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This study documents a case of convective cloud system detected over Magurele site, using lidar and ceilometer
instruments. Cloud microphysical properties were examined by using the profiles of lidar ice to liquid water ratio derived
from the RALI lidar together with the profiles of the temperature and the specific cloud ice and liquid water content derived
from the ECMWF ERA Interim reanalysis. The obtained results emphasize the ability of polarization lidar to capture both
micro-physical properties and macro-physical features of a convective cloud in its mature stage.
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1. Introduction

Clouds represent an important part of the climate
system since their presence is affecting the amount of
sunlight that reaches the earth surface. However,
according to the Intergovernmental Panel on Climate
Change [1], cloud feedbacks continue to be the largest
source of uncertainty in global climate models estimates of
Earth’s climate sensitivity. Considering this, a proper
understanding of clouds occurrence, evolution, typology,
coverage and their macro- and micro-physical processes is
very important.

The phase composition and micro-physical structure
of clouds define the manner in which they modulate
atmospheric radiation [2]. Mixed-phase cloud systems,
containing both liquid particles in multiple phases and ice
crystals, are frequently present in the Earth’s atmosphere.
Their life cycles are supported by the atmospheric motions
that contribute to aerosol nucleation processes, causing
cloud droplets and ice crystals formation. These cloud
types represent a significant component of the atmosphere,
with an average global coverage of 20 to 30% [3].
Previous studies have shown that the temperature at which
these cloud types can be found ranges from -40°C [4], [5],
to - 9°C [6] according to model schemes. Observations
reveal liquid water at temperatures as cold as - 40°C [7],
(8], [9], [10].

Remote sensing observations were used in different
studies to distinguish between different cloud types and
their features such as liquid to ice water content, ice
crystals formation and precipitation. Various scientific
activities like stationary and airborne campaigns:
ACCEPT [11], BACCHUS [12], ASTAR [13], continuous
observational data collected within the European Cloud
observational Network CLOUDNET [14] or satellite based

measurements [15], [16] make use of active and passive
remote sensing instruments to study cloud evolution and
atmospheric processes that are responsible for cloud
formation. In this context, lidars are active remote sensing
instruments that are able to probe from few tens of
centimeters to several meters above the cloud base, where
the maximum cloud super-saturation occurs [17].
Considering this, any microphysical information
potentially provided by lidar observations is of great value
[18], [19]. Measurements of atmospheric depolarization
using lidar were used to distinguish between liquid and
solid phases of water in the atmosphere [20], [21], [22].
Ice crystals, considered non spherical particles can exhibit
depolarization ratios greater than 0.2 [23], and can be
easily used to distinguish between cloud droplets or super
cooled droplets with low depolarization ratios and ice
particles. In comparison, for continuous measurements,
ceilometers are used to detect the cloud base for altitudes
where the backscattered signal is strong [24], [25].
Although ceilometers can provide a limited set of optical
parameters, they are able to cover extended time periods
(including rain episodes).

This study is based on the use of remote sensing data
provided by lidar and ceilometer analyzed together with
meteorological data provided by ECMWEF ERA Interim
reanalysis. The cloud particle types were assessed in a
deep convective environment. By using the volume linear
depolarization ratio (VDR) provided by the lidar, a first
estimation of the ice to liquid water ratio can be extracted.
In combination with the ECMWF model, the
meteorological context and the atmospheric behavior is
studied with regard to the cloud particles (ice, super cooled
water droplets and water droplets) found within a
particular mixed-phase cloud. The paper is organized as
follows: in section 2 the instruments and methodology
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used to detect and study the microphysical properties of a
convective cloud are described, the results are discussed in
section 3, and conclusions are presented in section 4.

2. Instruments and methodology

The measurements were conducted using the
multiwavelenth depolarization Raman lidar (RALI) and
the VAISALA CL 31 Ceilometer, both located at
Migurele (44.35'N/26.03 E). Cloud phase features derived
from these remote sensing instruments were analyzed
within the meteorological context using ECMWF - ERA
Interim reanalysis.

2.1. The multi-wavelength Raman lidar

The RALI instrument is located in a pre-urban site
south—west of Bucharest. Since 2007 the instrument is part
of the European Lidar Network - EARLINET performing
systematic measurements according to a predefined
schedule (two nighttime and one daytime measurement per
week) [26]. The instrument complies with all quality
assurance protocols required to operate in EARLINET
[27]. Data used in this study is quality assured since all
procedures in the EARLINET quality assurance program
are applied both to the hardware and to the retrieved data.

The principle of lidar (light detection and ranging) is
based on the detection of backscattered light that results
from the interaction of the emitted laser light with the
atmospheric particles. The laser light gives information on
the optical and geometrical properties of the atmospheric
constituents [28], [29], [30]. The multi-wavelength
depolarization Raman lidar (RALI) used for this study is
capable to detect the Raman backscatter radiation from
nitrogen, and Mie / Rayleigh backscatter radiation from
atmospheric molecules and aerosol particles, providing
data products related to optical, microphysical and
geometrical properties. The output parameters are the
backscatter and extinction coefficient profiles (collected
for 355-532-1064 nm for the first parameter, and 355-532
for the second parameter) and particle depolarization ratio
profiles (at 532nm). The high dynamic range of the
instrument is able to cover altitudes from 0.8 to 15 km,
with a 3.75 m spatial resolution and 1 minute temporal
resolution.

An important parameter derived from the lidar signals
is the depolarization ratio (volume and particle linear
depolarization ratios hereafter referred to as VDR and
PDR) [31], [32]. These quantities enable the investigator
to distinguish between spherical particles (characterized by
low depolarization ratios), and non-spherical particles
(with higher depolarization ratios). RALI is able to
measure the parallel and cross components at 532nm. This
wavelength ensures the capability to detect not only coarse
aerosol particles but also ice, water and mixed-phase cloud
particles [28]. The depolarization products are usually
used to distinguish between several aerosol types. In case
of aerosol typing studies, the PDR is commonly used since
this parameter only accounts for the aerosol type and not
the amount of aerosol in the investigated layer (intensive

parameter). For pure mineral dust particles, the PDR value
at 532 nm ranges from 0.3 to 0.39 while for dust mixtures
PDR values are from 0.1 to 0.3. For biomass burning
particles, the 532nm PDR ranges around 0.08 and 0.15 and
for marine aerosols the PDR values increase up to 0.06
[33], [34], [35]. The study of mixed-phase cloud dynamics
requires the use of high resolution lidar products. A
suitable option is to use the VDR since the high temporal
and vertical resolution of this parameter can provide
information on cloud dynamics and structure. The use of
PDR retrievals imply additional lidar products (backscatter
coefficient) that require longer integration times and
therefore lower temporal resolution, making this study
more difficult. For liquid to ice water content studies, the
VDR can provide a better vertical and temporal resolution
since the additional lidar products are not required. VDR
values are affected by the amount of particles to be
investigated (extensive parameters) but these studies do
not require absolute values. In the case of water droplets
occurrence, the VDR is low, since water droplets do not
change the polarization degree, while for ice crystals, the
VDR can increase well above 0.4 [36].

2.2. The CL31 Ceilometer

The VAISALA CL31 Ceilometer is able to perform
continuous measurements at 910 nm in all weather
conditions. It is capable to detect up to three cloud levels
and can also provide the attenuated backscatter profiles.
The instrument can provide raw data profiles with a time
resolution of 16s, a vertical resolution of 5m and a
maximum altitude better than 7.5km [37]. A detailed
description of the instrument is given in [38]. The
instrument is situated in the vicinity of the lidar
measurement site - several hundred meters away.

2.3. The ECMWF ERA-Interim reanalysis

A complex meteorological analysis was performed on
different spatial scales (synoptic, mesoscale and local), for
better understanding and interpretation of the physical
processes that contribute to the occurrence and evolution
of mixed-phase clouds.
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Fig. 1. Meteorological scales used in this study: synoptic
(entire window), mesoscale (black quadrant), and local
(black dot)
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The ECMWF ERA-Interim reanalysis database [39] at
a horizontal resolution of 0.125° x 0.125° was used.
Synoptic analysis of geopotential height and temperature
at significant atmosphere’s levels on a latitude-longitude
atmospheric window of 30™- 60" N and 5™- 45" E (Fig.1),
was used in order to assess atmospheric circulations and
thermal advections.

The interpretation of the presence of different cloud
types detected by the lidar, was based on the mesoscale
analysis of low, medium and high cloud cover performed
ona40™-50 N/20™- 30" E window (Fig.1, black quadrant).
The local analysis was focused on a small grid box (Fig.1,
black dot), which included the location of the remote
sensing instruments. Profiles of temperature (T), specific
cloud ice water content (CIWC) and specific cloud liquid
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water content (CLWC) were analyzed and compared with
the lidar derived products. Meteorological data have been
selected in a way to remain close-in-time to the remote
sensing measurements.

3. Results and discussion

On May 16" 2014, lidar measurements above
Magurele had emphasized the presence of a convective
cloud with a gradual vertical expansion (Fig.2). The Range
Corrected Signal (RCS) time series (Fig. 2 left) show the
vertical extent and temporal evolution of the cloud system.
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Fig. 2. Lidar times series of range corrected signal at 1064 nm (left) and volume linear depolarization (right),
on May 16, 2014

The optical thickness (OT) at 532nm show values
higher than 4 within the cloud layer, indicating that the
cloud consists probably of high water content. For high
density clouds (usually with OT higher than 3) multiple
scattering effects are likely to affect the lidar products.
Since for this study only qualitative information is
required to assess the ice-to-liquid water content, it is
shown that these effects could be disregarded.

The VDR time series (Fig. 2 right) show high vertical
and temporal dynamics of the cloud layers with values
ranging from 0.1 to 0.35. These values indicate the
presence of a mixed-phase cloud regime, typical for storm
related events [7]. High VDR value indicates the presence
of non-spherical particles that most probably are ice
particles. The time series in Fig 2 emphasize that in less
than one hour the cloud base decreased from 5 to 2km
altitude. During the last ten minutes of measurements
(between 12:42 and 12:52 UTC) the lidar instrument
detected the initiation of the heavy rain event, (red circle
in Fig. 2 left).

The ceilometer time series (Fig.3) depicts the entire
episode of the storm passing over the measurement site.
Red circle (Fig.3) corresponds to the initiation of
precipitation event, indicated in Fig. 2, right. It can be
noticed that even if the lidar measurements are limited by
the rain event, the ceilometers is still able to provide
information on the extent of the rain event. High

attenuated backscatter values detected during the entire
event (above 9-107 sr' x m™) can give an insight on the
extent of the storm, in terms of precipitation rate.

The detected cloud base shows similarities with the
one determined from the lidar time series of range
corrected signals (Fig.2, left). The lack of signal between 2
and 4.5km around 13:00 UTC, indicates high density
cloud particles. The initiation of precipitation event (Fig.
3, red circle) is in accordance with the lidar measurements.
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Fig. 3. Image of convective cloud evolution and storm event
provided by VAISALA CL 31 Ceilometer on May 16, 2014
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Fig. 4. ECMWF ERA - Interim reanalysis of geopotential
height at 500 hPa (color palette) and temperature °C
(white contours) for May 16, 2014 [12TC]
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In order to provide an overall impression on the
atmospheric behaviour during the studied case, a
multiscale analysis of the meteorological context was
performed. The synoptic scale analysis (Fig.4) for 16™ of
May 2014, reveals the presence of a strong cyclonic area,
developed over Mediterranean Sea, with direct influence
on territory of Romania. The cut-off low enabled the
advection of a cold humid air-mass towards the
measurement site.

The meteorological conditions favored the
development of multi-layered cloud systems, as it was
indicated by the model mesoscale reanalysis of cloud
fraction coverage (Fig.5). The medium and high cloud
cover over Bucharest area (Fig. 5, black quadrant) is
consistent with the lidar measurements (Fig.2).

latitude

HCC

Fig. 5. Low Cloud Cover (LCC) - lefi, Medium Cloud Cover (MCC) - center, and High Cloud Cover (HCC) - right (greyscale %)
over the region of interest, derived from ECMWF ERA - Interim reanalysis for May 16, 2014 [12TC]

The temperature profile (Fig. 6, black line) derived
from the model data, depicts the state of atmospheric
environment close to the measurement location: thermal
profile shows a strong decrease with altitude. The freezing
level is located at 775 hPa, which approximately
corresponds to 2 km. Within the layer between 775 and
500 hPa (2 — 5 km), the thermal gradient has a value of -
22°C, whilst above the 500 hPa the temperature continues
the decreasing until -48°C is reached at the 300 hPa level
(=9km altitude).

The wvertical distribution of humidity is detailed
through the profiles of specific ice and liquid cloud water
content (Fig.6, red and blue lines). The maximum CLWC
of 45ug/kg is indicated at 900 hPa (= lkm), then the
parameter marks a strong decrease between 875 and 500
hPa. The profile of CIWC shows a remarkable increase
between 775 and 275 hPa with a maximum value of
27ug/kg at 350 hPa (= 8km). This peak is related to the
Cumulonimbus cloud top, where the dominant particles
types are ice crystals.
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Fig. 6. Profiles of temperature (black line), specific cloud
ice (blue line) and liquid (red line) water content at
Magurele derived from ECMWF ERA — Interim
reanalysis for May 16, 2014 [12TC]
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Lidar measurements (Fig. 2) are in a good agreement
with the specific cloud ice and liquid water content
derived from ECMWF ERA Interim reanalysis for
Magurele (Fig. 6). The temperature profile (Fig.6, black
line) show values of 0°C to -25°C for the layer between 2
and 6 km altitudes (corresponding to the atmospheric layer
between 775 and 450 hPa), which are also in a good
agreement with previous studies [7], [8]. Below 2km, both
the lidar and ECMWF profiling data, indicate the presence
of water droplets since the VDR show values lower than
the values measured in the cloud (Fig.2 right, red circle),
coupled with positive temperature and high values of
CLWC. The region of cloud detected by the lidar between
4 and 5 km (11:56 — 12:11 UTC) presents a ratio of 0.1 to
0.2 (Fig.2 right), corresponding with super-cooled water
droplets, since the temperature values are negative and the
CIWC values are increasing (Fig.6). During the next time
interval (12:11 — 12:41 UTC) the cloud layer between 2.5
and 6 km presents VDR values above 0.3 (Fig.2 right)
indicating the dominant presence of ice crystals while the
temperature and CIWC profiles in Fig 6 confirm this
assumption.

2014/05/16

Altitude (km)

un
(=]
Ice to liquid water ratio (%)

201 1zl 1221 231 1zal 1251

Fig. 7. Time series of ice-to-liquid water ratio (0%=water,
100%=ice, in between is mixed-phase) derived from lidar
measurements performed on May 16, 2014

Valuable information is provided by the time series of
ice-to-liquid water ratio derived from lidar data (Fig.7),
which captures the storm motion, as it approaches the
measurement site, revealing both micro- and macro-
physical features of the convective storm. During the first
time interval (11:56 — 12:11UTC), lower values of ice-to-
liquid water ratio (10 to 30%) emphasize a region with
water and super-cooled water droplets at 4 to 6 km
altitude, characteristic to the wall cloud part of a
convective cell. Higher values of ice-to-liquid water ratio
(30 to 100%) at the altitudes between 2.7 and 6 km, during
12:11 - 12:41 UTC, indicate a mixture of particles (water
droplets, super-cooled water and ice particles). For the last
time interval (12:41 — 12:51 UTC), lower values of 10 to
20% are visible at the altitudes of 1 to 2 km corresponding
to the precipitation area, while above 2 km the ice to liquid
water ratio shows higher values (above 50%). An

important macro-physical feature of convective clouds is
revealed, namely the presence of updrafts (visible during
12:11 and 12:16 time interval) and downdrafts (visible
after 12:35UTC).

The vertical distribution of cloud particle types in
Fig.7 is consistent with the vertical profiles of the
temperature and the specific cloud liquid and ice content
in Fig. 6. The higher values of CLWC indicated between
the surface and 800 hPa (where the air temperature is
positive) correspond to the precipitation area. The layer
between 800 and 500 hPa (where the values of CLWC are
decreasing, while the values of CIWC are increasing, and
the temperature decreases from 0°C to -22°C) corresponds
to the mixed-phase cloud area. Up to the level of 500 hPa,
the CIWC is increasing, suggesting the predominance of
ice the particles. The vertical distribution of cloud particles
for this case is consistent with those mentioned by
literature [40, 41, 42].

4. Conclusions

The results presented and discussed in this study,
demonstrate the capability of the lidar instruments to
detect the multiple cloud layers. From our knowledge this
is the first study performed on a convective cloud by using
lidar measurements, emphasizing also its dynamics
throughout the up-and-downdraft motions. Through its
instability, the synoptic meteorological conditions had
supported the development and evolution of convective
clouds.

The lidar-derived VDR profiles allow to distinguish
between the spherical (water droplets) and the non-
spherical (ice particles) constituents of clouds. As the lidar
measurements are limited by the rain event, the
simultaneous use of ceilometer complemented the image
of the event providing information on the extent of the
rain.

The ice-to-liquid water ratio profiles obtained from
the lidar measurements are in a good agreement with the
specific cloud ice and liquid water content obtained from
the ECMWF reanalysis data. The temperature range for
the mixed-phase in the studied case is in accordance with
previous studies.
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