 16 October the cloud becomes a steadily liquid topped MPC for several hours. Due
to the variability in cloud structure the entire time period when the low-level cloud was
present was not classified as a P-MPC (for criteria see Sect. 3.1 in Gierens et al., 2020,
provided in Sect. 8). The details of the evolution of the cloud would require a lengthy
discussion that is beside the focus of this study. I will therefore limit the analysis in this
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section to the first hours of 17 October to investigate the radar Doppler spectra of the
mixed-phase layer in a time period that was relatively steady.

Fig. 16 shows a 20 min period of radar moments and ceilometer backscatter shortly after
midnight on the 17 October 2019. Compared to the case of 5 November 2016 described in
the previous section (Fig. 9), the cloud in Fig. 16 exhibits clearly higher Z, and less strong
skewness features. The heavier precipitation is also visible in the ceilometer attenuated
backscatter as higher values below the liquid base, but the liquid base is still clearly
identifiable as a sharp increase in ' (Fig. 16a). The reason for the smaller absolute values of
Sk becomes clear when investigating the spectograph at 01:50:42 (Fig. 17). On 5 November
2016 most spectographs exhibited two clearly separated modes (Fig. 10f, 13a, 14a), while
in this case the spectra is more ambiguous. Between 1.2 and 1.4 km the spectra seems to
represent two modes merged together (Figs. 17¢ and d) but the distinction is not nearly as
clear as it was in the previous case. The skewness does not reach as large absolute values
since the spectra are less asymmetric (Fig. 17h). However, although the decomposition of
the spectra to evaluate Z, for the cloud and precipitation mode separately is not easily
done here, the skewness is still providing an indication about the balance between the
two modes. At the very top, only few radar bins appear to have a single mode and Sk
close to zero. The very top-most bins in Fig. 17 show a positive skewness, but this should
be interpreted carefully because at the edge of the cloud partial beam filling may distort
the measurement. The difference between the instant and averaged Sy, profiles (black and
light purple lines in Fig. 17g) suggests that Sy in the topmost 100m of the cloud varied
considerably, but on average the skewness at cloud top was zero. When the second mode
appears in the spectograph, skewness is positive for a few bins. In 100 m from cloud top,
skewness has turned negative with the precipitation mode dominating the signal and the
cloud mode being barely detectable as a additional mode on the slow edge of the spectra.

Why do the spectra in this second case not exhibit the same clear bimodality as in the
first case? At the time of the spectograph the LWP was 95 gm ™2, which is higher than the
LWP corresponding to any of the spectographs presented in the previous section (Figs. 10-
14). The Z, associated with the cloud mode near cloud top was —20 dBz (Fig. 17a), which is
similar to the Z, in this region shown in Figs. 11a, 13b, and 14b. The difficulty of detecting
the cloud mode in the spectra can therefore not be explained by a too low reflectivity of
the cloud mode. As already discussed in the previous section, turbulent broadening of the
spectra makes the modes less distinguishable. Turbulence could also be playing a role in
the 17 October 2019 case, at least the modes in the spectra in Fig. 17a-d appear broader
than in Fig. 10a-d. The spectrum width, however, is overall smaller on the 17 October
2019 than the 5 November 2016 case (Fig. 9d, 16d). A further aspect to consider is the
difference in fall velocity between the cloud and precipitation mode. A smaller difference
in fall velocity between the two modes causes them to occupy more of the same region in
the Doppler velocity space and therefore appear less separated in the Doppler spectra. The
terminal velocity of ice particles is determined by their area-to-mass ratio and is therefore
habit dependent (Karrer et al., 2020). Hence, the degree of the separation of the cloud
and precipitation will vary depending on ice particle properties.

11.3 14 April 2017: A mixed-phase cloud without skewness features

The two cases presented in Sections 11.1 and 11.2 exhibit consistent features in the skewness
timeseries. However, this is not always the case, as will be shown for the P-MPC observed

74



11. RADAR DOPPLER SPECTRA IN LOW-LEVEL MIXED-PHASE CLOUDS

a) Ceilometer * Liquid base
€
=,
T
D
1)
T
01:40
b) 1.6
T 1.4-.
= 1.2+
.—E) 1.0-.
% 0.8 1
0.6 -
01:
T
T 1.4-.
= 1.2 4
.-E” 1.0 ]
% 08"
0.6
01:
d
) 1.6 - I
'E‘ 1.4-. :
L - :
iy e L] i
% O'B.Illllll....-.lll... L --..--.......-. 04-;-
L 8 1 = 0.2
1 0
e) 1
.—E. 0.5
£ 0 u"
D
Q -
L 0.5
-1
i
-11.5
O_?ci __ Cloudnet
2 4o M (NWP model)
= % © Hatpro
o p -125
O g o
_g -13 T T T T 1
01:40 01:45 01:50 01:55 02:00
9)
T NAS
E.) 100
o
= 50
-l
0 T T T T 1
01:40 01:45 01:50 01:55 02:00

Time [UTC]
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Fig. 17.
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Figure 17: a)-f) as in Fig. 10 for 10:50:42 UTC on 17 October 2019 (profile D in Fig. 16),
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sections, which is associated with a change in the Doppler velocity resolution and a jump
in sensitivity (Sect. 4.1).

above Ny-Alesund on the 14 April 2017. An overview of the case is given in Fig. 18. Before
and after the P-MPC no further clouds were observed, and the lonely cloud was quite low
with cloud top below 1km. Cloud top temperature was a couple of degrees lower than
in the previous two cases, and the LWP was considerably lower (Fig. 18¢, d). During the
case LWP did not exceed 50 gm~2 and the case average LWP was merely 8 gm~2. Fig. 19
shows the radar moments for a half an hour period in the middle of the case. Although Z,
and V,, are variable, the time-height plot of Si is very uninteresting. The values are small,
and no structures emerge. Also o is low in the MPL, mostly staying below 0.2ms™!.
The spectographs in Fig. 20 explain the lack of skewness features in the cloud. The
precipitation mode is strong but the cloud mode is not identifiable. The profile is unimodal
and hence S and o are small. The lack of skewness features in the 14 April 2017 case
is therefore explained by the absence of the cloud mode in the Doppler spectra. In this
case also the precipitation mode is very symmetric and exhibits less variation below the
liquid base than in the previous two cases (Figs. 9e, 16e, 19¢). The high Z. (reaching to
0dBz) combined with the low LWP indicate a lower liquid fraction in the MPL compared
to the two previous cases. Because the temperature is closer to -15 °C, the difference in the
saturation vapor pressure over liquid and ice is larger and the Wegener-Bergeron-Findeisen
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Figure 18: Overview of the P-MPC case observed above Ny-Alesund on 14 April 2017. a)
Reflectivity; b) Cloudnet target classification; ¢) Liquid water path; d) Cloud top temper-
ature estimated by the Cloudnet NWP model and HATPRO elevation scan (Sect. 4.2).

process (WBF) therefore more efficient, possibly explaining the lower liquid fraction on the
14 April 2017. Furthermore, conditions such as available INP also modulate the phase-
partitioning (Eirund et al., 2019, Norgren et al., 2018). It is also possible that the cloud
is at the later stages of its lifecycle moving towards glaciation, and has at earlier stages
featured higher levels of LWP which by the time it is observed above Ny-Alesund has
already depleted.

The P-MPC on the 14 April 2017 reveals a limitation of using millimeter wavelength
cloud radar Doppler spectra to study mixed-phase clouds. When the amount of liquid is
very low, as it is in this case, the sensitivity of the radar is not sufficient to detect the
cloud droplets. Although the presence of super-cooled droplets could in some cases be
indirectly inferred (Zawadzki et al., 2001), any feature that relies on an explicit signal
from the droplets is necessarily limited to the cases where the amount of liquid sufficiently
exceeds the detection limit of the instrument. For most of the case the LWP is also close
to the detection limit of the MWR. The detection of super-cooled liquid in the cloud is
based on the ceilometer, which is more sensitive to the small droplets.
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Figure 19: As Fig. 9 for 14 April 2017. The dashed vertical lines show the times for which
profiles are shown in Fig. 20.
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Figure 20: Spectographs measured at a) 09:05:42 UTC, b) 09:14:51 UTC, and ¢) 09:27:02
UTC on 14 April 2017, labeled E-G in Fig. 19. Note the different color scale compared to
Figs. 10-14 and 17.

11.4 Interpretation of Doppler spectrum skewness in the mixed-phase
layer

The three cases covered in Sections 11.1-11.3 represent a variety of flavors of the P-MPC
frequently observed at AWIPEV. All cases depict the well-known model of an Arctic MPC
(Sect. 2.2): alayer of super-cooled liquid persisting over several hours, with ice continuously
forming close to cloud top, growing and falling out of the cloud as precipitation. The
values of Z., LWP, and other parameters were within the range commonly reported for
low-level MPCs at Ny-Alesund and other sites. Although the amount of liquid and ice
certainly differed between and within the cases, none of the clouds included is particularly
extraordinary.

Although the evaluation of spectographs is informative, it is not feasible to analyze all
of the full spectra even for one cloud case. Already the half an hour time period included in
Fig. 9 consists of 664 profiles and 141843 Doppler spectra. Furthermore, not all measured
spectra are neatly bimodal such as the ones presented for the 5 November 2016 case
(Sect. 11.1) which complicates any analysis relying on peak identification and separation.
Approaches based on the moments of the spectra are beneficial, because they allow the
analysis of larger data sets which improves the statistical significance and generability of
the results. However, an understanding of how the moments relate to the conditions in the
cloud is required. Based on the case studies (Sect. 11.1-11.3), here a conceptual model for
the interpretation of the Doppler spectrum skewness for the cloud top mixed-phase layer
is proposed, and key challenges and limitations are considered. Lastly, the assumptions
required for the further analysis are stated.
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Conclusions from case studies

While the changes in Z, across the MPL could be minor, the degree at which the cloud and
precipitation mode contribute to the total Z, changed from one extreme (cloud mode only)
to the other (precipitation mode only). The profiles of Z. and V,,, give little indication of
the presence of two modes or the shift of the relative contribution of each mode (Figs. 1014,
17, 19). An increase in o indicates the presence of multiple modes, but o is also influenced
by other factors which makes its interpretation difficult. Skewness appears sensitive to
the presence of multiple modes of different sizes in the Doppler spectra. When the modes
are broader and less well defined (e.g. Figs. 14, 17) the absolute value of Sy is smaller
than in profiles with well defined and clearly separated modes (e.g. Figs. 11, 13). Still,
by definition, the sign of Sy indicates if the reflectivity of the slow or faster falling side
of the spectra is stronger. Whether the faster and slower falling particles correspond to
supercooled liquid and ice, or to ice particles with different terminal fall velocities, cannot
directly be inferred from the skewness.

As demonstrated by Sect. 11.3, when phase-classification carried out with instrument
synergy finds a cloud layer mixed-phase, it is possible that the radar is only measuring
a signal from the ice particles. In other words, the cloud is not mixed-phase from the
viewpoint of the radar observation. However, although not explicitly measured, the su-
percooled liquid may still play a role in the microphysical processes and influence the ice
particles, and thus also influence the radar measurement in an indirect way. Without go-
ing into the difficulties of the definition of mixed-phase (see Sect. 2.1), it is reasonable to
assume that genuine MPCs exist where the radar can only measure the ice component of
the cloud because of its limited sensitivity to detect low numbers of small droplets. Hence,
for the analysis of skewness and further parameters derived from radar observations, it is
proposed that cloud volumes classified as mixed-phase based on instrument synergy should
be categorized as I) apparently mixed-phase, when the radar measures a clear signal from
both liquid and ice, II) ice-dominated, when the radar receives a signal from liquid but
the signal is dominated by the ice such that the main features of the Doppler spectra are
determined by the ice phase, or III) ice-only, when the radar only measures a signal from
the ice particles. Such distinction is required to answer the question “which processes can
the Doppler spectrum skewness describe in a MPC?” because the answer differs for the
different categories.

Fig. 21 summarizes the conceptual view of Doppler spectrum skewness in the mixed-
phase layer at cloud top for the different radar observation categories. For the apparently
mixed-phase (Fig. 21.I), Sections 11.1 and 11.2 showed that skewness seems quite robust
as a metric to infer whether liquid or ice is dominating the radar signal. When both the
cloud and the precipitation mode were present in the spectograph, the shift in the relative
contribution of each mode was related to a distinct skewness profile (Fig. 11d). At cloud
top, if only the cloud mode is present skewness is close to zero. The appearance of the
precipitation mode turns the skewness positive. With the growth of the precipitation mode
and the shrinking of the cloud mode when moving towards liquid base, the reflectivities
of each mode become first equal and then the precipitation mode becomes larger. Cor-
respondingly, skewness becomes first zero and then negative. Not always is a liquid-only
layer detected at cloud top. In such cases, the skewness starts directly positive and no
layer of zero skewness is present at cloud top. It is also possible that already at the very
top of the cloud Zp,ecip is relatively large and the turn from positive to negative skewness
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Figure 21: Conceptual model for Doppler spectrum skewness in the mixed-phase layer at
cloud top. Light blue color corresponds to supercooled liquid, dark blue to ice particles.
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happens very close to the top (Fig. 17), or that skewness is negative in the entire MPL
(not shown).

The apparently mixed-phase profiles were chosen as the main focus of this study, which
is reflected in the selection of case studies for Sections 11.1-11.3. Hence, the analysis
presented does not provide much insight for the features of the skewness profile in the ice-
dominated and ice-only radar observations (Fig. 21.1T and IIT). The variation in skewness
in the precipitation below the liquid layer (Fig. 9e, 16e) indicates that processes influencing
the ice particles can lead to skewness of the Doppler spectrum. On the other hand, Figs. 19
and 20 show that in the absence of a liquid signal the skewness can be more or less zero. The
ice-only skewness profiles (Fig. 21.I1I) might therefore be constantly zero, and if skewness
in the Doppler spectrum is developing it is more likely found in the lower parts of the
MPL. At cloud top all ice particles are expected to be relatively small and pristine, which
corresponds to a symmetric Doppler spectra. For the Doppler spectra to become skewed
requires variation in the terminal fall velocities of the ice particles, i. e. differences in
size and density, which can develop trough aggregation when the ice particles are falling
through the MPL. Also newly nucleated ice particles co-existing with larger ice falling
from higher up in the MPL would cause skewness in the Doppler spectrum. Riming is
unlikely to be an important process for the ice-only skewness profiles, as the amount of
supercooled liquid is necessarily small. The skewness profile in the ice-dominated profiles
(Fig. 21.1I) might be similar to the ice-only, or might include a feature resembling that
of the apparently mixed-phase profile (Fig. 21.I) near cloud top and skewness related to
processes in the ice phase below, resulting in a complicated profile to predict or interpret.

Challenges

A major challenge for the analysis of Doppler spectra in mixed-phase clouds is that no
direct information about hydrometeor phase is available. The labeling of certain features
in the spectra to relate to ice or liquid phase in Sections 11.1-11.3 was done based on
interpretation that utilizes other instruments and relationships between fall speed and
reflectivity that are characteristic for certain hydrometeor type. Secondly, knowledge on
how microphysical processes in mixed-phased clouds are revealed by the radar Doppler
spectra is sparse, and therefore it is not known which processes define the skewness of
the spectra. The classification outlined in Fig. 21 proposes a framework to separate the
MPCs in regimes where the dominant features in the Doppler spectra are expected to differ.
Whether or not the governing microphysical processes are different or not, the observational
fingerprints left on the Doppler spectra certainly differ. But as with any categorization of
observational data, it might not be trivial to apply the proposed classification to measured
profiles. The radars ability to detect the supercooled liquid is limited by its sensitivity and
concerns particularly the low-LWP cases. A LWP threshold could therefore be used to
exclude ice-only (IIT) profiles from the analysis. It is also possible that while the radar is
measuring a signal from the liquid, a broad precipitation mode can overlap with the cloud
mode in the spectra, and although technically there is a signal from the liquid it can only
barely, or not at all, be distinguished in the Doppler spectra. Hence, for the separation
of apparently mixed-phase (I) and ice-dominated (II) profiles, limits on Z. could be a
possibility. By way of identifying a specific characteristic, such as the 2-shaped skewness
profile that was found to prevail in the apparently mixed-phase profiles in Sections 11.1
and 11.2, this characteristic can be used to define appropriate thresholds and to refine the
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categorization. In such iterative process it is possible - even likely - that further categories
need to be added when the view of the Doppler spectra in mixed-phase clouds gets refined.

A single Doppler radar without polarimetric capabilities falls short in the study of the
ice-only and ice-dominated MPCs (Fig. 21.11T and II). The reflectivity as a function of
Doppler velocity does not provide enough information to constrain the ice particle prop-
erties, but without detecting changes in parameters such mass, density and shape it is
difficult to investigate microphysical processes. Polarimetric radars additionally measure
depolarization of the radar signal which provides information about the shape of ice par-
ticles (Myagkov et al., 2016) and have been used to investigate microphysical processes in
deep multi-layered MPCs (Moisseev et al., 2015, Oue et al., 2016). Oue et al. (2018) and
Oue et al. (2015) also showed the benefits of combining Doppler spectra with the analy-
sis of polarimetric variables to distinguish different layers with bimodal Doppler spectra.
Furthermore, the multi-frequency approach combines two or three radars with different
wavelengths, and provides constrains on the ice particle size distribution (Mason et al.,
2018, Matrosov, 1998). For example Kneifel et al. (2016, 2015) have shown that triple-
frequency signatures can provide insights to riming and aggregation processes. Hence, the
investigation of ice-only and ice-dominated regimes would benefit from these more capable
radar techniques.

The lack of information on hydrometeor phase poses an issue for the apparently mixed-
phase MPCs (Fig. 21.1). While the slower falling cloud mode can fairly confidently be
assumed to relate to super-cooled liquid droplets based on the auxiliary measurements
(namely ceilometer and MWR), no definite information about the phase of precipitation
is available in the radar Doppler spectra. Unfortunately drizzle droplets and small ice
particles populate the same region of the Doppler spectra as they do not have distinctly
different fall velocities. It is therefore impossible to determine with certainty the phase
of the hydrometeors with a moderate terminal velocity in any specific spectra. Similar
skewness structures as described in Sections 11.1-11.2, with positive Sy in the upper parts
and negative Sy in the lower parts of the cloud, have been found in warm drizzling clouds
(Acquistapace et al., 2019, Kollias et al., 2011b). Furthermore, although large supercooled
droplets may hamper with the interpretation of the Doppler spectra in mixed-phase vol-
umes, they might actually be relevant for microphysical processes. The presence of larger
droplets have been associated with higher ice production rates (Rangno and Hobbs, 2001),
an large droplets also have a central role in the Hallett-Mossop process (Andronache, 2017).
The key question is therefore not if drizzle droplets ever occur in the P-MPC data set, but
how they change the Doppler spectrum skewness and if drizzle can also be responsible for
the skewness profile sketched in Fig. 21.1. It is therefore worth considering the likelihood of
supercooled drizzle occurring in the P-MPC dataset. Supercooled drizzle is most often ob-
served in moderately supercooled clouds at temperatures close to 0°C and the occurrence
of super-cooled drizzle declines rapidly with decreasing temperature (Cortinas Jr. et al.,
2004, Zhang et al., 2017). Although in warm clouds drizzle is usually not formed when LWP
is low, in pristine Arctic air masses with low CCN and INP concentrations larger droplets
may form at lower LWP than what would be typical for stratiform clouds at lower latitudes
(Silber et al., 2019b). Criteria such as low LWP or low temperature cannot be used to rule
out the possibility of drizzle completely, but by excluding moderately supercooled P-MPC
the fraction of cases with drizzle is likely to be reduced significantly. Furthermore, in situ
observations in MPCs have found precipitation from Arctic low-level MPCs more often in
ice than liquid phase (McFarquhar et al., 2007, Mioche et al., 2017). Mioche et al. (2017)
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also found liquid droplets larger than 100 pm most often near cloud top, and never below
cloud base. They also did not find drizzle droplets at temperatures below -12 °C. Hence,
although it is not possible to rule out the occurrence of drizzle droplets in any specific case,
it is unlikely that drizzle comprises the majority of precipitation produced by the P-MPC.

The so called kinematic broadening of the Doppler spectrum smooths the features of
the spectra and thus acts to decrease the skewness (Fig. 14). The main contributions to
kinematic broadening are the turbulent motions in the radar sampling volume and the
contribution of horizontal wind due to the finite beam width (Doviak and Zrnié, 2006).
Additionally, the noise level impacts the features that can be detected in the Doppler
spectrum, as clearly demonstrated in Sect 10. Furthermore, the sensitivity of the radar
determines the weakest signal that can be detected. The strength of the microphysical
signals in the spectra is therefore not only influenced by the properties of the cloud but also
the technical specifications of the radar and the measurement strategy employed. However,
not all kinematic effects reduce the skewness of the Doppler spectrum. Heterogeneous
vertical wind within the sampling volume may also induce skewness in the spectrum (Luke
and Kollias, 2013). Luckily, this effect is not constant in time and therefore any temporally
consistent skewness features should be microphysical.

Assumptions for further skewness analysis

Despite the challenges discussed above, very few remote sensing techniques are available
for studying the interplay between liquid and ice in mixed-phase clouds, and any parameter
that could shed some light into the complex processes is worth considering. The identi-
fication of steady features in skewness found in Sections 11.1 and 11.2 is promising and
warrants further analysis, which is carried out in the next section.

For the analysis of skewness profiles, it is assumed that:
1. The Z, associated with the cloud droplets increases from liquid base to cloud top.

2. The Z. associated with ice particles is zero at cloud top and increases toward liquid
base.

3. In apparently mixed-phase clouds (Fig. 21.1), skewness indicates whether the cloud or
precipitation mode dominates the measured Z.. Assuming both modes are Gaussian,
the Sy = 0 point corresponds to Zprecip = Zeloud-

12 Using skewness features to characterize MPC

Section 11 showed that the radar Doppler spectrum skewness often displays a profile resem-
bling an e-shape. Although not all skewness profiles exhibit this structure (e.g. Fig. 19e),
it appears as a frequent feature in the first two cases (Figs. 9e, 16e). This section fo-
cuses on the analysis of such 2-shaped skewness profiles. To detect the specific kind of
Sk profile, and to quantify it in the context of the mixed-phase layer, an algorithm to
detect the transition from a predominantly negative to positive skewness was developed
(Sect. 12.1). The detection of the skewness transition height is done in combination with
the discrimination of the type of the skewness profile. After developing the tool to identify
the skewness feature of interest, the prevalence of this feature in the P-MPC dataset is
evaluated (Sect. 12.2) and the use of the skewness transition height as a cloud parameter
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Figure 22: Percentage of measured profiles with P-MPC (see Sect. 8 for criteria) and a
subset of the P-MPC (labeled ‘cold P-MPC’) including only mixed-phase profiles for cases
where cloud top temperature did not exceed -5 °C.

is considered (Sect. 12.3). In Sect. 12.4 the method is applied on a case study, followed by
a statistical analysis of the skewness transition height in the P-MPC data set in Sect. 12.5.

In this section the entire dataset from June 2016 to December 2019 was utilized. As
mentioned in Sect. 9, only mixed-phase profiles were included in this study. Furthermore,
as suggested in Sect. 11.4, all cases where cloud top temperature exceeded -5°C were
excluded to lessen the influence of drizzle on the analysis. These two criteria cause a
reduction of the size of the dataset compared to Chapter 111, where also liquid only profiles
have been included. While the frequency of occurrence of the P-MPC in the measurement
period was 23%, only 8% of the measured profiles are included in the cold P-MPC dataset
(Fig. 22). Due to temperature criteria the amount of data is low particularly in summer.
Still, 238 cases consisting of about 2.2 x 10° radar profiles remain to be analyzed.

12.1 Detecting skewness transition

Before applying the algorithm to detect the skewness transition height, preparatory data
processing steps were carried out. Despite the additional treatment of the Doppler spectra
and moments described in Sect. 10, the Sy profile can still appear somewhat noisy (e.g.
Fig. 14d). To facilitate the automatic detection of structures further noise reduction was
implemented. A moving average of 3 time steps and 7 range gates was applied (about
9 seconds and 35-50 meters depending on the vertical resolution, respectively). All data
below the liquid base were removed in order to only detect features in the MPL. The
outcome of these processing steps is presented in Fig. 23 for the Sj timeseries that were
shown for the case studies in Sect. 11.

Fach skewness profile was normalized to 200 data points between the first and last
height where radar data is available in the MPL in order to mitigate the effect of changing
MPL depth and vertical resolution on the analysis. The height at which S turns from
negative to positive was identified by finding the maximum of the following function:

((2) = - Z Si + 251 (17)

where S, is the Doppler spectrum skewness at height z, 2y is the liquid base height and z.;
is the cloud top height. Fig. 24 illustrates the behavior of ((z) and its relationship to the
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Figure 23: The skewness timeseries after additional processing and the identified SkewTH
(see text for details). The excluded SkewTH are shown with red and blue markers. The
time periods in a), b) and ¢) correspond to those shown in Figs. 9, 16 and 19, respectively.
The 1 minute gap at 17 October 2019 01:46 UTC is due to the cloud not fulfilling all the
criteria for P-MPC in two Cloudnet profiles.
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Figure 24: a) An example skewness profile and b) the corresponding (-profile (Eq. 17).
Three examples (at 0.85, 0.95 and 1.05 km height) for computing ((z) are shown. Further
examples are shown in Fig. 25.

skewness profile, and further examples are shown in Fig. 25. {(z) gets its largest value at
the height where skewness turns from negative to positive, so that the skewness transition
height (SkewTH) is simply given by

SkewTH = zyax¢) - (18)

In case skewness moves from negative to positive several times, local maximum and min-
imum in ((z) denote the change in the sign and ((z) gets its largest value at the height
above which the skewness is most strongest positive and below which it is most negative
(Example 1 in Fig. 25). Any max(() at liquid base or cloud top are ignored because they
cannot correspond to a transition point but result from a throughout dominantly posi-
tive or negative skewness profile (Example 2 in Fig. 25). Furthermore, the examples in
Fig. 25 show that the values of {(z) depend on the magnitude of the skewness values and
how clearly the skewness profile exhibits the layered structure with negative values below
and positive values above. Hence, ((z) can be used as a measure of the “strength” of the
skewness feature. For this purpose

I' = max(¢(z)) — min(¢(2)) (19)
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Figure 25: Examples of skewness- and the corresponding (-profiles. The SkewTH given
by Eq. 18 and T" given by Eq. 19 are shown where applicable. Note that the scales differ
considerably between the examples.

was calculated for each profile. Based on inspection of various profiles in different cloud
cases, skewness profiles with I' < 20 were deemed to exhibit the desired skewness feature
too weakly and were excluded from further analysis.

As a last step to assure the quality of the SkewTH dataset, sporadically occurring data
points were removed. For each SkewTH data point, a data coverage of at least 30% relative
to the available skewness profiles in a & 1 minute window was required. This criteria was
applied iteratively until no further data were removed. The purpose of this processing step
is to dismiss profiles from the analysis that do not exhibit a temporally consistent feature.
The resulting SkewTH for the example cases presented in Sect. 11 are shown in Fig. 23.
The clear features in the 5 November 2016 and 17 October 2019 cases (Sect. 11.1 and 11.2)
are well captured. In the 14 April 2017 case (Sect. 11.3) most of the time no SkewTH is
found. The I' < 20 criteria removes many of the initially detected SkewTH and the data
coverage criteria removes some more, resulting in only a few SkewT'H being recognized at
9:24-9:25 UTC. It should be emphasized that the algorithm specifically detects a structure
with predominantly negative skewness in the lower part with a predominantly positive
skewness in the upper part of the MPL. Opposite structure or any other kind of feature
are not identified.

12.2 Occurrence and required conditions for skewness transition height

The skewness transition height (SkewTH) was identified in 32% of all of the skewness
profiles analyzed. The fraction of Sg-profiles with SkewTH within each cold P-MPC case
is shown in Fig. 26a. In 60% of the cases the SkewTH was found at least 10% of the time.
Considering the rather strict quality criteria imposed on the detection of the SkewTH,
these cases can fairly confidently be assumed to have exhibited the skewness feature at least
temporarily. Similarly, the 6% of the cold P-MPCs where the SkewTH was present over
70% of the time can be considered clouds where the layered skewness structure (negative
in the bottom and positive at the top) was rather continuous. In most cold P-MPCs the
SkewTH was partially present, which could be related to an intermittency of the feature or
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Figure 26: The fraction of Sy profiles with SkewTH identified in a) each cold P-MPC case
and b) hourly time periods.

to the strength of the feature not being continuously strong enough. The duration of the
different P-MPC cases varies, and it is possible that a cloud was present over Ny-Alesund
for several hours and exhibited the S}, feature for a period of time but then developed to a
state without any Sy structures, ending up with a low SkewTH fraction despite the feature
being strong for some time. Therefore, each cold P-MPC case exceeding two hours was
split into hourly time periods. The frequency of occurrence of SkewTH in these shorter
time periods, shown in Fig. 26b, was often higher than it was when considering the entire
duration of the P-MPC. 18% of the hourly time periods feature the SkewTH over 70% of
the time, and 6% over 90% of the time. On the other hand, in 11% of the hourly periods
SkewTH was completely absent. Hence, it seems that a cloud can have phases with rather
continuous or completely missing SkewTH. Although the SkewTH is more often absent
than present, more than half of the cold P-MPCs feature the skewness transition at least
part of the time.

When evaluating how often the SkewTH was detected, it is worth considering in which
conditions it appeared. As discussed in Sect. 11, low amounts of liquid are challenging for a
radar based analysis. Indeed, low LWP conditions were associated with infrequent SkewTH
detection, and with increasing LWP the fraction of profiles with Skew'TH increased until
about 90gm~2 (Fig. 27b). Above this value the portion of profiles with SkewTH levels
at approximately 50%. At low LWP the radar lacks the required sensitivity to detect the
small droplets rendering it impossible to collect measurements such as depicted in Fig. 21a.
With increasing LWP the chances for the radar to detect the cloud droplets increases and
also the Zouq becomes stronger, which promotes the 2-shaped skewness profile, hence the
increase in the frequency of SkewTH observations.

Besides the e-shaped skewness profile (Fig. 21a), numerous profiles with constantly
nearly zero Sj were observed (Figs. 19). Here, profiles with mean(|Sg|) < 0.05 were
taken to not considerably differ from zero, hereafter referred to as ZeroSkew-profiles. For
the threshold different values from 0.01 to 0.1 were tested, and the tendencies described
here were not found sensitive to the choice of the threshold. Skewness profiles without
SkewTH were separated into ZeroSkew-profiles and the rest. The ZeroSkew-profiles were
particularly common at low LWP, and with increasing LWP the portion of profiles with no
significant skewness features decreased (Fig. 27b). Above a LWP of 50 g m~2 less than 10%
belonged to the ZeroSkew-category, indicating that throughout symmetric and unimodal
profiles were rare for the cold P-MPC at moderate to large LWP. A considerable portion
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Figure 27: Distributions of a) LWP, ¢) Z. at liquid base and e) the bivariate distribution
of LWP and Z. at liquid base in the cold P-MPC dataset, and the fraction of profiles in
SkewTH, ZeroSkew and “Rest” categories in each LWP (b) and Zjiquidpase (d) bin.

of the skewness profiles ends up in the “Rest’-category (Fig. 27b). These profiles include
everything that did not fit the criteria of the two other categories: completely positive or
negative profiles, profiles in which SkewTH was excluded by the quality criteria (Sect. 12.1),
or skewness profiles with negative skewness above a layer of positive skewness. Specifically
at low LWP, the profiles in the “Rest”-category are likely exhibiting features related to
processes in the ice phase.

The skewness profile as described in Fig. 21a does not only depend on the cloud liquid,
but also the ice phase is crucial. A high amount of ice could lead to a throughout negative
skewness profile (e.g. Fig. 23b at 01:43 UTC) or to the skewness mainly exhibiting signs
of processes in the ice phase, in which cases the skewness profile might have a different
shape. Z. at one range gate below the liquid base (Zjiquidbase), Where there is no or only
minimal (in case of inaccuracy in the detection of the liquid base height) contribution from
the cloud mode to the total reflectivity, was taken as a proxy for the amount of ice in
the MPL. Similarly as with LWP, the increase in Zj;qyiapase Was decreasing the portion of
profiles classified as ZeroSkew (Fig. 27d). However, the fraction of profiles with SkewTH
was first slightly growing and then shrinking with increasing Zj;quidpase- At the large end
of the distribution Zj;quidbase 15 0 large that Zp,ccip is likely to heavily dominate the MPL,
and the skewmness profiles mainly exhibit signs of processes modifying the precipitation
mode. At low reflectivities the precipitating ice particles are necessarily small and few,
limiting the possible interactions that could lead to skewness in the Doppler spectra and
thus the ZeroSkew-profiles were more common. To explain the increase in the fraction of
SkewTH at Zj;quidbase below —25dBz it is necessary to again consider the liquid phase.
The bivariate distribution shown in Fig. 27e indicates that from -35 to -20 dBz the average
LWP was increasing with increasing Zjquidpase- As SkewTH was more often detected with
increasing LWP (Fig. 27b), a slight increase can be expected in the occurrence of SkewTH
with the increase of Zjquidbase, @s it coincides with an increase in LWP.

Since the occurrence of SkewTH is tied to both LWP and Zjquidbase, it is worth con-
sidering the two parameters together to explain why SkewTH was occasionally identified
at very low LWP or high Zj;quidbase (Fig. 27b, d). Fig. 28a shows that SkewTH could be
identified in low LWP conditions when Zj; yidpase Was also low, and in higher Zjquidpase
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Figure 28: Bivariate distribution of LWP and Z, at liquid base for profiles with a) SkewTH,
b) ZeroSkew and c¢) the “Rest” categories.

conditions when also LWP was larger. Still, SkewTH were rare when Zj;qyiapese Was above
-6 dBz. Skewness inherently does not contain information about the magnitude of Z, asso-
ciated with the cloud or the precipitation mode per se, but about the relationship between
the two (or more) modes. For skewness to exhibit the e-shaped profile, detected by the
identification of the SkewTH, requires both the cloud and the precipitation mode to be
sufficiently strong but not too overly dominant compared to the other mode. Because
at the liquid base the cloud mode disappears while the precipitation mode remains, the
cloud mode is not expected to dominate the entire MPL as long as precipitation is formed.
The circumstances where one of the modes dominates the entire MPL therefore relate to
the precipitation mode dominating, which explains why at the high end of the Zjquidpase
distribution profiles with SkewTH were rare.

As already shown by Fig. 27b and d, the ZeroSkew-profiles were focused in the low
LWP region, but span a range of Zjjquidbase (Fig. 28b). These are likely profiles where
the cloud mode was absent in the Doppler spectra (as for example in the 14 April 2017
case described in Sect. 11.3), and riming, aggregation, or secondary ice production were
either not taking place or too weak to impact the shape of the Doppler spectra. Assuming
the classification of the profiles as mixed-phase is correct, the ZeroSkew-profiles proba-
bly consists of clouds where ice nucleation and depositional growth were the only processes
modifying the Doppler spectra. Because the “Rest” category is a mix of profiles with differ-
ent characteristics and contains probably the profiles with the most complicated mixtures
of varied hydrometeors and processes, the possibilities to draw conclusions from Fig. 28c
are limited. Aggregation can produce large snowflakes that may cause high Zpccip in the
MPL, and at least some of the profiles at the large end of the Zj;guidpase probably contain
signs of aggregation. In Fig. 28 at the lower half of the Zj;gyigpase the “Rest” category over-
laps with the other two groups, which could be related to profiles close to the thresholds
of the classification criteria which might have been misclassified. Overall, Fig. 28 shows
that with LWP above about 30gm™2 the skewness profile almost always exhibits some
features, either related to mixed- or ice-phase processes. Also, above -10dBz of Zjquidpase
other than the 2-shaped skewness profile is common, which is not surprising considering
that at such reflectivities the ice mode is strongly dominating the MPL and it could be
expected that its shape and changes determine the skewness profile.

The analysis presented in this section shows that the occurrence of SkewTH depends on
the amounts of liquid and ice in the MPL in rather predictable ways. Profiles with too low
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amounts of liquid (as measured by the LWP) or large amounts of ice (estimated by the Z, of
the precipitation falling out of the MPL) were usually associated with skewness profiles that
do not exhibit a clear transitioning from negative to positive skewness. Thus, conclusions
drawn from the analysis of the SkewTH represent P-MPC in a specific phase-partitioning
regime defined by the radar reflectivity of the cloud and precipitation modes. The moderate
frequency of occurrence (32%) of SkewTH in the cold P-MPC dataset follows particularly
from the commonality of low LWP (Fig. 27a). Excluding all profiles with LWP < 30 g m™2
raises the fraction of skewness profiles with SkewTH to 51%, and further excluding all
profiles with Zjiquidbase > -10dBz to 58%. These thresholds are exemplary as Fig. 28a does
not provide a basis of setting definite thresholds, and serve to illustrate that estimating a
commonality of a feature is dependent on the regime considered. In conditions where Z o4
is sufficiently strong and not overshadowed by a large Zpccip the @-shaped skewness profile
sketched in Fig. 21a was commonplace. Hence, the specific skewness feature is relevant
in the context of the low-level MPC at Ny-Alesund, and could provide insights into the
processes in the MPL.

12.3 Skewness transition height as a cloud parameter

Identifying the SkewTH does not only allow the evaluation of the occurrence of the specific
kind of skewness profile, but also opens possibilities to analyze these profiles in more detail.
To combine clouds at different heights and with varying MPL depth, further measures to
describe the SkewTH in the context of the MPL are defined: the distance of SkewTH from
cloud top

SkewT Hy = zeg — SkewTH (20)

the distance of SkewTH from liquid base

SkewTHlb = SkewTH — Zlb (21)

and the skewness transition height normalized between liquid base and cloud top

kewT H —
SkewT Hyp,prm = SkewTH =z , (22)

Zct — b
where SkewT Horm at zp and zq correspond to 0 and 1, respectively. As will be shown
later in Sect. 12.5, the different normalizations provide alternative perspectives that are
necessary to properly interpret the skewness transition height.

With the detection and quantification of SkewTH in place it is now possible to inspect
the radar profiles using this new measure. Fig. 29 shows the distributions of the radar
moments in the MPL for profiles with different SkewT H,, . First of all, the SkewTH
is successfully sorting the skewness profiles in distinct categories. All skewness profiles in
Fig. 29p—t exhibit the @-shaped profile sketched in Fig. 21a, but the height where skewness
changes from negative to positive is changing depending on the SkewT Hporm. DBelow
the SkewTI both the median and most of the distribution are negative, and above the
Skew'TH positive. Hence, the detection of SkewTH and the discrimination of profiles based
on SkewT H,ym works as intended.

The Z., and V,, distributions for different SkewT H,-m can be used to evaluate the
interpretation of the skewness profile to describe the relative strength of the cloud and
precipitation modes in the Doppler spectra. With low SkewT Hy,prp (< 0.2) the Z-
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Figure 29: Distributions of radar moments (columns) with different SkewT H o, (rows).
The height of the profiles is normalized with respect to the liquid layer, so that 0 indicates
liquid base and 1 cloud top (Eq. 22). In each figure, the distribution of values is shown
relative to the total number of observations at a given height.
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profile is increasing towards cloud top (Fig. 29a) as would be expected for profiles largely
dominated by the cloud mode. The V,, is on average zero at the top of the cloud and
remains close to zero down to the height with the SkewTH where it abruptly increases
(Fig. 29f—j). Turbulence modulates the V,, but the average vertical wind velocity should
be zero when averaged over a long enough time period (Stull, 1988). The distribution of
Vi is therefore broadened, but the median values should present the terminal fall velocities
of the hydrometeors. Above the SkewTH the cloud mode is dominating, thus the V,, is
dominated by the cloud droplets terminal velocity that averages at zero. At the SkewTH
the precipitation mode takes over and the V,,, becomes dominated by the falling particles,
hence the clear increase in V,,, at the SkewTH and below. Fig. 29a—e show the change in
the Z. distribution as the height where the precipitation mode takes over shifts towards
cloud top. In Fig. 29b the upper part of the MPL is similar than in Fig. 29a with Z,
increasing with height, but in the lower parts the Z. distribution is more broad and the
median Z.-profile is rather constant. In Fig. 29c the portion of the Z.-profile increasing
with height is focused on the very top of the MPL, and below the Skew'TH a clear increase
in Z, caused by the growing ice particles is seen. With SkewT Hyporm > 0.8 (Fig. 29e) Z,
increases all the way from cloud top to liquid base and the median V,,, is constantly positive,
indicating that precipitation is dominating the radar signal in the entire MPL except the
very top. Overall, Fig. 29a—j are in agreement with the interpretation of the skewness
profile depicted in Sect. 11.4, i.e. that above the SkewTH the cloud mode dominates the
radar signal and below the precipitation mode.

The Doppler spectrum width profiles differ between the SkewT Hyorm, classes (Fig. 29k—
0). When SkewT Horm < 0.6, 0 gets the largest values at the height of the SkewTH. At
the SkewTH both the cloud and the precipitation mode are strong causing a large spectrum
width (Fig. 29k-m). Ignoring kinematic effects broadening the Doppler spectrum, the o
is large when multiple modes with different fall velocities are present. Because the cloud
mode has a terminal velocity of 0ms™! and the terminal velocity of the precipitation mode
increases from cloud top downwards, the difference in fall velocity between the two modes
is expected to increase from cloud top to liquid base. Thus o reaches higher values at
SkewTH when SkewT Hporm, is low. With SkewT Hyorm > 0.6 (Fig. 29n—0) o increases
from cloud top downwards but does not decrease again below the Skew'TH as it does in
Fig. 29k-m. To explain the o profile below the SkewTH when SkewT Hporm, is higher up
in the cloud requires considering the precipitation mode. The spectographs shown in Figs.
10-20 suggest that the width of the precipitation mode increases as it grows towards liquid
base. The spectrum width below the SkewTH when the transition in skewness takes place
close to cloud top (Fig. 290) is hence a result of both the bimodality of the spectra and the
increasing width of the precipitation mode due to the growth of the precipitating particles.
Additionally, it could be possible that different turbulence conditions are associated with
the different SkewT Hyorm, which would further impact the spectrum width.

Fig. 29a—j shows that Z, and V,,, are larger at cloud base when SkewT H,orm, is closer
to cloud top. The median Z, at liquid base increased from -29 dBz for SkewT Hy,ppm < 0.2
to -13 dBz for SkewT Hyorm > 0.8, and the V;, from 0.41to 0.56 ms~', respectively. Larger
Ze at liquid base indicate the MPL is producing more precipitation. Since Z.j,,q increases
with height and Zp,ccip decreases, for Z,,c.i, to dominate close to cloud top requires Z, ecip
to be rather large already at the upper part of the cloud, and as it continues to grow it is
also larger at liquid base. Because the median V,,, is quite modest even for SkewT Hyporm
> (.8 suggesting relatively small ice particles, the larger Z. at liquid base might be due
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to increase in ice particle number concentration. Furthermore, it seems that considerable
riming which would increase the fall velocity (Kneifel and Moisseev, 2020) is not frequent.
At the base of the MPL skewness was on average slightly negative, with the median Sy
varying from -0.18 to -0.10 in the different SkewT Hyorm groups. The negative skewness at
the liquid base could be caused by an inaccuracy of the detection of the liquid base height
from the ceilometer 3'-profile or the coarser resolution of the measurement, but it could
also be a indicator of processes effecting the precipitation mode.

To summarize, Fig. 29 shows that the interpretation of SkewTH is supported by the bulk
parameters in the cold P-MPC data set. Secondly, despite omitting potentially relevant
details such as the depth of the MPL, temperature, or LWP, indicators for the occurrence
of certain processes could be found by just sorting the data based on the SkewT Hporm.
However, a more detailed analysis that considers further aspects is warranted. Before
further analyzing the larger dataset, the SkewTH is examined in more detail for a case
study to facilitate a better understanding on how the skewness profile relates to other
cloud parameters and which processes might be influencing it.

12.4 Application to a case study

To better understand the skewness transition height, attention is turned again to the MPC
case on the 5 November 2016 that was introduced in Sect. 11.1. A two hour time period
is analyzed, from 6:00 to 8:00 UTC (Fig. 30). Fig. 30d shows how the SkewTH clearly
splits the MPL to the upper part with predominantly positive skewness and the lower
part with predominantly negative skewness. SkewTH varies from the bottom of the layer
(at 7:01 UTC) to close to the top (7:33 UTC), but averages at 130 m above liquid base
and 210m below cloud top. A close inspection of the time series reveals some interesting
features. Fig. 30a suggests that an increase in SkewTH coincides with an increase in the
reflectivity (6:35 UTC, 7:15-7:18 UTC, 7:30-7:34 UTC). This relationship is confirmed by
Fig. 31a, which shows a clear correlation between the MPL mean Z, and SkewTH. Fig. 31b
further shows that higher SkewTH is associated with higher Z. specifically at the height
of the skewness transition. At higher SkewTH, the Z,. related to precipitation starts to
dominate the total Z. closer to cloud top. Since Z.,uq increases with height and Z,,ccip
decreases, for Zprecip to dominate close to cloud top requires Zccip to be rather large
already at the upper part of the cloud. The larger Zy ¢qp could for example be caused
by a higher ice nucleation rate increasing the ice particle number concentration. Hence,
Z at SkewTH is larger when the SkewTH is higher. A higher SkewTH is also related to
a higher Z, below the skewness transition height (as already shown by Fig. 29a—e), since
the ice crystals continue to grow when falling through the mixed-phase layer (Fig. 31c).
Similarly to Fig. 29a, the timeseries in Fig. 30a shows an increase in Z, in the layer above
the SkewTH when SkewTH is close to the liquid base. The increase in Z. with height
above the SkewTlI, which is caused by the cloud mode dominating the radar signal in
this layer, explains why the mean Z, is higher above than below the SkewTH when the
SkewTH is low (Fig. 31c) .

The assumption that the layer above the SkewTH is dominated by the super-cooled
liquid can be tested using the LWP measurement, which is independent from the cloud
radar observations. Although some liquid is expected in the lower parts of the MPL, the
liquid in the upper parts dominates the LWP due to the increase in LWC with height
(Morrison et al., 2008). Fig. 32a shows a clear relationship between the mean Z. between
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Figure 30: Time series of the parameters used for the time period analyzed in Sect. 12.4: a)
reflectivity, b) mean Doppler velocity, ¢) Doppler spectrum skewness, and d) liquid water
path (LWP). The regular gaps in the LWP timeseries are caused by scanning interrupting
the zenith pointing the observations (Sect. 6.1).

SkewTH and cloud top, and the LWP. In other words, the LWP is correlated with Z. in
the part of the MPL where the radar signal is believed to be dominated by liquid. This
result gives further confidence in the interpretation of the skewness profile. The scatter
in Fig. 32a can be explained by the variable portion of the MPL that is considered when
calculating the mean Z, for the layer above the SkewTH. Z,,q increases with height, and
so Z, would be expected to be higher when the part of the MPL that is included in the
average above the Skew'T'H is more focused to cloud top. Indeed, Fig. 32a shows that for
a given LWP, higher Z. above the SkewTH is related to a higher SkewTH. Additionally,
the precipitation mode is also contributing to Z, in variable amounts. As discussed above,
a higher SkewTH seems to be related to a larger Z,,ccp. The contribution of Zprecip to
the total Z. above the SkewTH could therefore be larger when the SkewTH is high, in
agreement with Fig. 32a.
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Fig. 32a suggests that the SkewTH is independent of LWP. This is further illustrated
by Fig. 32b, which confirms the lack of correlation between the two parameters. The result
seems to contradict the assumptions made about the skewness profile, as the SkewTH is
understood to represent the height where the balance between Z.jy,q and Z,ccip shifts and
therefore should closely relate to the amount of liquid in the cloud. For a fixed Z, ccip
profile, a stronger Z.,uq (i-e. larger LWP) should move the SkewTH downwards. Using
the Z. below the SkewTH as a proxy for Zpecip in the MPL, Fig. 32b indicates that for
a given Z, the increase in LWP does indeed relate to lower SkewTH. Hence, the lack of
correlation between LWP and SkewTH is not a sign of mistaken assumptions, but the
microphysical processes in play. For a given LWP, a large variation in the amount of ice
is possible, indicated by the variability in Z. below the SkewTH in Fig. 32b. It follows
that large variability in the radar reflectivity weighted phase partitioning, as represented
by the Skew'TH, is also present. Furthermore, the impact the LWP has on the SkewTH-Z,-
relationship shown in Fig. 31 is considered. A larger LWP relates to an increase in Z, at the
SkewTH (Fig. 33). This behavior can be explained by considering the assumption that at
the SkewTH both liquid and ice contribute approximately equally to the total reflectivity.
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Figure 33: The influence of LWP on the relationship between SkewTH and Z, at SkewTH.

A larger LWP shifts the Z.,q profile to higher values, requiring a larger Zpccip in order
for the SkewTH to stay at the same height. Hence, a higher LWP is associated with a
slight increase in Z, at SkewTl1l.

Fig. 32b shows, despite the scatter, that larger Z. below the SkewTH are related to
higher LWP, indicating that an increase in cloud liquid is related to an increase in the
amount of ice. This result is in agreement with previous studies (e.g. De Boer et al.,
2011, Korolev and Isaac, 2003, Morrison et al., 2005, Rangno and Hobbs, 2001). That
the SkewTH is clearly correlated with Z, but not LWP could indicate that the phase-
partitioning in this MPC is to a large degree controlled by the ice phase, at least when
viewed in terms of radar reflectivity. That ice is controlling a parameter determined based
on reflectivity would be expected given the strong size dependency of Z..

Returning to the time series of radar moments, the mean Doppler velocity in the layer
above the SkewTH shows more variation than the layer below (Fig. 30b). Particularly, V,,
above the SkewTH shows clearly more upward velocities. In the upper part of the MPC
where liquid dominates the radar signal, V,,, is indicative of vertical motions although still
biased to some extent by Zy ecip. Below the SkewTH the precipitation mode dominates the
signal, and V;,, shows a more consistent downward motion. Only in very strong updrafts
(e.g. 6:33-6:35 UTC, 6:55-7:00 UTC, 7:30-7:43UTC) does the upwards air motion overcome
the terminal velocity of the ice and the mean Doppler velocity is upwards. That the
skewness transition height so nicely maps the layer in the upper part of the cloud where
vertical motions are identifiable in the radar V,,, is in agreement with the interpretation of
the skewness transition height separating the liquid dominated and ice dominated layers
of the MPL.

It is generally recognized that vertical motions in the Arctic low-level MPC play a role
via modulating the cloud liquid (Morrison et al., 2012, Shupe et al., 2008a). Here, the slow
edge of the Doppler spectra is used as a tracer for air motions, and the mean within the
MPL is taken to describe the average vertical wind within the layer. The time series in
Fig. 30a and d show that the vertical motions pose a forcing to LWP by decreasing and
increasing the LWP rather than determining the absolute values. The deviation of the
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Figure 34: The influence of vertical wind on a) LWP, b) MPL mean Z, and c) SkewTH.
For each parameter the deviation of the instant value from the 30 min mean is used. The
Doppler velocity of the edge of the Doppler spectra at the slower falling end is used to
estimate vertical air motions.

instant values from a 30 min mean is therefore considered. Fig. 34a shows that in general
increased (decreased) LWP values are associated with updrafts (downdrafts), although the
correlation was not particularly strong (r = -0.58). In this regard the cloud above Ny-
Alesund on the 5 November 2016 follows the behavior expected for an Arctic MPC. Shupe
et al. (2008a) further showed that in the case analyzed in their study, vertical velocities
where linked to the amount of ice in the MPC. Also in our case an association between
the ice in the cloud (estimated via the Z. in the bottom part of the MPL) and vertical
motions can be found (Fig. 34b). Overall, updrafts increase both the amount of liquid and
ice in the MPL.

Interestingly, a relationship between vertical motions and SkewTH can be identified
in Fig. 30b. Strong downdrafts (e.g. 6:33 UTC, 7:26 UTC, 7:35 UTC) seem to push
the SkewTH downwards. The relationship becomes evident in Fig 34¢, which shows a
correlation between vertical motions and SkewTH. The relationship between SkewTH and
vertical motions suggests that although updrafts increase the amount of both liquid and
ice in the MPL, the impact on Zj;.c.p is stronger leading to a more ice dominated MPL and
a higher SkewTH. On the other hand, in downdrafts both liquid and ice are decreased, but
the decrease in Z.yq is relatively smaller and the MPL becomes more liquid dominated
with a lower SkewTH. In the MPC analyzed by Shupe et al. (2008a), the downdrafts
decreased the IWP more than LWP so that the liquid fraction was increased in downdrafts.
Hence, Fig. 34c qualitatively agrees with the findings of Shupe et al. (2008a). In the view
of the relationship between vertical motions and SkewTH and Z., Fig. 35a shows how
vertical motions impact the relationship between SkewTH and Z.. Updrafts (downdrafts)
are related with the highest (lowest) SkewTH and Z.. For average SkewTH it seems that
strong updrafts are related to an increase on Z, at SkewTH, but otherwise the vertical wind
does not seem to influence the relationship between SkewTH and Z.. Could the vertical
motions explain the variability between SkewTH and LWP shown in Fig. 32b? For a
similar LWP the amount of ice could vary between up- and downdrafts. Fig. 35b shows
this to be the case to some extent, but the larger differences between up- and downdrafts
are seen in the LWP level. A particularly strong updraft is associated with LWP between
70 and 80gm~2, and since higher LWP was found to increase Z, at SkewTH (Fig. 33)
the higher Z. at SkewTH related to strong updraft could actually be due to the higher
LWP associated with the updraft instead of the updraft itself. Therefore, although vertical
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Figure 35: Impact of up- and downdrafts on the relationship between SkewTH and a) the
Z. at SkewTH, b) LWP.

motions clearly influence the phase partitioning of the MPL, it does not seem to largely
influence the relationship between SkewTH and Z, or LWP.

Two possibilities for the observed behavior in the variation of ice with vertical motions
can be considered. Firstly, the increase in Zp,ecip in updrafts could be caused by a higher
ice nucleation rate. The increase in ice particle number concentration when more super-
cooled liquid is present is well documented, although the precise mechanisms responsible
for the phenomena are not clear (De Boer et al., 2011, Rangno and Hobbs, 2001). Hence,
updrafts where LWP is increasing may be associated with more ice nucleation. The second
possibility for an increased Zpecip in updrafts is related to the growth of the ice particles.
As long as liquid is present, the MPL can be assumed to have a vapor pressure satu-
rated with respect to ice. However, the growth rate is temperature and supersaturation
dependent (Pruppacher and Klett, 1997) and might thus be modulated by the vertical
motions. Additionally, the size of the ice particle at the time when it falls out of the MPL
is not only determined by the growth rate, but also the time the particle had to grow,
i.e. the residence time of the ice particle in the MPL. In updrafts the ice particle remains
in the MPL for a longer time because its falling is slowed down, while in downdrafts the
ice particle is pushed out of the MPL faster than its terminal velocity would allow. The
simulations carried out by Solomon et al. (2011) showed slightly more depositional growth
in downdrafts than updrafts, and the significance of vertical transport in the differences
ice water tendencies between up- and downdrafts. From the measurements available and
the analysis presented it is not possible to state which of these mechanisms play a role in
determining the impact vertical motions have on phase-partitioning in the studied MPC.

The results presented for the case on 5 November 2016 refine the picture of the SkewTH
and the way it represents the partitioning between liquid and ice in the MPL. Further
simplified, the Z, above the SkewTH can be considered a proxy for the strength of the
cloud mode, and the Z, below the SkewTH roughly represents the amount of precipitation
in the MPL. Using these coarse estimates, SkewTH was found to vary as expected in
response to increasing or decreasing Zprecip and Zeouq (Figs. 31-32a). With an increase
in Z. below SkewTH (proxy for Z, ecip), SkewTH moves upwards closer to cloud top
(Fig. 31), indicating a more ice dominated MPL. With an increase in LWP, both Z,uq4
and Zpyecip (estimated by LWP and Z, below SkewTH, respectively) are increasing, posing

100



12. USING SKEWNESS FEATURES TO CHARACTERIZE MPC

competing effects on the SkewTH and leading to a lack of direct correlation between the
LWP and the SkewTH (Fig. 32b). However, a higher LWP combined with a low Z.
below SkewTH coincides with a Skew'TH close to liquid base, correctly implying the MPL
is to a large degree dominated by cloud liquid. Using SkewTH as a proxy for phase-
partitioning, the relationship between vertical motions and phase-partitioning was found
to agree with existing literature. A strong relationship between the SkewTH and Z. was
found, undisturbed by vertical motions (Fig. 35). The depth of the MPL in the time period
evaluated does not vary considerably (the mean MPL depth was 330m with a standard
deviation of 30m), and is therefore not an important factor for considering the skewness
transition height in this specific case.

12.5 Extension to larger dataset

In this section, the analysis of the skewness transition height is extended to include all
profiles where SkewTH was identified in the 3-year dataset (Sect. 12.1). Some of the
findings of Sect. 12.4 are considered again to investigate the influence of factors such as
the change in MPL depth and temperature. In this section SkewTH is given as distance
from cloud top, liquid base, and normalized within the MPL (Sect. 12.3) to demonstrate
the differences between the parameters and to find out if for certain analysis a specific
parameter is best suited. The relationship between SkewTH and LWP and Z, is further
analyzed to refine the interpretation of SkewTH and how its location in the MPL relates
to the amount of ice and liquid in the layer.

Depth of the mixed-phase layer

Sect. 12.4 showed that for a rather constant MPL depth the SkewTH could still vary
considerably, following the changes in Z.joyq and Z, ecip. In this case, when SkewT Hyorm
moved up or down, it was always related to a corresponding change in the distance of
the skewness transition height from liquid base and cloud top. Combining multiple cases
in the analysis, the depth of the MPL varies considerably (Fig. 36a). When comparing
profiles with different MPL depth, it is possible that the SkewTH in one profiler is higher
up relative to the layer than in another profile, but if the MPL is thicker the absolute
distance from both liquid base and cloud top are both larger. Similarly, in a thinner layer
the absolute distance of the SkewTH to cloud top and liquid base is smaller although the
SkewTH might be at the same height relative to the layer. Fig. 36c and d show how the
distributions of SkewT Hy, (Eq. 21) and SkewT He; (Eq. 20) become broader as the depth
of the MPL increases. The SkewTH can not be further away from the liquid base or cloud
top than the depth of the layer allows, but Fig. 36b further suggests that in deeper MPL
the SkewT H,prp, is higher up in the MPL. The median of SkewT H. moves away from
cloud top with increasing MPL depth until 500 m, but although larger SkewT H.; values
are possible with even deeper MPL the median does not increase anymore (Fig. 36b). It
is possible that in some cases the boundaries of the MPL are misidentified. A 700m deep
MPL might in reality be two or more liquid layers nearby mistakenly considered as one
continuous layer, and the SkewTH in the uppermost liquid layer would in such case be
counted as very close to cloud top relative to the artificially deep layer. In the sampling
of the data care was taken to minimize such effects, but due to the limitations in the
detection of thin liquid layers by the available remote sensing instrumentation and the
Cloudnet algorithm the possibility of multiple liquid layers to be counted as one cannot be
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Figure 36: a) Distribution of the mixed-phase layer (MPL) depth for profiles with SkewTH,
and bivariate distributions of MPL depth and b) SkewT Hporm, ¢) SkewT Hg, and d)
SkewT Hyp,. Box and whiskers in b)-d) indicate 5, 25, 50, 75 and 95-percentiles for 100 m
MPL depth bins.

excluded. Otherwise the sampling criteria (Sect. 12.1) should not favor SkewTH close to
cloud top.

It is worth considering that the conditions might vary with MPL depth. Fig. 37a
shows that an increase in LWP is associated with an increase in the MPL depth. In situ
and modeling studies agree on the general behavior of cloud droplet number concentration
staying rather constant while the size of the droplets increases from liquid base to cloud top
leading to an increase in the LWC profile (Jackson et al., 2012, Mioche et al., 2017, Morrison
et al., 2008). Since LWC increases with height and LWP is the integral of the LWC-profile, a
larger LWP is expected for a deeper MPL. However, because the amount of water vapor the
air can hold is temperature dependent (Pruppacher and Klett, 1997), an adiabatic profile
at a colder temperature corresponds to a lower LWC (Pinsky et al., 2015). Hence for the
same MPL depth, an adiabatic LWC profile yields a lower LWP at colder temperatures.
This can be seen in Fig. 37b, which shows that for a given MPL depth, a decrease in
temperature decreases the mean LWP. With shallow MPL (< 250m) the temperature
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Figure 37: a) Bivariate distribution of MPL depth and LWP. Box and whiskers in indicate
5, 25, 50, 75 and 95-percentiles. b) The mean LWP for each 4°C cloud top temperature
bin and 50 m MPL depth bin. ¢) The mean (thick solid line) + standard deviation (shaded
area with a dash line boundary) MPL depth at different temperatures. LWP bin size in a)
and c) is 20gm ™2, and bins with less than 200 data points are omitted.

does not seem to have an effect, and at temperature below -25°C the MPL depth does not
seem to matter, but these outcomes could be due to the measurement uncertainty at the
very low LWP that are associated with both of these conditions. Fig. 37b only shows the
mean value, so to illustrate the extent to which temperature can provide an explanation for
the variation in Fig. 37a, Fig. 37c shows the mean + standard deviation in the MPL depth
for given LWP at different temperatures. For LWP below 50 gm~2 one cannot conclude
that the distributions differ.
with deeper MPL depth, as would be expected. Considerable variation is still present,

With larger LWP the colder temperatures are associated

and the difference between the mean values at different temperatures rarely exceeds the
standard deviations. A simple adiabatic parcel model (such as used by Pinsky et al., 2015)
is not capable of describing the turbulent mixed-phase layer that is not in thermodynamic
equilibrium. In situ observations from aircraft (Jackson et al., 2012, Mioche et al., 2017)
and estimates based on ground based remote sensing (Shupe et al., 2008a) have found
the liquid water content in the MPL to often be sub-adiabatic. Importantly, ice particles
play a role in determining LWC as they limit the humidity available for liquid droplets
(Korolev, 2008, Pinsky et al., 2015), and a larger sink of humidity on the ice phase at
colder temperatures might also contribute to the temperature effects shown by Fig. 37.

A deeper MPL is also related to a larger Z. at liquid base (Zj;quidbase), Which represents
the precipitation formed in the MPL (Fig. 38a). The amount of ice at liquid base is deter-
mined by the number of ice particles on one hand and the mass of the particles on the other
hand. The ice particle number concentration depends on the ice formation mechanisms
(heterogeneous nucleation and secondary ice processes, see Sect. 2.1). As already discussed,
supercooled liquid and specifically large droplets may promote ice nucleation. Since the
droplets increase in size from liquid base to cloud top, large droplets are more likely found
in the upper parts of thicker MPL given high enough LWP. The higher Zj;yiapase in deeper
MPL might therefore be related to higher ice nucleation induced by the larger amount of
liquid. Secondly, the mass of the ice particles at liquid base is influenced by the time the
ice crystals have had to grow and the growth rate, which is dependent on the temperature,
water vapor pressure and ventilation around the particle. In the right conditions riming
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Figure 38: a) Bivariate distribution of MPL depth and Zjiguidbase- Box and whiskers in
indicate 5, 25, 50, 75 and 95-percentiles for 50 m MPL depth bins. b) The mean Zjquidbase
for each 1°C cloud top temperature bin and 20 m MPL depth bin. Bins with less than 300
data points are omitted.

can also play a role in increasing the ice mass. Radar reflectivity might also be increased
by aggregation which increases the size of ice particles but does not increase the IWC.
Assuming ice is mainly nucleated at cloud top followed by diffusional growth in the con-
tinuously with-respect-to-ice super-saturated mixed-phase layer, the size of the ice particle
when they have fallen to the level of the liquid base is dependent on their residence time
in the mixed-phase layer. This again is influenced by the fall speed of the particle and the
thickness of the layer. Although the fall speed of the ice particles vary because of different
mass-size relations, in a deeper mixed-phase layer ice particles of different sizes, shapes and
densities all have more time to grow because the distance they have to fall before reaching
the liquid base is longer. A longer residence time in the mixed-phase layer might also add
to the ice mass through an increased likelihood of riming, as more collisions with liquid
droplets may occur. Hence, it is possible to explain why a deeper mixed-phase layer is
related to higher Zjguidbase, and also that the large scatter in Fig. 38a should be expected
due to the other factors (ice particle number concentration, habit, and fall speed) that also
largely influence the Zj;qyiapase, but it is difficult to determine the relative importance of
different processes.

The role of ice nucleation and the growth of the particles for defining the Z, of the
precipitation falling out of the MPL is discussed in the light of the available evidence.
Fig. 36b and c showed that SkewTH is closer to cloud top in deeper MPL indicating that
independent of how much further below the SkewTH the MPL extends, in the deep MPL
there is already more ice near cloud top. The SkewTH close to cloud top is also associated
with higher Zj;quidbase (Fig. 29a—e). Thus the early stages of precipitation formation are
relevant for the amount of ice produced by the MPL, and increased ice nucleation seems to
play a role in the increased Zjiguidbase in deeper MPL. However, it is still possible that also
the quicker growth of the particles could move the SkewTH upwards. The difference in the
saturation vapor pressure between liquid and ice is temperature dependent, and the ice
particle growth rate at liquid saturation is at its highest around -14 to -15°C (Pruppacher
and Klett, 1997). The dendritic growth at this temperature regime can also enhance ag-
gregation. On the other hand, the number concentration of particles that may act as INP
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is strongly temperature dependent (Kanji et al., 2017) and increases with decreasing tem-
perature. Fig. 38b shows the mean Zj;qyiapase for a given cloud top temperature and MPL
depth. Fig. 38b agrees with Fig. 38a in that deeper MPL produce more precipitation, but
for a given MPL depth the Zj;juiqbase peaks around -14°C. The temperature dependency
of Zjiquidbase suggests that the growth rate of the ice particles has an impact on the the
amount of ice produced by the MPL. At cloud top temperature below -22 °C, the Zj;quidbase
is larger possibly due to increased ice nucleation. Below -20 °C only few P-MPC cases with
SkewTH are found, so the result is quite sensitive to the properties of these individual
cases. In conclusion, it seems that the higher Z. at liquid base is related to both higher
ice nucleation and more growth in the deeper MPL.

It is important to keep in mind that the results presented concern a specific subset of
all low-level MPC. On the other hand, it is possible that narrowing the sample makes it
possible to find certain signatures for different processes as the range of possible realizations
of P-MPC is reduced. One important aspect that has not been addressed so far is the role
of the aerosol loading and the impact of INP and CCN concentrations on the P-MPC.
Several studies have found that both INP and CCN concentrations have an impact on the
evolution and properties of MPC (Eirund et al., 2019, Lohmann and Hoose, 2009, Morrison
et al., 2008, Norgren et al., 2018, Possner et al., 2017, Solomon et al., 2018). Finding
observational evidence for aerosol-cloud-interactions is a difficult task (Jackson et al., 2012,
Maahn et al., 2017) and beyond the scope of this study. Furthermore, no reliable long-term
measurements of INP and CCN at cloud level were available. Assuming that the statistics
cover a range of conditions from low to high INP and CCN concentrations, the results are
hints of mechanisms that are at play independent of the aerosol regime. However, this
only holds if the sampling of the data set is not biased to a certain aerosol regime, which
is hard to estimate. If high INP concentrations lead to a quick glaciation of the cloud or
to an overall ice dominated MPC (as suggested by several modeling studies), such clouds
are not included in the analysis of the SkewTH. The analysis in Sect. 12.2 showed that for
SkewTH to be identified, a sufficient amount of liquid compared to ice needs to be present
(e.g. Fig. 28a). Therefore, it is possible that the significance of ice particle growth for the
amount of ice in the MPL (Fig. 38b) might only be valid in a low-INP regime where ice
nucleation is limited.

Z. at the skewness transition height

In Sect. 12.4 the relationship between the skewness transition height and the reflectivity
at SkewTH (Zgkewrn) was found that was not disturbed by vertical motions (Fig. 35).
Fig. 39 shows the Zggewrp distributions for the different definitions of SkewTH. Fig. 39b
(SkewT Hyp,) resembles Fig. 31b, but Fig. 39a (SkewT H;) is quite different. To understand
this behavior it is necessary to remember what defines the skewness transition height
(Sect. 11.4). Very close to liquid base Z.,uq is always low because regardless of the number
concentration the droplets are small. If SkewTH is very close to the liquid base, the
reflectivity at this height is small because Zpecip needs to be comparably small to the
Zeloud, otherwise the SkewTH would not be identified at this height (Fig. 21la). With
increasing distance from liquid base the Z.,,q increases in size, and so does the Z,,.ccip
that is required for the Doppler spectrum to have a zero skewness. The relationship
between the Z.,,q profile and the definition of SkewTH results in the clear correlation
between SkewT Hy, and Zggewrr- Some spread in the distribution of Zggewr at a given
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Figure 39:  Bivariate distributions of Z. at the skewness transition height and a)
SkewT H, b) SkewT Hy,, and ¢) SkewT Hyorm- Boxes and whiskers as in Fig. 38.

distance from liquid base is present, as Z.o.q can vary depending on the LWC and droplet
size distribution.

While Zgpewr is clearly associated with the SkewT Hp,, no such relationship between
Zskewrn and SkewT H, exists (Fig. 39a). When SkewTH is at a given distance from
the liquid base the Z, is relatively well defined, however, how much further the MPL still
extends above the SkewTH varies. For example, when SkewTH is 200 m above the liquid
base, Z. is -23 £ 5dBz (mean =+ standard deviation), but the depth of the MPL may be
300m or 500m (Fig. 36d). Thus, the corresponding SkewT H. may be 100m or 300 m.
Hence, for a given SkewT Hy, a range of SkewT H; are possible, resulting to the broad and
rather undefined distribution shown by Fig. 39a. The clear relationship between SkewT Hy,
and Zgpewry was explained by the fact that the Z.,,q always increases from cloud base
upwards and therefore the Z. related to SkewTH must also increase as a distance from
cloud base. As Z, eqip also starts at zero and increases with distance from cloud top,
should there not be a similar behavior of Zgperg increasing as a distance from cloud
top? Firstly, the liquid base was defined as the height where liquid droplets occur, where
as the cloud top is not defined as the height where ice particles appear but it may extend
higher if a liquid-only layer is present at cloud top. 100 m below cloud top Zpecip might
still be zero (Fig. 11) or it might already dominate the radar signal (Fig. 36¢). Secondly,
the magnitude and growth of Z,,ccip is not as constrained as the Z.y,q. The variability
in the efficiency of ice nucleation mechanisms influence the ice number concentration and
the different growth mechanisms (depositional growth, aggregation, riming) depend on
factors such as temperature, particle habit, ventilation, particle size distribution and fall
velocity, which leads to a larger variability in the IWC profile and the Z, profile related
to a given IWC. All that said, inspecting Fig. 39c reveals that the reflectivity at SkewTH
does increase slightly with distance from the cloud top in the upper most 20% of the MPL.
It is worth remembering that the distributions in Fig. 39 do not describe an average Z.
profile, but the Z, that is associated with the SkewT'H at a given height. This behavior
might be related that the ice particles do need to grow first and no matter how high the
ice nucleation or growth rate, Zyrec;p can only dominate the radar signal in the top most
10% of the MPL if the Z.uq is modest, and for higher Z.,,; more growth is required
and in these cases the SkewTH cannot be too close to the cloud top. At the edge of the
cloud Z g also goes to zero, so that right at the top less ice is required to dominate the
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Figure 40: Zgkewry distributions as a function of SkewT Hy, for different a) cloud top
temperature and b) normalized LWP (= LWP / MPL depth) classes. The thick lines
show the mean, and the dashed lines filled with shaded areas the standard deviation for
SkewT Hy, bins of 50m, and bins with less than 300 data points were omitted.

signal. Overall Fig. 39c (SkewT Hyorm) resembles Fig. 39b (SkewT Hy,), the distributions
just appear somewhat broader.

When the SkewTH is in the first 100 m above liquid base (Fig. 39b) or the lowest 20%
of the MPL (Fig. 39¢) the Zsgewrm distribution is strongly skewed and the 90-percentiles,
which may exceed -10 dBz, are deviating from the general pattern (Fig. 39b, ¢). The profiles
with SkewTH close to cloud base with unexpectedly large Z, are likely misclassified in the
sense that skewness in these cases is not describing the change from liquid to ice dominated
radar signal. Reflectivities exceeding -10dBz certainly have a fair amount of ice, which as
discussed in Sect. 12.2 also in itself can produce changes in the skewness. Also it would
be expected that such profiles appear especially at the lower parts of the MPL, as the
ice particles need to grow and interact with each other or the liquid droplets to develop
changes in fall velocities that would appear as skewness of the Doppler spectra. Secondly,
the skewness profile must somehow resemble that depicted in Fig. 21a, otherwise it would
not be included in this analysis. The large Z, close to liquid base are in violation with the
assumptions made, because it is generally thought that the reflectivity of liquid droplets
does not exceed -20dBz so that Z.,,q could hardly be expected to exceed -20dBz in the
lowest 100 m of the liquid layer. In the cases where SkewTH is identified close to liquid
base, the Zgpewrr could be used as an additional criteria for discriminating ice only or ice
dominated skewness profiles that have similar skewness features.

The distinct relationship between SkewT Hy, and Zgkewrn (Fig. 39b) was explained
by the dependency of Z.,q on the increase in droplet size (and thus LWC) from liquid
base upwards. The temperature dependency of LWC discussed before should therefore be
reflected in the Zggewrr. Indeed, Fig. 40a shows that at a given height from the liquid
base Zgpewrn is lower at colder temperatures. The differences are small near cloud base,
where droplets are always small, and increase with distance from liquid base. However,
similarly as in Fig. 37c the dependency on temperature is rather limited. The warmer
temperature classes do not differ from each other indicating that other mechanisms must
be important in determining Z.,.q. It should be remembered that the temperature is
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thought to impact LWC which in turn is related to Zouq and hence Zgpewrm- Instead
of testing the temperature dependency, it is possible to consider directly if the amount of
liquid is related to Zggewrg- For this purpose a normalized LWP is defined as LW Px =
LWP / MPL depth. LW Px corresponds to the LWC associated with a MPL of given
depth and LWP if the LWC were constant. Such an approximation is not suggested,
instead the aim is to evaluate the amount of liquid in layers of different depths. Fig. 40b
shows that larger LW Px are associated with larger Zggewr, and the influence of LW Px
on the Zggewrm is stronger than the influence of temperature. Some variation is still to
be expected as the LWC profile still can vary within the LW Px classes, and differences
in the droplet number concentration for a given LWC also alter Z.,,q- The influence of
temperature and LW Px on Zgpe,g are worth keeping in mind when interpreting results
from SkewTH.

SkewTH as a measure for phase-partitioning

So far, the possibility to use SkewTH as a radar reflectivity weighted measure for phase-
partitioning has only been touched briefly. For this purpose, SkewT H,orm could be used.
SkewT Hy, defines how many meters from liquid base the Zp,ccip is dominating the radar
signal, and SkewT H. how many meters from cloud top the Z.,,q dominates, but neither
bears any information about how much further the MPL extends. SkewT H,,orm describes
which portion of the MPL is dominated by which mode, and as such is a measure of the
phase-partitioning of the MPL defined by the reflectivity of liquid and ice in the cloud.
For SkewT H,orm = 1 the radar reflectivity in the entire MPL is dominated by ice, and
when SkewT Hpormn = 0 by liquid. Figs. 11a and 12 show that although the Ze of the
cloud and precipitation mode are comparable, the liquid largely outweighs the ice in terms
of mass, which is due to the D% dependence of the radar reflectivity and the larger size
of the ice particles. The radar-reflectivity weighted measure for phase-partitioning should
therefore not be confused with a metric based on the condensed mass, which is often
reported in the literature (Korolev et al., 2017). Since the ice crystals so quickly start
to dominate the radar signal, such Z.-based metric would be most useful to the study of
liquid dominated (in terms of mass) clouds, as otherwise the ice is always dominant, and
the processes related to ice formation at the low ice-mass-fraction end of the MPC regime.
The case study already showed that SkewT Hyorm as a phase-partitioning measure could
be used to reproduce results related to the impact of vertical motions (Fig. 34). Fig. 32b
further showed that SkewT H, o is related to the amount of liquid and ice in the MPL
as is suitable for a phase-partitioning measure: for a given amount of ice the increase in
liquid decreases SkewT Horm, and for a given amount of liquid the increase in ice increases
SkewT Hp,ppm.

13 Potential of radar Doppler spectrum skewness for the
study of mixed-phase clouds

The multitude of possible processes and combinations of different hydrometeors and in-
fluences of dynamics (such as turbulence) makes the use of the Doppler spectra to study
MPCs a challenging endeavor. However, the existence of persistent features that are repeat-
edly found and agree with the general understanding of the cloud structure is promising.
Sect. 12 showed that the analysis of the specific skewness feature produced results that
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are in agreement with the assumptions made in Sect. 11.4, and could also reproduce some
findings from previous studies. Here, the potential use of the Doppler spectrum skewness
is discussed and suggestions for next steps are outlined.

13.1 Retrieving microphysical quantities

The retrieval of microphysical quantities such as ice and liquid water content and effec-
tive radii (Teice and rejq, respectively) from radar observations is particularly challenging
for mixed-phase clouds (Shupe et al., 2008c). These parameters are required for radiative
transfer simulations of the cloudy atmosphere (Ebell et al., 2020, Shupe et al., 2015), which
are used to study the cloud radiative effect and are therefore important for investigating
the role of clouds in the Arctic climate system. Many of the commonly used retrievals have
been developed for liquid or ice clouds and require Z, that is associated only with the hy-
drometeor population whose properties are being retrieved (e.g. Delanoé et al., 2007, Frisch
et al., 1998, 2002, Hogan et al., 2006, Matrosov et al., 2002). Applying such retrievals for
mixed-phase clouds is often done by assuming the radar reflectivity is dominated by the ice
phase, and the IWC and ;e retrievals are applied using the measured Z.. Consequently,
the Z.-dependent retrievals for LWC and 7¢;, cannot be applied, and adiabatic or LWP-
scaled values for LWC are used instead (Illingworth et al., 2007, Nomokonova and Ebell,
2019, Shupe et al., 2015). In some case studies the Doppler spectra was decomposed to the
contribution of liquid (Zjquiq) and ice (Zjc.), and thus the aforementioned retrievals could
be applied for each phase separately (Shupe et al., 2004, Verlinde et al., 2007, Yu et al.,
2014). Despite the efforts made in the development of peak-detection algorithms for radar
Doppler spectra (Kalesse et al., 2019, Radenz et al., 2019), the decomposition of spectra
is not always possible and this approach is unlikely to provide robust retrievals for the full
range of mixed-phase clouds observed.

Skewness could be used to gain additional information for the benefit of the retrieval
of microphysical quantities (Kiichler et al., 2018, Maahn and Lohnert, 2017). Although
skewness does not make it possible to derive the complete Zj;qyiq and Z;. profiles, it could
be used to constrain the profiles at least for the cases defined in Sect. 12. For example,
above the SkewTH ice does not dominate the radar signal. In this layer the error in
Zice following the Z;.. =~ Z. assumption is at least 50% (3 dB), which corresponds to an
uncertainty of 40-46% in the retrieved IWC in the temperature range from -30°C to -5°C
(Eq. 15, Sect. 6.2). Although the uncertainty of the retrieval might be as high as 100%
(Hogan et al., 2006), skewness can be used to reduce the overestimation that is caused
by mixed-phase Z. being fully attributed to the ice phase. On the other hand, the lack
of Doppler spectrum skewness could be used as a sign that the supercooled liquid is not
significantly contributing to the measured radar reflectivity and the use of the measured
Ze for computing IWC and 7e;ce is justified.

13.2 Constraining numerical models

Features found in the radar observations can be used to confront numerical models. For-
ward simulating modeled clouds allows the comparison of models and observations in the
observational space, and makes it possible to test whether models can reproduce statistical
relationships found in the observations. Advanced forward simulators such as the Passive
and Active Microwave TRAnsfer (PAMTRA) model (Mech et al., 2020) are able to sim-
ulate the full radar Doppler spectrum for a specific observational setup. Comparing the
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Figure 41: The mean skewness (indicated by color) in each Z, and normalized height bin.
The thick and thin black lines show the median and 5/95-percentiles of Z., respectively.
All P-MPC are included in the figure.

model and observation in the observational space circumvents the challenge of retrieving
microphysical quantities from the radar measurement, which is burdened with significant
uncertainties specifically in the mixed-phase regime. However, the task of finding the ap-
propriate radar parameters for the model evaluation must still be resolved. Fig. 11 showed
that moving from the liquid-only layer at cloud top to the precipitation below the liquid
base might not be associated with much changes in Z.. V,, is not only a mixture of the
terminal fall velocities of the different hydrometeors, but further influenced by vertical
wind. Higher moments of the Doppler spectra can provide additional constrains for micro-
physical processes or the development of phase-partitioning. Because radar reflectivity is
strongly dependent on the size of the scatterers, skewness is sensitive to the occurrence of
the somewhat larger and faster falling ice particles in the Doppler spectra. Hence, skewness
could be used for studying the early stages of ice formation and the transition from liquid
to ice.

Schemann and Ebell (2020) performed simulations with the high-resolution ICOsahe-
dral Nonhydrostatic Large-Eddy Model (ICON-LEM) around Ny-Alesund for 11 days in
June 2017. The model output was forward simulated with PAMTRA and compared with
the same cloud radar measurements as used in this study. Schemann and Ebell found an
underestimation of Z, in the model compared to the observations, which was attributed
to too small ice particles in the model. The reason for this was thought to be related to
the limitations of the INP and CCN parameterizations, and possibly also the description
of the growth of the ice particles. Adding the Doppler spectrum skewness to the analysis
might provide means to get a better understanding of the behavior of the model and where
it differs from the observations. The work by Schemann and Ebell shows that while high-
resolution modeling can quite successfully produce a mixed-phase cloud, at least in some
cases if not all, there is room for improvement in the detailed representation of clouds in
the model. Moreover, Schemann and Ebell (2020) demonstrate that the necessary tools to
carry out such model-measurement comparisons in the observational space are available
and ready for the implementation of any radar-based parameters made available.
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In Sect. 12 the skewness profile was reduced to one parameter and the height where
the skewness transitions from negative to positive was analyzed. In this manner a better
understanding of what defines the sign of Sy in the mixed-phase layer could be developed.
With the increased knowledge it is now possible to provide a more general relationship
between skewness and reflectivity, which could be used as a starting point for model com-
parison. Fig. 41 shows the mean skewness for a given Z, and height in the MPL. The
figure reiterates what was learned in Sect. 12.4-12.5, but also provides some additional
information. The liquid dominated region spans from -40 dBz at liquid base to -20 dBz at
cloud top. In the lower reflectivity side of positive Sy a region of zero skewness is found,
which probably describes liquid only conditions. The strongest negative skewness is found
at higher reflectivities relatively high up in the cloud. In this region the precipitation mode
is large, but as the cloud mode is also considerably strong the skewness gets large absolute
values. Lower down in the cloud with the same reflectivity the skewness gets smaller as
the cloud mode decreases in size. Close to cloud base with Z, above -20dBz the cloud
mode is not sufficiently strong anymore to produce any significant skewness.

13.3 Next steps

Some possibilities for continuing the research utilizing Doppler spectrum skewness are
outlined above, for which immediate next steps can be recommended. Firstly, the mea-
surement set-up could be optimized for providing a detailed spectra with a noise level
as low as possible. Parameters such as the range resolution and averaging time have an
impact on the noise level and kinematic broadening of the Doppler spectra, which again
affect the skewness that will be computed from the spectra. Furthermore, uncertainties
in the skewness that follow from uncertainties in the measured Doppler spectra should be
quantified. To move towards process studies, whether observational or with model com-
parison, a detailed study focusing on the processes that define the skewness profile should
be carried out. A combination of a microphysical bin model and a radar forward simulator
proved useful for warm drizzling clouds (Acquistapace, 2017), and a similar approach could
be taken for mixed-phase clouds.

14 Conclusions

This study explored the possibilities of using cloud radar Doppler spectrum skewness to
research Arctic mixed-phase clouds. Contrasting case studies were used to develop an un-
derstanding of the variation of the Doppler spectra and its skewness in different conditions.
In MPC with enough liquid and not too much ice skewness describes which phase dom-
inates the radar signal. The change from liquid dominated cloud top to ice dominating
below was found to be associated with a distinct skewness profile. A method to identify
such profiles was developed and applied on the 3-year dataset of persistent low-level MPCs.
The skewness profile exhibiting a change from liquid to ice dominated layer was found in
32% of the measured radar profiles and in 51% of the profiles with LWP above 30 gm™2.
The investigation of a case study and the 3-year dataset showed that the analysis of the
skewness transition height produce results that are consistent with the assumptions made
and in agreement with findings in previous studies. Following from the definition of skew-
ness the transition from negative to positive is defined by the reflectivity of ice relative
to liquid, but not the absolute values. The Z. of cloud liquid closely relates to the LWC
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profile and is thus to a large degree defined by thermodynamical conditions. The processes
controlling the amount and size of ice particles are more varied, not to mention that their
larger size dominates the reflectivity, thus variation in skewness was often associated with
the variability of the Z. associated with the ice phase. Furthermore, a radar reflectivity
weighted measure for phase-partitioning in the mixed-phase layer could be derived from
the skewness profile.

It is worth highlighting that not all radar measurements of mixed-phase clouds contain
clear features related to supercooled liquid. When the amount of liquid is very low, the
radar may lack the required sensitivity to measure the small droplets. This instrument
specific technical limit sets boundaries to the range of cloud conditions that are explicitly
measured as mixed-phase by a cloud radar. Moreover, also when the cloud liquid can be
measured, the backscattered power from the ice particles can be so much stronger that
it overshadows any signal from the liquid and the radar measurement predominantly de-
scribes processes in the ice phase. Doppler radar observations of MPCs therefore cover
a range from ice only over ice dominated to apparently mixed-phase measurements. The
interpretation of the Doppler spectra in these different measurement regimes require dif-
ferent frameworks. For example, even when droplets cannot be measured by the radar
the presence of supercooled liquid can in some cases be inferred from the influence it has
on the ice phase, but the assumptions required for such analysis differ from those used in
this study. When discussing the potential use of radar Doppler spectra for the study of
MPCs, clarity in the applicability of the approach is called for. The quantitative analysis
in this work (Sect. 12) focused on MPCs where the signal from the supercooled liquid in
the radar Doppler spectra was strong and significantly altered the features of the spectra.
The skewness of the Doppler spectrum describes the phase (ice or liquid) dominating the
spectra within this regime, which was found to be limited to Z, at liquid base below -5 dBz.
At the low end of the LWP distribution even lower Zj;qyidpase Was required. Furthermore,
the interpretation of skewness was only considered for liquid at cloud top and might not
be applicable for embedded liquid layers. Further studies specifying the features and their
interpretation in more ice dominated Doppler spectra are still needed.

Mixed-phase clouds are notoriously difficult to measure. Only few remote sensing
instruments, namely cloud radars and to some extent lidars, can provide vertically resolved
measurements of both supercooled liquid and ice. The approach presented in this work
allows the investigation of the early stages of precipitation formation in the liquid layer
at cloud top. The details of ice nucleation mechanisms and the discrepancy between the
observed INP and ice particle number concentrations are some of the central unanswered
questions concerning MPCs. With the insights gained from this work on the interpretation
of the Doppler spectrum skewness, further studies can now be designed to find cues on the
mechanisms altering the ice formation and liquid-to-ice transition at cloud top. Particularly
for the ice-dominated and ice-only radar observation regimes (Fig. 21), polarimetric (Oue
et al., 2016) and multi-frequency techniques (Kneifel et al., 2015) could prove beneficial. A
handful of observatories in the high Arctic operate long term cloud radar measurements,
supplemented with campaign deployments, and the approach developed in this study can
readily be applied to the datasets obtained at different sites. This work also makes a
contribution towards determining observational constrains for the evaluation of numerical
models, particularly in terms of precipitation formation and the mechanisms altering phase-
partitioning in the upper parts of mixed-phase clouds.
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14 Summary

Low-level mixed-phase clouds are ubiquitous, persistent, and play a central role in the
Arctic climate system due to the multiple ways the clouds interact with the surface and the
lower troposphere. Climate models struggle with the representation of these clouds, which
has been associated with deficiencies in describing microphysical processes, contributing to
uncertainties in future climate predictions. Observations are needed to provide constrain
for model parameterizations on one hand, and to improve process understanding on the
other hand. Remote sensing techniques provide long-term cloud measurements that can
be obtained in (nearly) all weather conditions. Specifically, ground-based cloud radars
provide highly vertically and temporally resolved profiles for the entire troposphere. Only
few sites with long-term cloud radar operation exist in the high Arctic, most of them on
the western hemisphere. Furthermore, the information available from cloud radar Doppler
spectra is not yet fully capitalized for the mixed-phase cloud regime.

This dissertation presents the first work investigating a multi-year dataset of remote
sensing observations of persistent low-level mixed-phase clouds (P-MPC) above Ny-Alesund,
Svalbard. The Scientific Study I provided a characterization of the cloud regime, evaluat-
ing the potential local and regional influences of the complex fjord environment to P-MPC
occurrence and properties. The Scientific Study Il expanded the observational toolkit avail-
able for analyzing microphysical properties in mixed-phase volumes by investigating the
information that can be gained from Doppler spectrum skewness, and provides relation-
ships that can be used for constraining numerical models. It is well recognized that both
environmental conditions, such as advection and surface interactions, as well as microphys-
ical processes within the cloud play a role in the life cycle of P-MPCs. The studies made
address both of these aspects, considering the P-MPCs above Ny—Alesund in interaction
with their surroundings as well as investigating a new approach to evaluate the liquid-ice
partitioning inside the mixed-phase layer. The two scientific studies employ complimen-
tary approaches for filling the observational gaps in studying Arctic low-level MPCs by
providing a description of the complex features influencing the P-MPCs observed at a su-
persite in the eastern Arctic (Study I) and by expanding the understanding of possibilities
available from the analysis of the cloud radar Doppler spectrum skewness (Study II). In
the following, the main results and conclusions of the scientific studies are summarized,
followed by a discussion and outlook for future research.
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Scientific Study I. Characterization of low-level mixed-phase clouds at Ny-
Alesund

In this study, 2.5 years of cloud observations above Ny-Alesund were analyzed. A method
to identify P-MPCs based on the Cloudnet target classification product was developed.
The cloud sampling scheme, identifying low-level mixed-phase clouds with a liquid layer
persisting for at least one hour, forms the basis of the analysis of both scientific studies.
Furthermore, a method to continuously evaluate the thermodynamical coupling of the P-
MPC with the surface was developed, and using a combination of 10 m wind direction and
the circulation weather type (CWT, Sect. 7.1) the influence of wind conditions could be
analyzed. Using the developed methodologies, the analysis required to answer the questions
posed in Sect. 3 could be carried out. The main findings are summarized below.

e What is the frequency of occurrence of P-MPCs above Ny-Alesund, and what are
their typical properties (altitude, liquid and ice water path)? Do these parameters

exhibit seasonal variation?

The P-MPCs were found to occur 23% of the time, with the highest frequency of occurrence
in summer and lowest in winter. The P-MPCs were mostly close to the surface, as would
be expected, with a median liquid base height of 760 m. The liquid base height exhibited
a clear seasonality, with the P-MPCs being lowest in summer and highest in winter, in
agreement with previous studies (e.g. Maturilli and Ebell, 2018, Nomokonova et al., 2019,
Shupe et al., 2011). The LWP was typically low (mean 35gm~2 with standard deviation
of 45gm~2). The IWP distributions were strongly skewed towards lower values, such that
the mean IWP was 12gm™2 but the median only 2.1gm™2. Hence, the P-MPCs were
usually heavily liquid dominated, but occasionally formed higher amounts of ice. The
LWP did not exhibit a seasonal variation, which could be related to the sampling criteria
being selective to a specific cloud regime. On the other hand, a strong seasonal variation
in the IWP was found, with lowest values in summer and autumn and a clear maximum
in spring. The low IWP in summer and autumn (median 0.2 and 1.0 gm™2, respectively)
can be explained by the relatively warmer temperatures of these seasons. Despite lower
temperatures in winter than in spring, the median IWP in spring (7.5gm™?2) was almost
double that of the median IWP in winter (4.0gm™2). A possible explanation for the high
IWP in spring could be a larger amount of INPs being available in this season, as aerosol

concentrations in the region peak in spring.

e How can the thermodynamical coupling of the P-MPC with the surface be evaluated
from the continuous observations? How often are P-MPCs above Ny-Alesund found
to be coupled, and does thermodynamical coupling of the cloud with the surface
influence the amount of liquid and ice in the cloud?

A method combining HATPRO temperature profiles and surface ambient temperature
and pressure observations to evaluate the thermodynamical coupling of the P-MPC with
the surface was developed. The new approach was evaluated against the coupling state
estimated from the potential temperature profiles from radiosoundings, and a satisfactory
agreement was found. Compared to radiosonde profiles that are available spuriously (rarely
more than one sounding was taken during a P-MPC case), the new method developed allows
for a continuous evaluation of the development of the (de)coupling of the cloud. Using this
new method, 63% of the observed P-MPC cases where found to be fully decoupled while
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only 15% were coupled, the rest 22% classified as predominantly decoupled. Coupling was
found to occur most frequently in summer. A low liquid base seemed to favor surface
coupling, which might contribute to the seasonal cycle of coupling as the P-MPCs were
lower in summer. The median LWP of coupled P-MPCs was 46 gm ™2, clearly higher than
the medians of the fully (predominantly) decoupled P-MPCs at 29gm~=2 (25gm~2). No
statistically significant differences in IWP depending on the coupling state was found.

e How are the large-scale and local wind conditions in the fjord influencing the occur-
rence and properties of P-MPCs? How does the location of the measurement site on
a mountainous coastline impact the observed P-MPCs?

Clear relationships were found between the observed P-MPC properties and the regional
free-tropospheric wind direction, represented by the CWT. The P-MPCs occurred pre-
dominantly under weather types from south to west, and these wind directions were also
associated with higher LWP and IWP. The weather types from north to east present the
other extreme, being associated with least frequent P-MPCs and lowest LWP and ITWP.
Furthermore, a strong dependency between CWT and liquid base height was found. The
P-MPC brought to the site by easterly (westerly) winds had the highest (lowest) mean
liquid base heights at or above 1.2km (around 700m). No general relationships between
surface wind direction and P-MPC occurrence, LWP or IWP were found. However, it is
possible that the approach used to describe the wind field in the valley was too simplified.
Furthermore, decoupling was more common with southeast and southwest surface wind,
directions associated with katabatic winds in previous studies.

From the results, answers for the second question can be provided. Distinct differences
were found in the occurrence and properties (namely altitude, LWP and IWP) between
the P-MPCs advected to the site from the sea (westerly wind) and from inland (easterly
wind). These differences could not be fully explained by different airmass characteristics
(lower tropospheric temperature and humidity), indicating that the island is influencing
the clouds. This is most obviously seen by the distribution of the liquid base height, which
clearly shows that low (below 1km) P-MPCs could not be advected to the site from the east
due to the mountains. The liquid base height was most often found around the height of
the mountaintops, but determining whether this is caused by the presence of the mountains
or a mere coincidence requires further investigation. Furthermore, the thermodynamical
coupling of the P-MPC with the surface was found to be related to the surface wind di-
rection, such that surface wind directions associated with katabatic winds were coinciding
with decoupled P-MPC. Since the katabatic wind is a direct result of the local orography,
the influence of katabatic winds stabilizing the surface layer (as shown by Argentini et al.,
2003) and promoting decoupling is clearly a local phenomena. Thus, the results related to
the frequency of (de)coupling, or the connection between coupling state and LWP or IWP
cannot be considered representative for the Arctic in general, but represent the conditions
in Kongsfjorden.

Overall, it can be concluded that low-level MPCs above Ny-Alesund are not special in
themselves. They are most often found in the lowest 1km and have low LWP and IWP,
similar to what has been reported for low-level MPCs at other sites (e.g. De Boer et al.,
2009, Shupe, 2011). The persistent low-level MPCs were found to occur in variable synoptic
and local wind conditions, across temperatures ranging from 0 to -30 °C, and in all seasons,
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demonstrating the ability of these clouds to maintain themselves under various forcing
conditions. However, the low-level MPCs above Ny-Alesund have some distinct flavors,
which need to be kept in mind when analyzing observations from this site.

Scientific Study II. Observational signatures of mixed-phase cloud structures
revealed by radar Doppler spectrum skewness

This study explored the possibilities of using cloud radar Doppler spectrum skewness to
study the P-MPCs. Combining case studies and statistical analysis, a conceptual model
relating the reflectivities of the supercooled liquid and ice to the skewness profile in the
mixed-phase layer (MPL) at cloud top was developed and tested. The analysis carried
out using a 3-year data set of P-MPCs with cloud top temperature below -5°C confirmed
the assumptions made about the interpretation of the skewness profile. An algorithm to
detect skewness profiles resembling an e-shape was developed, which allowed to estimate
the commonality of the feature identified in the case studies and enabled further analysis
of the relationships between the skewness profile and other cloud parameters. The main
outcomes of the extensive analysis are shortly described below in the view of the research
questions posed in Sect. 3.

e In which conditions can skewness provide additional information about the micro-
physical properties in a mixed-phase volume?

The evaluation of contrasting case studies found that answering this question is not possible
in a general way. Instead, three regimes for the radar observation of mixed-phase volumes
were recognized: I) apparently mixed-phase, when the radar measures a clear signal from
both liquid and ice, II) ice-dominated, when the radar receives a signal from liquid but
the signal is dominated by the ice such that the main features of the Doppler spectra
are determined by the ice phase, and IIT) ice-only, when the radar only measures a signal
from the ice particles. Although skewness could potentially provide information about
microphysical properties in all of these regimes, the main processes controlling the Doppler
spectrum skewness are likely to differ. In which category a particular profile falls depends
both on the properties of the cloud (the amount of supercooled liquid and ice as well as
turbulence) but also the technical aspects of the measurement set-up (sensitivity of the
radar and noise level of the spectra). Furthermore, the occurrence of quasi-zero skewness
profiles within the MPL were analyzed, and these were found to occur mainly at low
LWP (< 30gm~2). These represent profiles where skewness cannot provide insights on
any processes. Most of the analysis carried out in this study focused on the apparently
mixed-phase MPL, and the rest of this summary is dedicated to this category.

The analysis of the case studies showed that the MPL, where a signal from supercooled
liquid and ice could be distinguished in the Doppler spectra, exhibited a skewness profile
resembling an 2-shape. Such profiles comprised 32% of the dataset analyzed, and 51% of
the profiles with LWP above 30 gm™2. Furthermore, the 2-shaped skewness profile were
rare when reflectivity at the liquid base (descriptive of the amount of ice within the MPL)
exceeded -10dBz. Thus, such skewness profiles were very common when sufficient liquid
but not too much ice was present, and represents conditions when skewness can be used
to describe the microphysical properties of the MPL.

e What defines the skewness of the Doppler spectrum of a vertically pointing cloud
radar in a mixed-phase cloud?
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In general terms, the Doppler spectrum skewness gives an indication if the spectral re-
flectivity is dominated by the slower or faster falling hydrometeors. For the apparently
mixed-phase volumes, this leads to the skewness indicating whether the reflectivity of the
cloud liquid (Z¢oua) or precipitating ice (Zppecip) is dominating the overall reflectivity.
Hence, skewness is providing a radar reflectivity weighted measure of phase-partitioning in
the MPL. Furthermore, Z.,,q increases from liquid base towards cloud top, while Z,;,ccip
increases with distance from cloud top following the growth of the ice particles falling
through the liquid layer. The opposing gradients lead to the characteristic 2-shape of the
skewness profile. In the upper parts of the MPL Z,,,q dominates and skewness is positive,
while closer to liquid base Zpy¢cip dominates and skewness is negative. At the height where
skewness changes sign (i.e. the skewness transition height, SkewTH), the reflectivities of
both liquid and ice are approximately equal. A strong relationship between the reflectiv-
ity at SkewTH and the distance of the SkewTH from liquid base was found. This was
understood to result from the definition of SkewTIl as the height where the reflectivities
of liquid and ice are approximately equal together with the Z.,,4-profile being to a large
extent constrained by thermodynamical conditions. However, the results suggested that
the location of SkewTH for a given profile was mainly driven by Z, ccip.

¢ Which microphysical processes leave hints in the Doppler spectra that could be stud-
ied with the help of the skewness of the spectrum?

As already mentioned, the skewness provides a reflectivity weighted measure of phase-
partitioning in the MPL. Although phase-partitioning in itself is not a microphysical pro-
cess, analyzing the mechanisms influencing phase-partitioning can give hints about the
processes in play. As an example, it was shown for a case study that the expected varia-
tion in phase-partitioning with vertical wind could be reproduced using SkewT Hyporm, -

Furthermore, ice was found to define the SkewTH to a large degree. The skewness
profile could therefore be used for studying the precipitation formation in the MPL. The
analysis revealed that in certain conditions Zpre.ip, was already large very close to cloud
top, possibly indicative of a higher ice nucleation rate. Secondly, conditions promoting the
growth of the ice particles within the liquid layer were found to be associated with a higher
reflectivity of the precipitation falling out of the MPL, suggesting that growth processes
are important for determining how much ice is produced in the layer. It is difficult to state
whether an increase in Zpecip is caused by diffusional growth or aggregation. However,
riming was found not to be of large importance for the P-MPCs analyzed. Thus, it is
concluded that the Doppler spectrum skewness of the MPL at cloud top contains informa-
tion about the formation of ice, but further studies are required to determine the precise
microphysical processes that determine the skewness profile.

The central conclusion of this study is that cloud radar Doppler spectrum skewness, a
parameter that has been so far under-utilized for MPCs, contains information about the
microphysical properties within the mixed-phase layer worth exploring. Furthermore, the
statistical analysis carried out revealed steady relationships that can provide observational
constrain for the evaluation of microphysical parameterizations applied in numerical mod-
els.
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15 Discussion and Outlook

The representativeness of the observations collected at Ny-Alesund is an obvious ques-
tion to be raised. Schemann and Ebell (2020) used a high resolution model to evaluate
the horizontal heterogeneity of LWP, and not surprisingly found that the heterogeneity
around Ny-Alesund surpassed the heterogeneity over open sea, sea ice, or the interior of
Spitsbergen. However, even if the local conditions modify the low-level clouds, large scale
phenomena such as intrusions of warm air from lower latitudes or synoptic systems such as
fronts and cyclones might not necessarily be largely impacted by the local fjord climatology
and the occurrence and properties of such systems at Ny-Alesund might well be represen-
tative for the region. Additionally, the representativeness of cloud observations could be
improved by selective sampling based on wind direction at cloud level. For example, when
comparing cloud properties measured at Ny-Alesund with measurements carried out on a
ship on the Greenland sea, the Ny-Alesund data could be sampled to only include clouds
advected to the site from the sea. For processes in the boundary layer, which by definition
is influenced by surface properties and is also impacted by meso-scale circulation, Study 1
showed that the local scale phenomena cannot be ignored. The azimuth scans performed
by HATPRO (Sect. 4.2), as well as high resolution modeling such as used by Schemann
and Ebell (2020), could be utilized to further understand the local mechanisms impacting
low-level MPCs in Kongsfjorden.

The case study presented in Sect. 11.1 (Fig. 7) highlights the benefit of continuously
monitoring the development of the coupling state of the cloud. First, the coupling indi-
cated by one profile is not necessarily representative for the cloud case, especially if the
cloud is very persistent. Second, the assessment of the development of the coupling state
revealed an interesting connection with the local wind. As discussed in Sect. 11.1, the P-
MPC on 5 November 2016 was mostly decoupled, and the instances of coupling occurred
at the same time when the surface wind direction turned around. Although it could be a
coincidence, other cases with similar behavior have been identified. This is an interesting
aspect to further consider to better understand the connections between the thermody-
namical coupling of the low-level clouds and the local wind conditions in Kongsfjorden.
Furthermore, it would be interesting to see if the skewness profiles reveal any differences
between coupled and decoupled clouds, or in situations with changing wind conditions
inducing coupling with the surface, which would indicate microphysical processes being
altered by the dynamics.

The question of the representativeness of the Ny-Alesund site notwithstanding, there
are investigations that are not sensitive to local processes. An obvious example here is the
Study II, which investigated a specific approach for the analysis of the Doppler spectra
and was not negatively impacted by local conditions. However, also in such studies it is
good to be aware of the characteristics of the measurement site to be able to identify any
consequences it might have on the analyzed parameters. Furthermore, mechanisms within
the cloud, or the clouds interaction with the boundary layer and surface can be identified.
The generability of such results or their relevance would be required to be tested at other
measurements sites.

Possibly the most significant contribution of this dissertation are the relationships found
between Doppler spectrum skewness and other cloud parameters. As already discussed in
Sect. 13.2, the results can be used to evaluate numerical models. Using a forward simulator,
the modeled microphysical properties can be translated to the observational space, i.e. to
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corresponding radar Doppler spectrum and its moments, and an analysis analogous to
that presented in Sect. 12 can be carried out. Whether or not the figures produced from
an ensemble of simulated P-MPCs resemble those shown in Study Il remains to be seen.
To test and improve microphysical parameterizations, a range of observational constrains
are required. Models may contain compensating errors, and might appear to reproduce
the observed behavior when evaluated with one set of measured parameters but not with
another. The nature of the analysis carried out in this work consisting of a large dataset
provides robust constrains against which to evaluate model performance. Furthermore,
only few of the measurement techniques available are able to provide information of both
liquid and ice through the entire mixed-phase layer, and the sensitivity of skewness to
provide information on the development of phase-partitioning could make it particularly
powerful for evaluating microphysical parameterizations.

In the near future, a new polarimetric, vertically scanning Ka-band radar is going to
be installed at AWIPEV. In addition to the polarimetric variables, the co-located mea-
surements of the W- and Ka-band radars also allow the use of dual-frequency techniques.
Furthermore, a depolarizing micro-pulse lidar has been recently installed at AWIPEV. The
combination of these new observational capabilities allows to further develop the ideas pre-
sented in this work to more complex sceneries, such as multi-layered mixed-phase clouds
and clouds consisting of a mixture of supercooled liquid droplets, drizzle and ice particles.

Recent and ongoing measurement campaigns in the central Arctic and North Atlantic
provide exciting opportunities to analyze the observations at Ny—Alesund in a regional
context. The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MO-
SAIC) is a year long expedition to the central Arctic, which among a vast array of other
measurements also deploys a range of remote sensing instrumentation for measuring cloud
properties. Within the recently concluded Cold-air Outbreaks in the Marine Boundary
Layer Experiment (COMBLE), cloud observations were carried out in northern Scandinavia
and Bear Island. Combining the observations from COMBLE, AWIPEV and MOSAiC pro-
vide unprecedented opportunities for studying the evolution of meridionally transported
airmasses and the associated clouds.
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Abbreviations

AWTI Alfred Wegener Institute for Polar and Marine Research
BSRN Baseline Surface Radiation Network

CCN C(Cloud condensation nucleus

CWT Circulation weather type
FMCW Frequency modulated continuous wave

HATPRO Humidity and temperature profiler (a microwave radiometer)

ICON-LEM ICOsahedral Nonhydrostatic Large-Eddy Model
INP Ice nucleating particle

IPEV Polar Institute Paul Emile Victor

IWC Ice water content

IWYV Integrated water vapor

JOYCE lJiilich Observatory for Cloud Evolution

JOYRAD-94 JOYCE Radar-94 GHz

LES Large eddy simulation
LWC Liquid water content

LWP Liquid water path

MiRAC Microwave Radar/Radiometer for Arctic Clouds

MiRAC-A Microwave Radar/Radiometer for Arctic Clouds - Active component
MMCR Millimeter wavelength cloud radar

MPC Mixed-phase cloud

MPL Mixed-phase layer
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MWR Microwave radiometer

Na Droplet number concentration
N; Ice particle number concentration

NWP Numerical weather prediction

P-MPC Persistent low-level mixed-phase cloud

PAMTRA Passive and Active Microwave TRAnsfer (forward model)
RMSE Root mean square error

SIP Secondary ice production
SkewTH Skewness transition height

SLD Supercooled large droplets
WBF Wegener-Bergeron-Findeisen process

ZeroSkew Skewness profile not considerably differing from zero, specifically mean(|Sk|) <
0.05
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Symbols

B Attenuated backscatter
n Radar reflectivity

I’ Variable used for implementing quality criteria on the strength of the skewness feature
(Eq. 19)

0 Half power beam width

Ky Dielectric factor for water
A Wavelength

op Scattering cross section

o Doppler spectrum width

¢(z) Sum function used to determine the skewness transition height (Fq. 17)
B Chirp bandwidth

¢ Speed of light

D Diameter

f? Normalized power density pattern

fB Frequency of the beat signal, i.e. the frequency difference of the transmitted and
received signal

Gr Antenna gain of the transmitter
LW Px LWP normalized by MPL depth

N (D) Particle size distribution
Nenirp Number of chirp repetitions

N; Number of range gates in a liquid cloud
Pr Returned power
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Pp Transmitted power

or Range resolution
r Range
reice Effective radius of ice particles

reliq Effective radius of liquid droplets

SkewT H.; Skewness transition height measured as distance from cloud top (Eq. 20)
SkewT Hy, Skewness transition height measured as distance from liquid base (Eq. 21)

SkewT Hyorm Skewness transition height normalized between liquid base and cloud top
(Eq. 22)

Zprecip Reflectivity of the precipitation mode

S Doppler spectrum skewness

Tp Brightness temperature
T, Chirp duration
T Temperature

t Time

Vin Mean Doppler velocity

Viyg Nyquist velocity, i.e. the largest unambiguous Doppler velocity that can be obtained
by a radar

0Vp Doppler velocity resolution

Vp Doppler velocity

Zskewrr Reflectivity at the skewness transition height
Zooud Reflectivity of the cloud mode

Zice Reflectivity of ice

Zliquidbase Reflectivity at liquid base height

Zliquia Reflectivity of liquid

Z. Equivalent radar reflectivity

Z Radar reflectivity factor

z Height above the ground

ze+ Cloud top height

zip Liquid base height
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