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Abstract

During the Arctic Study of Tropospheric Aerosol, Clouds and Radiation (ASTAR), which
was conducted in Svalbard in March and April 2007, tropospheric Arctic clouds were
observed with two ground-based backscatter lidar systems (micro pulse lidar and Ra-
man lidar) and with an airborne elastic lidar. An increase in low-level (cloud tops below
2.5km) cloud cover from 51% to 65% was observed above Ny-Alesund during the time
of the ASTAR campaign. Four different case studies of lidar cloud observations are an-
alyzed: With the ground-based Raman lidar, a pre-condensation layer was observed at
an altitude of 2km. The layer consisted of small droplets with a high number concen-
tration (around 300cm™2) at low temperatures (-30°C). Observations of a boundary
layer mixed-phase cloud by airborne lidar were evaluated with the measurements of
concurrent airborne in situ and spectral solar radiation sensors. Two detailed observa-
tions of multiply layered clouds in the free troposphere are presented. The first case
was composed of various ice layers with different optical properties detected with the
Raman lidar, the other case showed a mixed-phase double layer and was observed by
airborne lidar.

The analysis of these four cases confirmed that lidar data provide information of
the whole range from subvisible to optically thick clouds. Despite the attenuation of
the laser signal in optically thick clouds and multiple scattering effects, information on
the geometrical boundaries of liquid water clouds were obtained. Furthermore, the
dominating phase of the clouds’ particles in the layer closest to the lidar system could
be retrieved.

1 Introduction

The Arctic is considered to be a sensitive indicator of climate change due to a large
number of special interactions and feedback mechanisms (Curry et al., 1996). There-
fore, data collection by ground-based and airborne experiments in this remote region
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is important (IPCC, 2007). Of all atmospheric constituents, water is the most variable
in space and time and occurs in all three thermodynamic phases. Clouds have a sig-
nificant influence on the solar and terrestrial radiation budget. The formation, evolution
and dissipation of tropospheric clouds in the Arctic are not yet entirely understood.
Unique Arctic cloud characteristics include the occurrence of liquid and mixed-phase
clouds at temperatures down to —34°C (Intrieri et al., 2002a; Turner, 2005) and the
formation of multiple cloud layers (Verlinde et al., 2007; Luo et al., 2008). Especially,
mixed-phase clouds, occurring frequently in the Arctic from spring to fall (Intrieri et al.,
2002a), are challenging to describe and parameterize (e.g. Harrington et al. 1999; Mor-
rison et al. 2008). Their impact on the surface radiation balance is difficult to quantify
as liquid and solid cloud phases generally show different scattering properties (McFar-
quhar and Cober, 2004). Further, the radiative effect of mixed-phase clouds depends
on their microphysical properties as well as on solar zenith angle and on the surface
albedo (Harrington, 1999; Vavrus, 2004). For most of the year, Arctic clouds have
a total net warming effect on the surface radiation balance (Curry et al., 1993; Intrieri
et al., 2002b), with a mean additional irradiance estimated as 30Wm™2 by Intrieri et
al. (2002b) and 40-50 W m~2 by Curry et al. (1996). However, the local radiative forcing
of mixed-phase clouds depends on the partitioning of liquid and ice water in the clouds
and can result in a surface cooling of —160 W m~2 for pure liquid water clouds (Ehrlich,
2009).

The current cloud parameterizations applied in most regional climate models (e.g.
HIRHAMA4, Christensen et al., 1996; acronym composed of HIRLAM, High Resolution
Limited Area Model, and ECHAM, European Centre for Medium-Range Weather Fore-
casts, Hamburg), as well as general circulation models (e.g. the National Center for
Atmospheric Research Community Climate System Model, NCAR CCSM3, Collins et
al., 2006) diagnose the liquid and ice fraction of mixed-phase clouds as a function of
temperature. However, measurements show that mixed-phase clouds cannot always
be represented adequately by a temperature proxy alone (Pinto et al., 2001; Korolev
et al., 2003; Boudala et al., 2004; Mc Farquhar et al., 2007). As a consequence, the
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frequently observed existence of liquid droplets at temperatures below 255K (-18°C,
e.g. Turner, 2005) is underestimated by regional climate models (Sandvik et al., 2007),
weather prediction models (Gayet el al., 2009) and general circulation models (Vavrus,
2004).

The cloud cover in the Arctic, monitored during the one-year Surface Heat Budget
of the Arctic Ocean experiment (SHEBA, Intrieri et al., 2002a), was found to be 85%
on average. About 73% of these cases contained at least some liquid water clouds
(Intrieri et al., 2002a). Liquid water occurred up to altitudes of 6.5km (Intrieri et al.,
2002a).

Mixed-phase clouds have a characteristic vertical structure consisting of a liquid-
dominated layer on top and ice crystals below (e.g. Pinto et al., 1998; Shupe et al.,
2008). They have been investigated in a number of campaigns in the North Amer-
ican part of the Arctic: Mixed-Phase Arctic Cloud Experiment, M-PACE, in fall 2004
(Shupe et al., 2007); First International Satellite Cloud Climatology Project Regional
Experiment Arctic Cloud Experiment, FIRE ACE, in May/July 1998 (Curry et al., 2000;
Lawson et al., 2001); SHEBA in 1997—-1998 (Intrieri et al., 2002a, b; Turner, 2005);
Beaufort and Arctic Storms Experiment, BASE, in September/October 1994 (Curry et
al., 1997; Pinto et al., 1998). Similar extensive ground-based and airborne data sets for
the European Arctic are missing. Here, studies of mixed-phase clouds have been per-
formed during the Arctic Study of Tropospheric Aerosol, Clouds and Radiation (ASTAR)
near Spitsbergen in June 2004 and March/April 2007 (Gayet et al., 2007, 2009). Fur-
ther, Arctic clouds were studied during the Polar Study using Aircraft, Remote Sensing,
Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport
(POLARCAT) campaigns from Northern Sweden in April 2008 and Greenland in July
2008 (Law et al., 2008). Due to different possible pollution pathways (Stohl, 2006) and
different ambient conditions (especially the western part of Spitsbergen being warm for
its location, caused by the influence of the North Atlantic Current) it is not clear whether
findings from the North American part of the Arctic can be applied there.

Processes in mixed-phase clouds, ensuring their persistence over days and some-
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times weeks, are still poorly understood (e.g. Harrington et al., 1999; Morrison et al.,
2008). Their life time critically depends on temperature, ice concentration and also the
habit of the ice crystals (Harrington et al., 1999). Evidently, updrafts combined with the
availability of water vapor are necessary for their formation and stability (Korolev and
Isaac, 2003; Shupe et al., 2007; Korolev and Field, 2008). However, Jiang et al. (2000)
and Morrison et al. (2008) showed that the number of ice forming nuclei and the ice
concentration are crucial to maintain the mixed-phase clouds in their numerical simula-
tions. Otherwise, the clouds dissipate quickly if the ice concentration gets too high and
the ice crystals grow at the expense of the liquid water droplets (Wegener-Bergeron-
Findeisen process).

Usually, a temperature inversion above the cloud layers is associated with the exis-
tence of these boundary layer clouds (Curry et al., 1997).

Gayet et al. (2007) observed the feeder-seeder effect, i.e. ice crystals and drizzle
particles falling out of a cirrus cloud layer into a stratiform liquid droplet cloud layer.
This effect can lead to local glaciation of low level clouds with subsequent precipitation
of ice crystals and cloud dissipation (Campbell and Shiobara, 2008).

Both in situ measurements and remote sensing observations are crucial in order
to obtain a reliable description of cloud properties and their radiative effects. Despite
the difficulties to assess the properties of Arctic clouds by satellite observations with
little contrast to the snow and ice covered surface (Curry et al., 1996), the evaluation
of satellite data (e.g. Key and Intrieri, 2000) plays a key role in the remote Arctic re-
gion. Active remote sensing instruments as the lidar provide a two-dimensional cross
section of the atmosphere, i.e. information on the vertical and horizontal structure, the
homogeneity and the thermodynamic phase of the clouds.

In this article we investigate selected tropospheric Arctic clouds observed during the
ASTAR 2007 campaign. Three lidar systems were deployed for the following specified
purposes: The ground-based micro pulse lidar (MPL) provided continuous backscatter
information on cloud structures 24 h per day. The ground-based Koldewey Aerosol
Raman Lidar (KARL) served to determine the backscatter and extinction coefficients
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for optically thin clouds. Both lidar systems were situated in Ny-Alesund. The Airborne
Mobile Aerosol Lidar (AMALI), operating in either nadir or zenith viewing direction, was
utilized to obtain the backscatter coefficient and depolarization ratio for tropospheric
clouds over the Arctic Ocean.

Section 2 introduces the lidar systems and additional airborne instrumentation. The
results and analyses of the cloud observations are presented in Sect. 3. A statistical
overview of cloud occurrence and height distribution in Ny-AIesund is presented, fol-
lowed by a detailed analysis of four selected cloud observations. The two cases A and
B describe clouds in the boundary layer, and the remaining two cases C and D clouds
in the free troposphere. On the basis of the four separate studies, Sect. 4 provides
a discussion of cloud properties which can be derived from lidar data even under the
influence of multiple scattering and attenuation of the laser pulses. Section 5 presents
a summary emphasizing the importance of lidar as a tool for cloud investigation.

2 Instruments and data

The technical specifications of the three lidar systems, including the typical vertical
and temporal resolutions of each instrument, are given in Table 1. In the following,
detailed specifications and information on the data evaluation are presented for each
lidar system and the additional airborne instruments.

2.1 Micro Pulse Lidar

The micro pulse lidar (MPL) is a compact and eye-safe lidar system for the acquisi-
tion of long-term data of particle backscatter profiles on a 24 h basis (Spinhirne, 1993).
The MPL in Ny-Alesund (West coast of Spitsbergen at 78.9°N and 11.9°E) is oper-
ated by the Japanese National Institute of Polar Research (NIPR) as a Micro-Pulse
Lidar Network (MPLNET, Welton et al., 2001) site in the Arctic. It is maintained by
the base personnel of the French-German research station AWIPEV (Alfred Wegener
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Institute/Institut Paul Emile Victor).

The system consists of a Nd:YLF laser with a wavelength of 523.5nm, a signal con-
trol unit, a Schmidt-Cassegrain telescope with 20 cm diameter for laser transmission
and receiving and a computer for data acquisition. The data is acquired over a sam-
pling range of 60 km with a vertical resolution of 30 m and a temporal average of 1 min.
The laser pulses are emitted vertically through a glass window. Data losses usually
only occur when the window is covered with snow, which is removed manually.

For the MPL cloud cover statistics of cloud base and cloud top height, the data
from 15 March until 30 April was analyzed. First, the data was averaged to means
of 10 min, background corrected and cut above 21 km. From the obtained profiles the
backscattering ratio (BSR) was calculated with the Klett algorithm (Klett, 1985). The
BSR for a given wavelength A at range z is defined as

B (1, 2) + B4, 2)

BSR(1, z) = S 2) , (1)

where B and 8" are the molecular Rayleigh and the particle backscatter coeffi-
cients, respectively.

Using different thresholds for the difference between two adjacent BSR values (high
values above 0.1 increasing for at least 3 height steps or a single peak difference of
minimal 0.2 to 0.3 if no lower clouds were detected), the BSR was analyzed for cloud
peak structures in five distinct altitude intervals: 0—300 m (snow on the window), 300—
1200 m (boundary layer clouds), 1200-2500m (low clouds), 2500-5500 m (midlevel
clouds) and 5500—-10 000 m (high clouds). If none of these were detected the profile
was set to “cloud free”. The cloud categories take into account the frequent occurrence
of two temperature inversions at around 1200 m and 2500 m altitude observed by radio
sounding in Ny-Alesund, which is influenced by local orography. The upper limit of
midlevel clouds follows the definition of Pinto et al. (2001).

Since the signal to noise ratio (SNR) above a cloud structure can decrease dramat-
ically, the peak threshold conditions were adjusted accordingly (e.g. a SNR below 3

15131

ACPD
9, 15125-15179, 2009

Lidar cloud
observations during
ASTAR2007

A. Lampert et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15125/2009/acpd-9-15125-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15125/2009/acpd-9-15125-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

between 7.5 and 10km and the detection of no clouds give evidence that there was
snow on the window instead of a cloud free atmosphere). Depending on the optical
thickness of the lower clouds, the data about the occurrence of higher clouds have to
be considered as less reliable.

2.2 Koldewey Aerosol Raman Lidar

The Koldewey Aerosol Raman Lidar (KARL), firmly integrated in the atmospheric ob-
servatory at Ny-Alesund, measures aerosol, clouds and water vapour in the tropo-
sphere and aerosol in the stratosphere. In 2007, it consisted of a Spectra Nd:YAG laser
emitting at the wavelengths 355 nm, 532 nm and 1064 nm simultaneously at a pulse
repetition frequency of 50 Hz and a power of about 10 W per wavelength. The tele-
scope of 30 cm diameter with 0.83 mrad field of view (FOV) shows a complete overlap
above 1.2km. It collects, apart from the mentioned elastic wavelengths (532 nm also
in perpendicular state of polarization), the molecular nitrogen Raman shifted lines at
387 nm and 607 nm, as well as the water vapor lines at 407 nm and 660 nm. For the
lowest atmospheric layers, a smaller mirror of 11 cm diameter with 2.25 mrad FOV was
used, which provided information above an altitude of 500 m. In this range, only the
wavelengths 532 nm, 607 nm and 660 nm were recorded. More details about the sys-
tem and its applications can be found in Ritter et al. (2004). Combining the backscatter
at 3 wavelengths and extinction at 2 wavelengths, KARL data can be used to esti-
mate the index of refraction and the size distribution for spherical particles in the range
between 0.1 um to 1.25 um following the method developed by Bockmann (2001).

The analysis of the lidar data was performed in the following steps:

First the lidar profiles were averaged to a resolution of 10 min and 60m. The re-
trieval of the extinction from remote sensing data is a mathematically ill-posed problem
(Pornsawad et al., 2008) and any kind of smoothing would strongly affect the derived
extinction. Therefore, the extinction of the molecular nitrogen Raman signals at 387 nm
and 607 nm was calculated according to the method by Ansmann et al. (1992) for com-
pletely unsmoothed lidar signals. Due to the inevitable noise in the data, the extinction
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coefficient was not calculated directly but its average over the height interval containing
the cloud of interest.

The KARL and MPL lidar systems were compared for one particular day (21 April,
cloud C).

For the same temporal and vertical resolution, a SNR of around 5 was obtained at
15 km altitude by KARL and at 5 km altitude by the MPL. Therefore, the KARL lidar is
better suited for the observation of optically thin and high clouds. However, it cannot
detect optically thick clouds if the detectors are saturated. In contrast, the MPL was
designed in a way that also the detection of optically thick clouds is possible.

2.3 Airborne Mobile Aerosol Lidar

The Airborne Mobile Aerosol Lidar (AMALI) is an airborne backscatter lidar system
operating at two wavelengths (532 nm and 355 nm) with additional depolarization mea-
surements at 532 nm (Stachlewska et al., 2004; Lampert et al., 2009; Stachlewska et
al., 2009). AMALI has been developed and operated by the Alfred Wegener Institute
for Polar and Marine Research (AWI). The real time display of the range corrected li-
dar signal offers the possibility to detect atmospheric structures of interest during the
flight and guide the aircraft accordingly. In this paper, we focus on the signal at the
wavelength of 532 nm in both polarization directions. No supplementary information
was retrieved from the second wavelength of 355 nm considering cloud particles with
diameter larger than the lidar wavelengths (effective diameter >5pum). AMALI can be
installed in nadir or zenith looking configuration. The minimum horizontal resolution
was determined by a signal to noise ratio above 15 at cloud top in nadir and at cloud
base in zenith configuration. For the cases presented here, the data were averaged
over 15s. At the aircraft’s ground speed of about 60ms'1, the horizontal resolution
was around 900 m. The evaluation of the lidar data was done with the standard Klett
algorithm (Klett, 1985). In the inversion algorithm, a value of the backscatter has to
be assumed at the far end of the lidar profile. For the nadir measurements of optically
thick boundary layer clouds, this value was set within the clouds and varied iteratively
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to obtain a reasonable backscatter ratio above the cloud. However, for optically thick
clouds, it is not possible to derive accurate values of the cloud backscatter and extinc-
tion coefficients from the lidar measurements. Only qualitative information about the
structure and the thermodynamic phase of the uppermost cloud layer can be obtained
in this case. For the zenith measurements of optically thinner midlevel clouds, the fit
value was set above the clouds and varied iteratively to obtain plausible values of the
backscatter in the free troposphere below the cloud. The air density profiles necessary
for estimating the Rayleigh backscatter profiles were computed from meteorological
data of the temporally closest radio sonde launched from the AWIPEV observatory in
Ny-Alesund.

Information from the depolarization channel has to be considered carefully. In the
case of optically thick clouds, multiple scattering occurs and modifies the depolarization
signal. As the FOV of the AMALI is rather large (3.1 mrad), multiple scattering affects
the lidar signal for clouds with an optical depth higher than 0.1. With increasing optical
depth, the depolarization signal received from liquid clouds increases gradually from
0 to values in the range of non-spherical ice particles (e.g. a depolarization ratio of
30% at an optical depth of around 3 was calculated for the geometry of the Cloud-
Aerosol Lidar with Orthogonal Polarization, CALIOP, You et al., 2006). However, in the
case of ice crystals, the depolarization signal increases instantaneously at cloud top.
Therefore, the slopes of individual AMALI profiles of backscatter and depolarization
ratio were evaluated in order to distinguish whether a cloud layer consisted of liquid
water droplets or ice particles.

2.4 Additional airborne instruments
2.4.1 In situ measurements

The different in situ instruments deployed on board of the Polar-2 were operated by the
Laboratoire de Météorologie Physique (LaMP). They included the Forward Scattering
Spectrometer Probe (FSSP-100, Dye and Baumgardner, 1984; Gayet et al., 2007), the
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Cloud Particle Imager (CPI, Lawson et al., 1998) and the Polar Nephelometer (PN,
Gayet et al., 1997). The systems provided measurements of particle number concen-
tration, particle extinction coefficient, ice and liquid water content, effective diameter of
the particles, particle phase function, and asymmetry parameter. The FSSP is sensi-
tive to the typical size of liquid water droplets up to 45 um. The CPI covers the particle
sizes between 23 um and 2300 um with a resolution of 23 um. The PN is sensitive to
cloud particles in the size range of about 3 um to 800 pum. It measures an ensemble of
both liquid and ice particles. The retrieval of PN data is described by Oshchepkov et
al. (2000) and Jourdan et al. (2003). From PN data, the particle asymmetry parameter
g is determined, with 8 being the scattering angle and P the phase function:

1
g=<cos€>=%/cos@-P(cos@)-dcosG. (2)
-1

It is used to discriminate between nonspherical (ice crystals, g<0.82) and spherical
particles (liquid water droplets, g>0.82).

2.4.2 SMART-Albedometer

The Spectral Modular Airborne Radiation measurement sysTem (SMART-
Albedometer) operated by the University of Leipzig measures downwelling spectral
irradiance FAl and upwelling nadir radiance L} in the visible (350-1000nm) and
near-infrared range (1000-2100nm). It is actively horizontally stabilized for airborne
applications (Wendisch et al., 2001). A detailed description of the SMART-Albedometer
configuration during ASTAR 2007 is presented by Ehrlich et al. (2008). From the
measurements, the spectral cloud top reflectance

Ry =nL!/F (3)
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is determined. Further, the spectral slope ice index /s as introduced by Ehrlich et
al. (2008) was analyzed in order to distinguish the cloud phase. It is defined by

100 [d/?

/S ==
R1640nm

(4)

da ] [1550 nm,1700 nm] '

Values below 20 indicate liquid water clouds.

Additionally, the cloud optical thickness is estimated by the method presented by
Nakajma and King (1990) assuming liquid water clouds. The accuracy of the cloud
optical thickness derived from the uncertainties of the measurements decreases with
increasing optical thickness. The error is below 20% for clouds with an optical thickness
of less than 20.

3 Cloud observations

An overview of the cloud occurrence at different altitudes is provided in Sect. 3.1. The
following four specific case studies are presented in Sects. 3.2 to 3.5:

A) an optically thin layer of pre-condensed liquid droplets at low temperatures ob-
served with the ground-based Raman lidar at an altitude of 2 km.

B) a boundary layer mixed-phase cloud observed by airborne lidar in nadir configu-
ration.

C) anice cloud in the free troposphere consisting of several ice layers observed with
the ground-based Raman lidar.

D) a cloud with double-layer structure and mixed-phase conditions in the free tropo-
sphere probed by airborne lidar in zenith configuration.

For each case, the properties making it noticeable are further analyzed.
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3.1 MPL statistics of clouds during ASTAR 2007
3.1.1 Results

As an overview of the general cloud situation in Svalbard during the ASTAR 2007
campaign, MPL cloud analyses are presented. The main finding for the period of
15 March to 30 April 2007 is a significant increase of boundary layer and low level
clouds through the analyzed time period from 51% to 65% (Fig. 1). The occurrence of
clouds below 1200 m even increased from about 36% in the second half of March to
59% in the second half of April, while the clear sky fraction remained roughly constant
at about 25% to 33%.

3.1.2 Analysis

Regularly, the cloud cover in the Arctic grows with sunlit season (Key et al., 2004).
During the transition period in spring, a strong increase in low-level cloud cover is ob-
served. Our Ny-Alesund results of increasing cloud cover for spring 2007 are similar to
the MPL observations of Shiobara et al. (2003) for March and April 2002. Furthermore,
ceilometer measurements in Ny-AIesund documented an increase of low lewel cloud
cover (0—2km) from 30% in March to 50% in April 2001 (Kupfer et al., 2006). The
cloud statistics presented here indicate that the atmospheric conditions of a typical
Arctic spring were present in 2007.

This is of special interest as the Arctic haze phenomenon with enhanced tropo-
spheric aerosol load was not pronounced during the ASTAR 2007 time period (Hoff-
mann et al., 2009). Arctic haze, observed regularly at Ny-Alesund by sun photometer
(Herber et al., 2002) and lidar (Ritter et al., 2004) in spring time, occurs often at altitudes
below 3 km (Scheuer et al., 2003) and provides cloud condensation nuclei for cloud for-
mation. Despite the absence of Arctic haze, the increase in low level cloudiness was
observed. However, even under clean conditions, particles in the accumulation mode
were found in Svalbard throughout fall to spring (e.g. Strom et al., 2003). They were
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subject to long-range transport and perseverate sometimes over months in the Arctic
atmosphere (Strom et al., 2003). Also sea salt particles of local origin serve as cloud
condensation nuclei. The thawing of sea ice and the increased solar radiation in spring
leads to more water vapor in the atmosphere available for cloud formation.

The following selected cases from ASTAR 2007 describe particular clouds which
formed under relatively clean ambient conditions in the Arctic.

3.2 KARL observation of a layer of pre-condensed liquid droplets in the bound-
ary layer (case A)

3.2.1 Results

With the ground-based lidar KARL, a 6h observation was performed in Ny-Alesund
during local afternoon/evening on 19 April 2007. Figure 2 shows an overview of the
particle backscatter coefficient up to the tropopause level. In the lidar data, a persistent
but optically subvisible cloud at 7.5 km altitude and another one around 5km altitude
between 18:00 and 21:00UTC was observed. However, in this study, the layer of
enhanced backscatter and very low depolarization around 2 km altitude is discussed in
detail (case A). We analyze in the following whether the layer consisted of liquid water
droplets and thus merits the name “cloud”, or whether we observed an aerosol layer.

Figure 3 (left panel) shows the profiles of backscatter and depolarization ratio in the
height interval including the layer of interest at 16:55 UTC. The volume depolarization
is very close to the background value of 1.4% (typical for air molecules) within the layer
and only increases slightly to 1.9% at 2 km altitude, right above the layer. Hence apart
from a shallow layer on top, the particles of case A are spherical in shape.

A radio sonde, launched in Ny-Alesund at around 11:00 UTC, revealed high values of
relative humidity (>90%) between 1.8 and 2.5 km altitude, which confirms the possible
existence of a cloud. Further, the sonde revealed a low temperature of 244 K (-29°C)
at 2km and a week inversion of 1.5 K with a minimal temperature of 241K (-32°C) at
2.5km altitude (Fig. 3, right panel).
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With the density profile of the radio sonde, the backscatter coefficient was derived
in 10 min temporal and 60 m vertical resolution (Ansmann et al., 1992). The optical
depths of case A were determined to be 0.0633 for 355nm and 0.0348 for 532 nm
at 16:55 UTC. For this time, an average lidar ratio (LR, defined as the extinction to
backscatter ratio) of 26.2 (+£3) sr for 355 nm and 20.2 (+6) sr for 532 nm was derived
for the whole layer. As the low level layer dissolves after 19:00 UTC (Fig. 2), the LR
increases slightly in both wavelengths (not shown). For a fixed chemical composition,
a higher LR for spherical particles is related to smaller diameters (Ackermann, 1998).

3.2.2 Analysis

The low depolarization values of case A show that the backscattering particles were
spherical. This is an indication of the presence of liquid water droplets. In contrast, all
Arctic haze events over Spitsbergen observed by KARL since 2000 showed a depolar-
ization between 2 and 4% (Hoffmann et al., 2009).

As the sphericity of the particles is evidenced by the depolarization measurements,
the scattering properties can be described by Mie theory. The backscatter and extinc-
tion coefficients decreased with wavelength, which suggests that the scattering parti-
cles were predominantly of sub-micron size, thus typical of aerosol. An inversion of the
lidar data (backscatter at 3 wavelengths and extinction at 2 wavelengths, Bockmann,
2001) to derive the microphysical properties was performed. We used the inversion
code originally developed by Kirsche and Bockmann (2006) for aerosol size retrieval
from lidar data. It seeks the volume distribution function of spherical scatterers of size
smaller than 1.25 um which matches to the lidar extinction and backscatter coefficients
in an optimal way. It must be stated here that possibly particles larger than 1.25 um may
exist as well. As particles which are much larger than the lidar wavelengths become
“grey” — meaning that their scattering properties do not depend on wavelength by large
amounts — no information on their size distribution can be obtained in that case. How-
ever, in case A, the backscatter and extinction coefficients are clearly decreasing with
wavelengths indicating that the main part of the particles was smaller than 1.25 um.
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The results of the inversion are presented in Fig. 4, showing the volume distribu-
tion function in dependence of the particle radius. Two modes of particle sizes can
be distinguished, the smaller one with an effective radius of around 280 nm and high
particle number concentration (290 cm'3), and the larger one with an effective radius
of around 740 nm and low particle number concentration (7 cm‘s). This particle size
range is typical of aerosol in the accumulation mode. However, the size distribution of
pre-condensation droplets also includes particles in the sub-micro range (e.g. Tomasi
and Tampieri, 1976). Usually, Arctic cloud droplets have a larger effective radius in the
range of 10 um for temperatures around —20°C (e.g. Gayet et al., 2009).

The volume distribution function (Fig. 4, blue curve) can be fitted by a bimodal
lognormal size distribution (green curves). The index of refraction was retrieved as
1.43+5x107%i for the wavelength of 532 nm.

The determination of a precise index of refraction from lidar data is challenging
(Kirsche, 2008) as no direct information on absorption is available, which determines
the imaginary part. However, a low real part value, only slightly higher than that for
pure water droplets (1.33, d’Almeida et al., 1991) was found. This index of refrac-
tion is significantly lower than the values derived for Arctic haze events with the same
instrumentation (exceeding 1.5, Hoffmann et al., 2009).

The effective radii of the bimodal log-normal size distribution as well as the total
particle volume are found to be almost insensitive to changes in the real part of the re-
fractive index. However, there is a dependence on the imaginary part of the refractive
index: if it is artificially set to a larger value of 2x10_3, which is the maximum value
compatible with our calculations in the inversion code and typical of aerosol, the mode
of large particles around 0.77 um becomes the dominant one. The low refractive index
and depolarization indicate the existence of liquid pre-condensation droplets. There-
fore, under the assumption that all of the scattering particles only consist of pure water,
a total liquid water amount of 1.21 x10‘sgm‘3 in the thickest part of the cloud was
derived (the total particle volume can be retrieved to a precision of 10%). Later, at
21:12UTC, the higher lidar ratio is translated into a decrease of the mode of the larger
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droplets.

Using the pressure and relative humidity from the radio sonde several hours earlier,
a maximum water vapor content of 0.66 g m~ was observed around 2 km altitude. This
means that even considering a pronounced temporal change of the water vapor content
(for example a drying — which is unlikely due to the cloud presence in the afternoon),
the vast majority of the water must be confined in the gas phase.

To further differentiate if we detected water droplets or aerosol, HYbrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT, Draxler and Hess, 1998) arriving
at 17:00 UTC over the AWIPEV base were analyzed to interpret the inversion of the li-
dar data and obtain information on the possibility of pollution (not shown). The temper-
ature (HYSPLIT gives 247 K at 2 km altitude) and the high relative humidity in the cloud
layer hardly changed between the launch of the Vaisala RS-92 sonde at 11:13UTC
and the time of the lidar observation. Until 2 days prior to their arrival the air masses
were trapped in the boundary layer, 6 days before they reached the Siberian coast.
However, after arriving over the Arctic Ocean, a small amount of about 0.6 mm precipi-
tation was simulated. This reveals that even if the air had taken up some pollutant over
northern Siberia it might have lost it 4 days prior to its arrival over Spitsbergen. The
last precipitation occurred 2 days before from the 1700 m trajectory during its updraft
(0.5mm). Any possible contamination of the air mass with hygroscopic aerosol should
have led to the growth and removal of the particles at that stage. On the other hand,
possible insoluble components as for example soot particles are neither spherical nor
show a low refractive index.

Generally during the ASTAR 2007 campaign, clean air was recorded by sun pho-
tometer and lidar measurements in Ny-Alesund during the whole month of April (Hoff-
mann et al., 2009). Therefore, the low index of refraction obtained by the lidar data
inversion was most likely caused by supercooled pre-condensed liquid droplets. How-
ever, we cannot totally exclude the existence of some hygroscopic aerosol contamina-
tion (Korhonen et al., 1996).

Contrary to the findings presented here, Arctic haze events normally have an en-
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hanced volume depolarization (Ishii et al., 1999), show a higher index of refraction
(d’Almeida et al., 1991), show only a mono-modal log-normal distribution (Strom et al.,
2003) and flow in drier air (Ishii et al., 1999). During the observation period, a small
part of the particles might have been activated to cloud droplets, as indicated by the
increasing LR, which can be interpreted as the disappearing larger mode in the lidar
data inversion. The large cloud droplets have a negligible scattering coefficient in the
visible wavelengths compared to accumulation mode particles (e.g. Komppula et al.,
2005), and they have the same scattering effect for all the lidar wavelengths. As only
few particles are activated, the remaining pre-condensed particles dominate the lidar
signal. Hence, we interpret the lidar observations of case A as a layer consisting mainly
of supercooled pre-condensed liquid particles at low temperatures.

3.3 AMALi observation of mixed-phase boundary layer clouds (case B)
3.3.1 Results

Airborne observations of mixed-phase boundary layer clouds were conducted on 9
April 2007. The flight path was synchronized with the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) track above the open Greenland
Sea (Gayet et al., 2009). Lidar measurements were performed during the first part
of the flight in North-West direction at an altitude of 2760 m from 08:36 to 09:25UTC
(case B). On the way back, in situ profile measurements were performed within the
clouds from 09:50 to 10:44 UTC. The CALIPSO overflight took place at 10:06 UTC.
The meteorological situation, analyzed in detail by Richter et al. (2008) and Gayet et
al. (2009), revealed the existence of two different air masses. Convective cloud rolls
and northerly flow with low temperatures were observed in the southern part of the
flight track, and warmer air with scattered clouds in the northern part of the flight track.

In Fig. 5, the time series of lidar backscatter profiles is shown. The two different air
masses can clearly be distinguished. During the first part of the lidar flight (08:40—
08:57 UTC), a continuous cloud deck with high values of the backscattering ratio (ex-
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ceeding 50) was observed. The cloud top was rising with increasing boundary layer
height, as confirmed by ECMWF analyses (Richter et al., 2008). Structures of high
backscattering were seen below the liquid layer for most time steps, i.e. the ground re-
turn and liquid layer down to the lower liquid cloud boundary. In the second part of the
lidar flight, after 09:02 UTC, scattered clouds at different altitudes were present. In this
part, the ground return of the lidar signal was mostly visible through the clouds (Fig. 5).

The time series of the depolarization ratio is presented in Fig.6. The data exhibit
mainly values of around 10%. However, in the mixing zone of the different air masses
at around 09:02 UTC, the depolarization was found to be significantly higher (up to
20%).

Exemplary individual profiles of backscattering ratio and depolarization ratio for two
times (08:48 and 09:03UTC) are shown in Fig. 7. They exhibit different characteris-
tics concerning the values and slopes of the profiles. A high backscattering ratio ex-
ceeding 30 and gradual increase of the depolarization up to 8% with cloud penetration
depth was found for the time representative of the continuous cloud deck at 08:48 UTC.
A much lower backscattering ratio of 15 and a higher value of the depolarization ratio
of 20%, enhanced immediately at the cloud top, were observed in the air mass mix-
ing zone. This indicates a liquid water cloud top layer at 08:48 and an ice cloud at
09:03 UTC.

The temperature profiles obtained during the subsequent in situ measurements are
shown in Fig. 8. During the northern part of the in situ leg oriented in South-East
direction (blue color), the temperature was around —12°C at the altitude of 550 m, and
—-21°C at 1500 m. After 10:18 UTC, in the southern part of the flight, the temperature
below 1100 m was about 1.5K colder (green color).

3.3.2 Analysis

In the following, a comparison of the lidar data with albedometer and in situ observa-
tions is given. Specific analyses concerning the reliability of lidar to observe the cloud
structure and cloud phase are performed in Sect. 4.
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Assuming pure water clouds, the cloud optical thickness estimated from albedometer
data shows values around 13-17 for the more homogeneous cloud deck in the South.
In the mixing zone starting at 09:00 UTC, the optical thickness was lower (11-13 as-
suming pure ice).

In situ measurements were performed at a flight altitude between 200 m and 1600 m
during ascents and descents in the clouds. They are described in detail by Gayet et
al. (2009). A thick water layer of around 500 m thickness was observed at cloud top.
The FSSP showed a mean effective diameter of 20 um and a concentration of more
than 50 cm™>. PN measurements revealed an extinction coefficient up to 35 km™'. Be-
low, ice crystals were observed. The CPIl showed an effective diameter of up to 300 um
and a concentration of more than 4001~". The extinction coefficient was typically below
5km™~'. The AMALI observations of cloud case B agree with the in situ measurements
concerning the optically thick liquid cloud layer on top. However, it was not possible
to observe the ice crystals below, as the laser beam was attenuated. As mentioned
above, only structures of high backscattering were seen below the liquid layer. Due
to the time delay and the flight pattern during the in situ probing, the cloud altitudes
cannot be compared directly.

The spectral slope ice index Ig calculated from the cloud reflectance measurements
(Ehrlich et al., 2008) is superposed as red line in the time series of depolarization
(Fig. 6). Low values of 10 to 30, indicating water or mixed-phase clouds with predom-
inantly liquid contribution, are characteristic for most of the clouds. In the air mass
mixing zone, however, the ice index shows enhanced values up to 50 indicating clouds
dominated by ice crystals. This confirms the lidar observation of enhanced depolariza-
tion values, characterizing a glaciated cloud.

The nearly simultaneous in situ measurements observed a cloud consisting of ice
only at 10:18:30 UTC. As shown in Fig. 9, the asymmetry parameter obtained from the
PN was below or close to 0.82 for 15s (horizontal extent of around 900 m). The data
were collected in the mixing zone of the air masses, indicated by the transition of the
temperature profiles as described in Sect. 3.3.1.
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3.4 KARL observation of a multiple layered midlevel ice cloud (case C)
3.4.1 Results

On 21 April 2007 a cirrus cloud containing up to three different layers was observed
by ground-based lidar over Ny-Alesund from 20:20 to 21:00 UTC (case C). Figure 10
shows a time series of the backscatter coefficient at 532 nm wavelength. The cloud
layers are visible between 2.5 and 5km altitude. This cloud was optically thin, but
much denser compared to the liquid pre-condensation layer presented in case A. At
20:30 UTC its optical depth amounted to 0.167 at 532nm and 0.169 at 355nm. The
according LRs were 33(+2) sr and 18(x1) sr for the respective wavelengths. The cloud
consisted purely of ice crystals which showed a very high volume depolarization of up
to 70%.

At 20:50 UTC the lidar profiles presented in Fig. 11 (left) exhibited a distinctive inter-
nal structure of the cloud. The highest layer showed almost the same particle backscat-
ter of 3x10°m™" sr™" for both wavelengths, a value as expected for cirrus. Also the
LRs for both wavelengths are similar: 19.8 sr vs. 17.9 sr. This translates into an optical
depth of 0.11 for both wavelengths.

However, the subjacent layer between 3 and 3.5 km altitude was accompanied by
a minimum of the depolarization of only 10%, and the backscatter was higher in the UV
compared to the visible wavelengths. On the other hand, the cloud optical thickness
detected in the two wavelengths was comparable (0.25 for 532nm and to 0.21 for
355nm). This means that the LR for the UV (6.5 sr) is lower than the LR for 532 nm
(14.4 sr).

The lowermost cloud layer at around 2.6 km altitude, which was basically visible in
the UV, is striking because it shows a different LR: 37.0(x1) sr for the visible branch,
but only 3.0(+0.2) sr for the UV.
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3.4.2 Analysis

For this case C, we analyze the optical properties of the cloud system and discuss
deductions for the microphysics of the ice crystals. The cloud exhibits the lowest LR
measured by KARL during the ASTAR 2007 campaign. Due to this extremely low LR in
the UV, the optical depth of the cloud layer at 2.6 km is higher in the visible than in the
UV (0.312 vs. 0.216). To prove this finding, the backscatter coefficient and backscatter
ratio were additionally calculated with the Klett approach (Klett, 1985) applying the
obtained LR. The results were found to be in agreement with the above data calculated
with the method presented by Ansmann et al. (1992). Choosing a higher LR in the
Klett method produces a physically unrealistic backscatter ratio smaller than 1 below
the cloud base. Due to the non spherical shape of the ice cloud particles and their
size, a lidar inversion code based on Mie theory cannot retrieve their microphysical
properties.

Lidar observations of cirrus clouds have been performed by various groups. A typi-
cal LR value for cirrus clouds is around 30 sr at 532 nm wavelength (Chen et al., 2002;
Giannakaki et al., 2007). Our observations of the LR at 532 nm agree with these values
in the given standard deviation. Reichardt et al. (2002) calculated LR and depolariza-
tion of (almost) hexagonal particles in random orientation with a ray tracing code. They
found lidar ratios as low as 3 sr, albeit frequently in conjunction with very high depolar-
ization. The values of lidar ratio and depolarization of case C seem to best match with
plates of high aspect ratio (Reichardt et al., 2002, their Fig. 7).

As the LR is determined by particle size, shape and aspect ratio of the ice crystals, it
depends on the cloud temperature, which favours the formation of different ice crystal
habits (Sassen and Comstock, 2001), as well as cooling rates and aerosol properties
at ice supersaturation (Haag and Karcher, 2004). However, simulated backward trajec-
tories show that the air mass investigated here did not pass areas where the uptake of
pollution was likely (not shown). The temperature and humidity profile of case C was
estimated from radio sounding measurements several hours earlier (Fig. 11, right). At
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around 11:00 UTC, the temperature decreased from 248 K (-25°C) at 2.5 km altitude
to 234 K (-39°C) at 5 km altitude. However, the shown differences in the optical prop-
erties of the cloud, the different LR and the depolarization, are surprisingly large for
the temperature range. Korolev et al. (2000) and Bailey and Hallett (2002) showed
that irregular ice crystals dominate all temperature intervals of interest here. They ob-
served a high fraction of irregular ice crystals (>85%) in stratiform clouds and by cloud
chamber experiments, respectively. Surely, changes in the shape and size of the ice
crystals of this cloud system are pronounced. The findings suggest that it is worth
identifying similar cloud cases by lidar, and studying the evolution of the ice particle
size and shape in combination with in situ probing.

3.5 AMALI observation of a two-layer midlevel cloud (case D)
3.5.1 Results

On 14 April 2007, the Polar-2 aircraft went from Longyearbyen towards the South along
the West coast of Svalbard, in the direction of an approaching high pressure system.
For a horizontal extent of around 30km (8 flight minutes) from 16:18 to 16:26 UTC,
a two-layer cloud structure was observed by the zenith pointing AMALI (case D). As the
aircraft was cruising at constant altitude (1300 m) until 16:24 UTGC, only this first part of
the lidar backscattering ratio of the cloud is shown in Fig. 12. The signal is smoothed
vertically with a running mean over 10 data points, and the time resolution is 15s. Two
separated geometrically thin liquid clouds (150 m vertical extent) with high backscatter
ratio and low depolarization were observed (Figs. 12 and 13). The backscatter ratio of
the lower layer was smaller than the value of the higher layer at the beginning of the
cloud observation. The upper cloud was centered at 4.2 km altitude, the lower cloud at
3.9km. In between, the enhanced depolarization and low backscatter signal revealed
the existence of precipitating ice particles. The temperature at 4 km altitude was es-
timated with —25°C (radio sonde measurement in Ny-Alesund at around 11:00 UTC).
A cirrus cloud was located above the two-layer cloud system with a slanted cloud base
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at around 5.5km (not shown in Fig. 12). As multiple scattering leads to an enhanced
apparent optical depth (Nicolas et al., 1997), only a maximum value for the optical
depth can be estimated as follows: The maximum backscatter coefficient of the upper
liquid layer was around 10 m s, Multiplication of this value with a typical cloud
LR of 30 (e.g. Chen et al., 2002) and integration over the cloud altitude (150 m) leads to
an estimation of the optical thickness in the order of 0.45, which represents an optically
thin cloud. The signal to noise ratio at 4 km altitude amounts to 15.

3.5.2 Analysis

In the following study possible formation processes of the double-layer cloud of case D
are analyzed considering the meteorological context. The cloud structure and cloud
thermodynamic phase are discussed separately in Sect. 4.

In contrast to multiple cloud layers in the Arctic boundary layer observed regularly in
summer (e.g. Intrieri et al., 2002a; Luo et al., 2008), multiple layer clouds in the free
troposphere are less frequently reported. A complex multiple layer cloud system with
layers up to 5.5 km altitude was analyzed by Hobbs et al. (2001). They found ice crys-
tals falling from the individual cloud layers into lower layers, and at times evaporating
above ground.

Meteorological analyses of case D revealed that on the rear side of a through prop-
agating eastward, the low level wind turned from north-westerlies to easterlies in the
period from 12:00 UTC till 18:00 UTC. However, the wind speed was rather low with
values around 2ms™' at 10m. The prevailing easterly winds near ground level turned
to westerlies at higher pressure levels above Spitsbergen (Fig. 14). Associated with
the approaching ridge, warm and moist air was transported to the Svalbard area at
the altitude of the cloud observation. As the wind at the aircraft’s cruising altitude
(1300 m) during the cloud observation came from the west, the lidar observations were
performed along a cross section perpendicular to the wind direction prevailing at cloud
level.

ECMWEF analyses reveal the existence of an area of humid air masses (relative hu-
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midity around saturation) at 700 hPa and enhanced relative humidity up to 90% at
500 hPa (Fig. 14, right). Midlevel clouds were analyzed in the observation area. How-
ever, the small scale structure of the observed cloud D could not be resolved by the
ECMWF analyses.

Different possible mechanisms are responsible for the lifting of the air masses and
cloud formation: A possible scenario is that the humid air masses were lifted orograph-
ically. Until about 12:00 UTC, westerlies dominated in the lower troposphere and the
flow perpendicular to the coast line passed the mountains of the Svalbard archipelago.
However, the cloud was observed on the windward side and in the direct vicinity of
Svalbard (less than 5km off land). Therefore, the observed clouds cannot be typical
lee wave clouds. Another possible explanation is that the flow above the Svalbard
archipelago was interrupted by the change of the wind direction in the lower tropo-
sphere. As the forcing of gravity waves diminishes, an upstream shift of the waves
might occur under these transient conditions (Chen et al., 2007).

A third possibility is that cloud filaments formed due to the enhanced vertical and
horizontal wind shears in the strongly divergent flow. Lifting by one of the mentioned
mechanisms and subsequent cooling of the moist air is probably the cause of the
formation of at least the upper liquid cloud layer. As precipitation between the individual
cloud layers was observed, and the lower liquid cloud layer exhibits a smaller optical
thickness, the double-layer structure D might be a result of ice crystal precipitation
which evaporated below the upper cloud (as proposed by Harrington et al., 1999).
Radiative cooling or further orographic lifting led to cooling of the humid layer, resulting
in the second cloud layer.

4 Discussion: retrieval of cloud boundaries and cloud thermodynamic phase
from lidar observations

Lidar observations cover the whole range from optically thin to thick clouds at differ-
ent altitudes. In this section, the information retrieval from lidar measurements is dis-
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cussed.

Optically thin to subvisible clouds (i.e. values of the cloud optical depth below 0.03
at 532 nm wavelength, Sassen et al., 1989) can easily be observed with lidar systems
(Lampert et al., 2009). In Sect. 3.2, we presented an example of a supercooled pre-
condensation layer (case A) with an optical depth of 0.038 and an estimated water
content of 1.21x107> gm™, which was located below a subvisible cirrus of even lower
optical depth. An optically thin ice cloud consisting of layers with different properties
(case C) was described in Sect. 3.4. With the assumption of single scattering being
valid, the optically thin clouds (cases A and C) can be characterized by quantitative
backscatter efficient and depolarization ratio. This allows a reliable determination of the
cloud structure and cloud phase. Raman lidar further provides the extinction coefficient
without an assumption of the lidar ratio.

On the other hand, optically thick clouds attenuate the lidar signal and lead to mul-
tiple scattering, which influences the detection of backscattered radiation in both po-
larization directions. The photons which are scattered more than once are detected
at a later time, provoking an afterglow effect behind the cloud. The signal strength
cannot be evaluated quantitatively within and behind the cloud, but the boundaries of
a strongly backscattering cloud can still be observed.

The depolarization of a pure water cloud consisting of spherical droplets is zero for
a backscatter angle of 180°, but the depolarization value measured by a lidar system
strongly depends on its FOV (Hu et al., 2001). This effect can also be explored by mul-
tiple FOV lidar systems to get additional information on the extinction coefficient and
the effective diameter of the scattering particles (Bissonnette et al., 2005). For lidar
systems with a fixed FOV, the relation of parallel and cross-polarized signals reveals
whether the scattering particles are mainly spherical or nonspherical, indicating liquid
or ice water. For liquid water clouds, the backscatter and the depolarization are posi-
tively correlated, while for ice clouds, the depolarization decreases with penetration into
the cloud, as was observed for CALIPSO data (Hu et al., 2006, 2007). You et al. (2006)
calculated the behaviour of the depolarization signal in case of non-depolarizing liquid
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cloud droplets as a function of the optical depth with Monte Carlo simulations. Ice
clouds consisting of different ice particle habits can also be discriminated theoretically,
as they have their own starting values and slopes of depolarization as a function of
optical thickness (You et al., 2006).

In the case of KARL with a FOV of 0.83mrad, a BSR >40 at 532 nm wavelength for
clouds in 5km altitude is the limit for which multiple scattering becomes noticeable in
the lidar profiles. Thick low clouds (as low as 2 km altitude) have not been analyzed so
far due to saturation in the detectors.

As stated in Sect. 2.3, the AMALI has a relatively wide FOV (3.1 mrad), and multiple
scattering effects are observed for a cloud optical thickness as low as 0.1. For the
evaluation of clouds with higher optical depth, multiple scattering cannot be neglected
in this system. Nevertheless it is possible to retrieve information on cloud structure and
thermodynamic cloud phase. In the following subsections, we use cases B and D to
discuss the capabilities and limits of lidar under the influence of multiple scattering.

4.1 Cloud structure

At least cloud top or cloud base of a cloud system can be determined straightforward
from lidar observations depending on the viewing direction of the lidar. In the case
of airborne nadir measurements, the cloud top of boundary layer clouds additionally
provides an indication of the height of the planetary boundary layer. If the lidar signal
is not attenuated completely, the cloud base can be observed. This is practicable for
optically thick clouds with an optical depth up to 3 (You et al., 2006) in the case of
homogeneous cloud systems, and up to an optical depth around 15 for clouds with
small local inhomogeneities (case B). The usually very high backscattering of liquid
water clouds produces an enhanced signal from the whole cloud range to the other
cloud boundary. However, in this case, no quantitative analysis of the lidar profile
and therefore calculation of the optical thickness can be performed. As criterion if the
second boundary was reliable, we analyzed if further cloud structures or the ground
return were visible through an optically thick cloud.
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In case B, a relatively homogeneous boundary layer cloud with high optical depth
(around 13 to 17, estimated from albedometer measurements, see Sect. 2.4.2) was
observed. Despite the large values of the optical depth, the ground return of the open
ocean was visible, possibly due to small-scale inhomogeneities of the clouds. This
reveals that the laser pulses penetrated the clouds. Between the cloud top and the
surface, structures with high backscattering ratio were detected by the lidar signal.
For this cloud, layers of liquid water were identified at cloud top. As the uppermost
layer of a cloud has the highest influence on radiative transfer modeling (Ehrlich et al.,
2009), it is crucial to determine the geometrical depth of this layer. Lidar measurements
provide this information by defining the liquid cloud layer as the height interval with high
backscattering ratio (here, the threshold backscatter ratio was chosen arbitrarily as 30).

In case B, liquid water was found at altitudes between 900 and 1600 m. The mean
geometrical thickness of the water layer was estimated with 280(+£80) m for the rela-
tively homogeneous cloud. This is in agreement with in situ measurements (see Gayet
et al., 2009). At the altitude between 800 and 1500 m the in situ measurements de-
tected liquid water droplets (not shown, see Gayet et al., 2009). For single profiles,
the water layer geometrical depth ranged from 100 to 700 m. The values cannot be
compared directly with the AMALI observations due to the time delay and advection.
However, the spatial characteristics of the liquid water layer observed by in situ mea-
surements are in agreement with the vertical extent of the liquid cloud layer from the
airborne lidar measurements.

Also in the airborne zenith measurements of case D, the lidar pulses penetrated the
double layer structure. The cirrus cloud above was also detected, thus the observed
cloud boundaries are reliable despite multiple scattering effects.

4.2 Validation of lidar cloud phase

For cases B and D the depolarization signal was analyzed to identify the cloud thermo-
dynamic phase.
The depolarization values of about 10% observed for cloud system B are typical for
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optically thick liquid water clouds in which multiple scattering occurs, as shown by the
detailed analysis of the lidar profiles in Sect. 3.3. This indication of a cloud top layer
dominated by liquid water droplets is consistent with the observations of glory from the
aircraft (see Rauber and Tokay, 1991; Ehrlich et al., 2009). In the mixing zone of the air
masses the cloud was completely glaciated, as confirmed by the ice index calculations.
The values of the in situ measurements cannot be compared directly with the AMALi
observations due to the time delay and advection. However, the spatial characteristics
of the liquid water layer observed by in situ measurements are in agreement with the
vertical extent of the liquid cloud layer from the airborne lidar measurements.

For the measurements of case D, the cloud phase of the double layer cloud was
determined from the profiles of backscatter and depolarization ratio. In the time series
of the backscatter ratio (Fig. 12), the areas of enhanced backscatter ratio are encircled
in black. The depolarization values for these cloud parts are depleted (Fig. 13). The
analysis of single profiles of backscatter and depolarization ratio (Fig. 15) provides
further evidence of two geometrically small liquid water clouds with an ice layer below
each liquid cloud layer. The gradual increase of the depolarization signal in the highly
backscattering height intervals is caused by multiple scattering, whereas the prompt
increase of the depolarization signal in the layers below the liquid clouds is interpreted
as the existence of depolarizing ice crystals.

5 Outlook: Importance of lidar for atmospheric studies

Elastic lidar systems provide reliable information on vertical cloud structures in high
spatial and temporal resolution. The basic information about cloud altitude is essen-
tial for understanding cloud formation and evolution processes as well as for radiative
transfer studies (Shupe and Intrieri, 2004) and climate modeling (Inoue et al., 2006).
Other data about the vertical dimension of clouds are provided by e.g. radio sondes or
airborne in situ measurements. These instruments either give a only a single vertical
profile of the meteorological parameters (radio sonde) or have to probe different cloud
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altitudes consecutively (in situ instruments). Radar also provides vertical cloud pro-
files. In comparison with lidar, even radar systems of a relatively short wavelength (e.g.
8.66 mm) are more sensitive to large ice crystals and typically have a lower vertical
resolution (Intrieri et al., 2002a).

Our observations (case A) and of Lampert et al. (2009) demonstrate that subvisible
clouds occur at least occasionally in the Arctic. As they show up in lidar systems they
cannot be neglected for radiative transfer calculations. Little is known about the fre-
quency of occurrence of these subvisible clouds and their radiative impact in the Arctic.
However, the study of Wyser et al. (2008) suggests the existence of many optically thin
clouds in winter. The observation of a cloud consisting of sub-um liquid pre-condensed
particles at low temperatures (—30°C) might be of importance for radiative transfer cal-
culations and climate modeling. For future campaigns it is recommended to analyze
the formation process and life time of such optically thin supercooled pre-condensation
layers and compare the lidar observations with the microphysics data obtained by in
situ instruments.

Cloud phase plays a crucial role for the surface energy budget (McFarquhar and
Cober, 2004).

With depolarization lidar, the thermodynamic phase of the cloud layer closest to the
lidar system was retrieved even under conditions of multiple scattering (cases B and
D).

The precise estimation of a LR from remote sensing data provides valuable informa-
tion about internal processes in clouds (e.g. the growth/shrinking of small-size cloud
particles). Lampert et al. (2009) estimated the LR of an Arctic ice clouds from in situ
and remote sensing information, yielding a result of 20 sr. Here we presented an exam-
ple of an ice cloud with a highly variable internal structure (case C). The observation of
ice cloud layers with very different optical properties seems a special case compared
to the microphysical findings of Korolev et al. (2000) and Bailey and Hallett (2002), who
describe prevailing irregular structures of ice crystals for a wide temperature range.
A high backscatter peak for the 355 nm wavelength, resulting in a low LR was found.
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Our observations underline that even in a pristine Arctic environment without anthro-
pogenic pollution, ice clouds cannot be considered as a homogeneous, simple phe-
nomenon. This might pose a challenge for the precise description of pure ice clouds in
climate models.

This study demonstrates that lidar observations provide an indispensable comple-
ment to other instruments for atmospheric studies. They deliver information about
cloud structure, cloud phase, optical properties and rough estimates of microphysical
properties in high temporal and spatial resolution. However, only closure experiments
with a combination of in situ instrumentation and radiation sensors will yield a complete
understanding of Arctic clouds.
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Table 1. Technical specifications of the three lidar systems and resolution of the data used for A. Lampert et al.
this study.
MPL KARL AMALI
Laser Nd:YLF Nd:YAG Nd:YAG
Emitted wavelengths [nm] 523 1064, 532, 355 532, 355
Detected wavelengths [nm] 523 1064, 532, 355 532, 355
387, 407, 607, 660
Telescope diameter [cm] 20 30 10.2
FOV [mrad] 0.10 0.83 3.1
Vertical resolution [m] 30 60 7.5
Time resolution [s] 600 600 15

: III III
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Fig. 1. Top: Occurrence and height distribution of clouds from 15-30 April 2007, observed
by MPL. The single observations were classified in 4 height intervals: 0.3—1.2km (blue), 1.2—
2.5km (green), 2.5-5.5km (light blue), 5.5—-10km (magenta). Lidar profiles measuring clear
sky (red) and snow on the window (yellow) are also indicated.

Bottom: Percentage of cloud cover at different height intervals for the whole time period, and di-
vided into periods of 2 weeks. The percentages refer to the respective time periods with a snow
free window. Note that clouds in more than one height interval can be observed simultaneously,
thus the percentage values do not add up to &gy
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Fig. 2. Time series of the particle backscatter coefficient in Ny-Alesund on 19 April 2007. The

pre-condensation layer (case A) is visible at 2 km altitude.
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Fig. 3. Profiles of backscatter and depolarization ratio for the height interval of the pre-
condensation layer (case A) observed on 19 April 2007 at 16:55UTC (left), and profiles of
temperature and relative humidity measured by the radio sonde launched in Ny-Alesund on
19 April 2007, 11:13 UTC (right).
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Fig. 4. Microphysical parameters of the pre-condensation layer (case A) on 19 April 2007 at
16:55 UTC, derived from lidar data inversion.
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Fig. 5. Time series of airborne lidar backscatter profiles of case B (9 April 2007). The dotted

vertical bars indicate the profiles shown in Fig. 7.
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Fig. 6. Time series of airborne lidar depolarization (in %) of case B (9 April 2007). Superim-
posed in red is the ice index calculated from albedometer observations. The dotted vertical
bars indicate the profiles shown in Fig. 7.
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Fig. 8. Temperature profiles measured for case B (9 April 2007). Blue are the profiles measured
in the North-West, before 10:18 UTC, and green are the profiles measured in the South-East,
after 10:18 UTC. Below the altitude of 1100 m, the air temperature is about 1.5°C colder in the

South-East of the flight leg.
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Fig. 9. Time series of the asymmetry parameter in the air mass mixing zone of case B. During
15 s, corresponding to a horizontal extent of around 900 m, only ice was found (g<0.82).
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KARL - Ny-Alesund, 21-Apr-2007

Fig. 10. Time series of the particle backscatter coefficient at Ny-Alesund of case C (21 April
2007).

10
P msr ) Lidar cloud
g 532 nm observations during
< 10-5 ASTAR2007
8
10.00 A. Lampert et al.
7 5.00
2.00
£ ° . TWePage
=, — 1 o7
B — 1 045
=
A . | Abstrect  Introduction.
K] — ! 020
0.07
; | Tables  Figues
0.03
0.01
- T -0.01
et | FuSoeen/E

©)
®

15174


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15125/2009/acpd-9-15125-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15125/2009/acpd-9-15125-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

vol. depolarisation [%]
30 40 50 60 70

45

altitude [km]

45

altitude km1

20 30 40 50
backscatter ratio

altitude [km]

altitude [km]

F3
o

2.5

rel. humidity [%]

S'M) 5 40 45 50 55 60 65 70 7%

45 445
RS-92
launch UT 10:55

4 -4
35

3 3
25 . : . . . n .

232 234 236 238 240 242 244 246 248 250

Temperature [K]

Fig. 11. Left: Backscatter (blue) and depolarization (red) profiles of the cloud observation of
case C (21 April 2007) around 20:50 UTC. The dashed blue curve denotes to the backscatter
ratio at 532 nm, the blue one to the backscatter ratio at 355 nm. Right: Temperature (blue) and
relative humidity (red) profiles of the radio sonde launched at 11:00 UTC on 21 April 2007.
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Fig. 12. Time series of the airborne backscattering ratio of case D (14 April 2007). Encircled in
black are the cloud areas of high backscatter values. The vertical bar corresponds to the time

step of the profile shown in Fig. 15.
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Fig. 13. Time series of the airborne depolarization ratio of case D (14 April 2007). Encircled in
black are the same cloud areas as in Fig. 14. The vertical bar corresponds to the time step of

the profile shown in Fig. 15.
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Fig. 14. Left: ECMWF analyses of geopotential height (green), potential temperature (blue)
and wind speed (barbs) at a pressure level of 700 hPa (top) and 850 hPa (bottom) for case D
(14 April 2007), 18:00 UTC. Right: Geopotential height and relative humidity for the same time,
at a pressure level of 700 hPa (top) and 500 hPa (bottom). The flight track is indicated as a red

line.
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Fig. 15. Profiles of backscatter and depolarization ratio of case D (14 April 2007) at

16:18:45 UTC.
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