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Abstract: The combined data from the ESA Mobile Raman Polarization and Water Vapor
Lidar (EMORAL), the LATMOS Bistatic Doppler Cloud Radar System for Atmospheric Studies
(BASTA), and the INOE Microwave Radiometer (HATPRO-G2) have been used to explore
the synergy for the spatio-temporal discrimination of polarization and molecular, aerosol and
cloud scattering. The threshold-based methodology is proposed to perform an aerosol-cloud
typing using the three instruments. It is demonstrated for 24 hours of observations on 10 June
2019 in Rzecin, Poland. A new scheme for target classification, developed collaboratively by
the FUW and the OUC, can help determine molecules, aerosol (spherical, non-spherical, fine,
coarse), cloud phase (liquid, ice, supercooled droplets) and precipitation (drizzle, rain). For
molecular, aerosol, and cloud discrimination, the thresholds are set on the backward scattering
ratio, the linear particle depolarization ratio and the backscatter colour ratio, all calculated from
lidar signals. For the cloud phase and precipitation categorization, the thresholds are set on
the reflectivity and the Doppler velocity derived from cloud radar signals. For boundary layer
particles, precipitation, and supercooled droplets separation, the thresholds are set on the profiles
of temperature and relative humidity obtained by the microwave radiometer. The algorithm is
able to perform separation even under complicated meteorological situation, as in the presented
case study.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The 24/7 ground-based remote sensing measurements of aerosol and clouds are an important
source of information, as they can obtain high resolution, long-term data in well-defined areas
on a continuous basis [e.g. 1-3]. Their data products are closer to target particles than satellite
observations and have a better spatio-temporal resolution and accuracy [1]. Knowledge about
aerosol and clouds on such a scale can help better assess their direct and indirect effects on
radiation transfer and the balance of the Earth-atmosphere system [4-7]. As the effects of aerosol
and clouds can differ significantly, depending on their optical thickness and altitude [5,6,8], they
should be observed, if possible, at the same time, using instruments that are well suited for this
purpose.
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In many studies, aerosol and/or cloud properties are derived from measurements conducted
with airborne sensors [e.g. 9—11] and space-borne sensors [e.g. 12—15]. Space-borne sensors
can also provide a good temporal coverage. However, in this case the major challenge is to obtain
information on aerosol and clouds with a high vertical resolution [e.g. 12,14]. Another drawback
is that satellite sensors cannot conduct observations over the site of interest continuously. Thus,
both active and passive ground-based remote sensing observations are necessary to complement
airborne and satellite observations.

Doppler cloud radars provide information on cloud and precipitation particles, as well as on
cloud dynamics [e.g. 16-19]. Cloud radars are active remote sensors, and they are more sensitive
to large particles, compared with lidar. They are able to penetrate optically thick clouds, but
fail to detect aerosol and clouds composed of small-sized particles [9,20]. Lidars are capable of
measuring aerosol, and almost all cloud types, as long as they are the first encountered layer and
their optical depth is low [e.g. 21-24]. Lidars are also active remote sensors, but their backscatter
signal is proportional to the second moment of the particle size distribution, hence compared
with cloud radars, lidar signals are sensitive to optically thin clouds [e.g. 12], Cirrus and contrails
[e.g. 25], as well as supercooled water layers [e.g. 9,26], but cannot penetrate optically thick
clouds, because of strong signal attenuation [e.g. 27]. Scanning microwave radiometers are
passive remote sensors that can provide integrated-column measurements of integrated water
vapor (IWV) and liquid water path (LWP), as well as profiles of relative humidity and temperature
[28,29].

The target classification schemes can be applied either solely to the cloud radar (e.g. cloud
droplets, ice, and precipitating particles) [30,31] or to lidar data (e.g. aerosol typing [32]).
Combining lidar and cloud radar measurements can result in more complete information on
aerosol and cloud properties, their vertical structure and occurrence [e.g. 33,34]. Microwave
radiometer products can support target classification in combination with lidar/radar (e.g. [12,19]).
The synergy between cloud radar, lidar, and microwave radiometers has proved effective for
retrieving cloud properties such as ice/liquid water content and effective radius [10,12].

The aim of this paper is to propose a new threshold based methodology that can be used for
studies of aerosol and cloud properties and types, including the cloud phase, using the synergy of
lidar, cloud radar and microwave radiometer to provide better forecasting and climate models
[18,35].

The paper is organized as follows. In section 2, instrumentation and typical data products are
described. The methodology and the data products that are used for the molecules-aerosol-cloud
classification are described in section 3. The current classification methodology is discussed in
section 4. Section 5 gives details on the new thresholds proposed for the target classification.
The results and their repercussions are provided for in section 6. The paper is summarized in
section 7.

2. Instrumentation and derived data products

The three remote sensing instruments, the Raman-polarization lidar, the Doppler cloud radar
and the microwave radiometer were installed in a close proximity on 10 June 2019 in Rzecin
(52°45°N, 16°18’E, 54 m a.s.l.), Poland. The distance between them was fewer than 15 m. The
instruments do not measure the same volume: the lidar footprint is the smallest, next is the cloud
radar (half beam width 0.4°), and the microwave radiometer is the largest, which has an impact on
retrievals. All instruments operated in a 24/7 detection mode, providing profiles covering almost
the entire troposphere, whereby the spatial and temporal resolution of the profiles provided by
each instrument was different. Each instrument is described below.

The ESA Mobile Raman Lidar (EMORAL) uses as a radiation source the Nd-YAG laser
(SpitLight 400, InnoLas, Germany), operating at 1064 nm (112 mJ), 532 nm (103 mJ) and 355 nm
(128 mJ). The laser emits all three wavelengths to the atmosphere simultaneously and collinearly,
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with a repetition rate of 10 Hz and pulse lengths of 5-7 ns. The backward scattered radiation is
collected with a Cassegrain telescope (primary mirror of 300 mm, adjustable field of view of
2-3.6 mrad), then separated and filtered to detect 8 channels: 3 elastic channels (1064 nm, 532 nm,
and 355 nm), 3 vibrational Raman channels (for nitrogen at 387 nm, 607 nm and for water vapour
at 407 nm), and 2 depolarization channels at 532 nm and 355 nm. All signals are recorded with
an analogue and photon-counting mode, using the 16-bits transient recorders (TR40-160, Licel,
Germany), except for 1064 nm (only analogue). The raw signal height resolution is 3.75 m and
the time resolution is adjustable (from 2 s to 1 min). The full overlap height is at 400 m, the
effect of overlap below this altitude is neglected, no overlap correction function is applied. The
level-1 products comprise attenuated backscatter signals and the volume depolarization ratio. The
level-2 products are the water vapour mixing ratio [36], the atmospheric boundary layer height
[37], the range of aerosol optical properties [3,38—40], and the backward scattering ratio (this
paper). The level-3 products comprise microphysical parameters [41]. The combination of the
different level products obtained at different wavelengths can be used for aerosol and cloud typing
in terms of particle size and shape, i.e. to assess aerosol-free molecular atmosphere, fine/coarse
particles, spherical/non-spherical particles, water droplets, ice crystals or their mixtures. The
profiles of the lidar-derived atmospheric properties used in this paper are obtained for a vertical
resolution of 3.75 m and the time of 2 s. A lidar evaluation scheme applied for the data evaluation
is compliant with the Quality Assurance recommendations of the European Aerosol Research
Lidar Network (EARLINET) developed within the Aerosol, Clouds, and Trace Gases Research
Infrastructure (ACTRIS), i.e. the full quality assure (QA) tests are applied (tele cover test, dark
measurement, depolarization calibration, trigger delay [42]). The tools for the high quality lidar
data evaluation are described in [e.g. 43,44].

The Bistatic Radar System for Atmospheric Studies (BASTA) is a semi-operational 95 GHz
Doppler cloud radar, which uses the frequency-modulated continuous wave (FMCW) technique.
The technique can be highly sensitive with much less power than traditional pulsed systems,
there are some advantages and some disadvantages of using it [45]. It was installed next to
the EMORAL lidar (circa 15 m away). It provides real time 24/7 vertical observations of
the cloud structure and properties (such as cloud fraction, cloud phase, cloud water content,
etc). It uses a specific signal processing technique in such a way that the radar can provide
high-quality measurements of cloud and fog. The main products are reflectivity and Doppler
velocity (level-1), obtained successively with 12.5 m, 25 m and 100 m vertical resolution and
3 s time resolution. The lower limit is 125 m for all modes. The 12.5 m mode is limited to
12 km. The 25 m and 100 m modes cover the range up to 18 km. A merged product is derived
making the most of the sensitivity and resolution of each mode, i.e. a combination of different
vertical resolutions is applied at different altitude ranges. The resulting vertical resolution of the
merged product is height-dependent and it is of 12.5 m below 0.5 km, 25 m between 0.5 and
5km, and 100 m above 5 km. The integration time is 9 s for the merged product. The level-2
products (rain, drizzle, ice cloud and liquid particles and droplets) and the level-3 products
(microphysical cloud properties) can also be obtained. The three successive modes are used for
specific applications: the 12.5 m vertical resolution mode is dedicated to fog and low clouds, the
25 m mode is for liquid and ice mid-tropospheric clouds, and the 100 m is ideal for optically thin,
high-level ice clouds. The radar comes with a set of products dedicated to cloud and fog studies.
For instance, a cloud mask, corrected Doppler velocity and multi-mode products combining
a high sensitivity mode and high-resolution mode are provided. More details can be found in
[10,45] and http://basta.projet.latmos.ipsl.fr, last access: 28 February 2020. The cloud radar has
been calibrated based on the methodology given in [45,46,47], which is typically applied for
high-quality data retrieval in the Cloud Observation Network (CLOUDNET) within the ACTRIS.

The microwave radiometer (HATPRO-G2, Radiometer Physics GmbH) was installed in a
proximity of the BASTA cloud radar (circa 2 m away). The microwave radiometer consists of two
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working bands at 22-31 and 51-58 GHz, each with seven channels [48]. The vertical resolution
of this instrument is much coarser than that for the other two instruments. Measurements with a
temporal resolution of 15 s and a height-dependent vertical resolution: 200 m from O to 2 km,
400 m from 2 to 5 km, and > 500 m for the heights above 5 km [49]. The level-1 products are
brightness temperatures. The level-2 products are integrated water vapour IWV), liquid water
path (LWP), and the vertical profiles of absolute humidity (AH), relative humidity (RH), water
vapor (WV), temperature (T) and boundary layer height (ABL). The profiles of temperature
and water vapour are calculated from the brightness temperatures using statistical regression
algorithms [50]. To ensure high quality of the observation, the absolute calibration is done using
liquid nitrogen, according to the details in [51]. The data quality control was done compliant
with the methodology described in [48].

3. Methodology

Different optical properties of aerosol and cloud can be obtained from lidar signals [e.g. 22,24,52].
The backscatter signal P can be described with the classical elastic lidar equation:

P= C% (Bp + Bm) exp {—2 f(a'p + a'm)dr} (D)
R 0

where C is the instrumental constant (system factor), R is the range of the lidar signal, O is the
overlap function that equals 1 at the complete overlap between the laser beam and the full field of
view of the telescope, (5, is the particle backscatter coefficient, 3, is the molecular backscatter
coefficient, a,, is the particle extinction coefficient, a,, is the molecular extinction coefficient.

When the lidar system is equipped with the Raman channels, the extinction coefficient profiles
can be derived using the Raman method. It has its limitations related to a relatively weak
Raman scattering cross-section at the detected wavelength in comparison to the elastic scattering
cross-section at the initial wavelength. This matters especially if the Raman method is applied
during the daytime. Sunlight radiation affects the signal to noise ratio, which can be improved
at the cost of reducing temporal and spatial resolutions. This limits the retrieval to 2 km in the
daytime for a 30-minute averaged profile and 120 m height resolution. At night, profiles reach
3.5 km for the same averaging. Hence, the Raman method was considered as not sufficiently
consistent in terms of quality and performance to provide products for use in the 24/7 classification
scheme. Therefore, the Klett-Fernald method was chosen [53,54].

The particle backscatter (,) and extinction (a),) coefficient profiles in the Klett-Fernald
method are obtained using elastic lidar signals [Eq. (1)] by solving the Bernoulli differential
equation with the assumption of the height independent particle lidar ratio (LR, =a, / Bp),
calibrated at a certain height-range of the atmosphere, where only molecular scattering occurs
[53,54]. There is an obvious difficulty to choose the appropriate lidar ratio and the calibration
range in the presence of low-level clouds or when aerosol load is high. Therefore, the attenuated
backscatter coefficient (8,) is often used instead, as described in [24], defined in Eq. (2):

PR?
a = — 4 2
B C (2
The C can be calculated as in Eq. (3):
o 2 flor anv)
C=——¢expi2[(a, + ay)dr 3)
By + By 0P 24 om)

The C is generally stable in a daytime scale [24], thus it can be calculated once per day for the
clear sky observation period. If there is no clear sky on the observational day, the C can be
calculated for adjacent days with a clear sky period. The 8, profiles used for the C calculation
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can be computed with the aforementioned approach [53,54] and the ,, can be calculated using
the atmospheric profiles of the 1976 US standard atmosphere (note that rawinsondes can be used,
if available close to the observational site). The particle lidar ratio (LR),) of 55 sr can be used as
a reference, as such it is applied at several European continental sites for long-term statistical
studies [e.g. 3]. The final system factor C is calculated as the mean value of the height between 1
and 2km in Eq. (3).

The determination of the quasi-particle backscatter coefficient (74 Bp) is in accordance with
to the reference [24], i.e. it is done as a 2-step process, where the Eq. (4) gives the first guess of
quast *B, (indicated with *) that is used to obtain the quasi-particle extinction coeflicient (‘1”““'"&1,),
as in the Eq. (5). Then the Eq. (6) is used to calculate the final quasi-particle backscatter
coefficient value.

. R
MOy = Ba exp {2 ({ amdr} = Bm C))
quasiap — quasi*ﬁp LRp (5)
. R .
By = quaﬂﬁp = . exp {2 ({(quaﬂa'p + me)d}’} = Bm (6)

The linear volume depolarization ratio (§,) can be derived from the lidar data as the ratio of
the backscatter signal from the vertically-polarized signal channel (P,) and the corresponding
parallel-polarized signal channel (P,), as in Eq. (7).

The linear particle depolarization ratio (6,) is nearly equal to the linear quasi-particle
depolarization ratio (9“%s,,), derived as in Eq. (8). Note that the f3, is replaced by the 9“3,
(defined as in Eq. (6)) for this calculation:

6y = (N

P,
P17

(1+ 6,5, (1 + q"“[‘_;’fp) — (1 +6,)m

(1+6,) (1 + —”Bﬁp) —(1+6)

~ quasi _
op = op =

®)

where ¢, is the linear volume depolarization ratio, ¢,, is the linear depolarization ratio of air
molecules. The 6, and 6, quantities in Eqgs. (7) and (8), are obtained using the A90 depolarization
calibration [55,56]. These quantities proved to be very useful to distinguish between spherical
(low depolarization ratios) and non-spherical particles (high depolarization ratios) [e.g. 57,58].

The properties of cloud and precipitation can be obtained from the Doppler cloud radar [e.g.
10,16]. The cloud radar target classification (rain, drizzle, ice cloud and liquid) is retrieved from
the level-1 products (i.e. the reflectivity and the Doppler velocity). In a first approximation,
assuming small particles and therefore in Rayleigh regime, the reflectivity (Z) can be represented
as in Eq. (9) for the number of reflective particle diameters N(D) and the size of reflective particles
D.

Z= 7N(D)D6dD 9)
0

When it comes to the microwave radiometer (MWR), temperature profiles can be used to provide
an important reference for the separation of aerosol layers (e.g. supercool layer, liquid cloud)
and cloud types (liquid, ice or mixed phase). The relative humidity can be used as an important
reference for separation of a dry and wet environment.
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4. Current classification methodology

An atmospheric constituent/target classification is, in general, a challenging task. It has been
developed by several groups [e.g. 9,12,24,32], using different techniques and methods applied
for the separation of different targets throughout the atmosphere. The majority of developments
in this field were done in relation to satellite observations with Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations CALIPSO (National Aeronautics and Space Administration,
NASA, USA, and National Centre for Space Studies, CNES, France) and CloudSat (NASA).
A methodology for the classification of aerosol, rain, liquid, supercooled and ice clouds using
datasets from the Cloud Profiling Radar onboard CloudSat and the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) onboard CALIPSO, collocated in time and space is extensively
discussed in [9]. Categorization of molecular, aerosol, rain, supercooled and ice clouds using
the A-Train satellite constellation data — spaceborne lidar, radar and infrared radiometers was
proposed by [12]. Another scheme for classification of ice cloud, mixed-phase cloud, and
supercooled layers in Arctic region using airborne cloud radar and lidar data is discussed in
[23]. In the study of [23], the lidar was mainly used for identifying supercooled layers, while
in [12] the lidar was also used to separate molecular and aerosol in addition to identifying the
supercooled layers. In none of these papers a further classification with regards to the aerosol
type nor the aerosol shape was attempted. Categorizations of aerosol and cloud types using the
thresholds on the ground-based lidar, but with no rain/drizzle and thick clouds typing due to the
usage of a single instrument was proposed by [24].

In existing studies, atmosphere was classified using thresholds on the lidar products, such as:
particle backscatter coefficient [e.g. 22,24], and/or particle depolarization ratio [e.g. 24,59],
and/or Angstrom exponent [e.g. 24,60]. The different thresholds are described below.

The particle backscatter coefficient (5,,) was used to discriminate molecular, aerosol, and cloud
scattering based on space-borne [e.g. 22,61] and ground-based observations [24]. For aerosol
and clouds classification of CALIPSO lidar, the study in [61] considered clear-sky atmosphere
for £,(1064 nm) < 1 X 1078 m~!sr™!, clouds for By (1064 nm) > 2x107 m~!sr™!, and aerosol
for values in between. For the CALIPSO lidar in the study of [59], a threshold of g8, (1064 nm) >
1x107> m~!sr™! was used for discrimination of clouds from aerosol. In the study of [24], for
quasi Bp (1064 nm) > 2x1077 m~'sr~! ice clouds were separated from aerosol for the ground-based
lidar. The latter threshold was considered as an equivalent to the one used in the CALIPSO
feature mask, i.e. the attenuated backscatter 8, (532nm) > 5x10~7 m~'sr~! separating ice clouds
from aerosol [22].

The particle depolarization ratio (6,) was used to discriminate spherical and non-spherical
particles [22,24]. The particle was regarded as non-spherical with the ¢, (532nm) > 0.2 and
as spherical when 6, (532nm) < 0.05 [22]. Particles were considered as non-spherical for the
quasi-particle depolarization ratio 4“*'s,, (532 nm) > 0.2 and spherical for %*5,, (532 nm) <
0.07 and a mixture for values in between [24].

The Angstrém exponent (AE) was used to discriminate aerosol particles size and aerosol
type [e.g. 24]. The AE can be calculated using e.g. particle extinction coefficients, particle
backscatter coefficients, aerosol optical depths (the obtained values are not directly comparable).
The threshold of AE (532/1064 nm) > 0.75 was used for separating small particles from the large
ones in the aerosol classification scheme [24].

In the current paper, other quantities are proposed to be used for classification, namely the
scattering ratio (SR) to separate molecular, aerosol and cloud scattering regions and the backscatter
colour ratio (CR) to discriminate an aerosol particle size. This is the first algorithm that uses
thresholds on lidar-derived SR and CR products to be applied in the classification scheme based
on the lidar, cloud radar, and microwave radiometer.
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5. Improved target classification

A new classification scheme is proposed. It can be currently considered as the most advanced in
terms of discrimination of molecular, aerosol, and cloud scattering and polarization properties.
The proposed categorization relies on physical features (e.g. scattering properties, depolarizing
properties, particle size) and it is based on a literature review and a sensitivity study on how the
change in the threshold affects the consistency of the results. Currently, there are no operational
algorithms that use the proposed combination of instruments, whereby this combination has
some significant advantages. Target classification workflow based on SR, q““Siép, CR,Z,V, T and
RH profiles is illustrated in Fig. 1. The data product profiles from the cloud radar (12.5, 25, and
100 m vertical and 9 s time resolutions), the microwave radiometer (200, 400, 500 m of vertical
and 15 s time resolutions) are the lidar (30 m vertical and 30 s time resolutions) are combined to
ensure that all observe a similar column of the atmosphere. Many classification schemes prefer
not to use threshold values on their own, unless the threshold value provides a clear separation
between two classes [e.g. 9,22,24]. This is also in our case.

Aerosol Cloud Ice L
particle particle or

airborne
plankton

Liquid cloud

Supercooled

Spherical

Ice cloud Boundary layer
particles

Mixed-phase cloud

Fig. 1. The flowchart of the target classification procedure using the combination of data
from the Raman-polarization lidar, Doppler cloud radar, and microwave radiometer (MWR).

5.1. Target classification of lidar with new threshold types

A new method, based on the thresholds on the scattering ratio (SR), is applied in this study,
whereby the SR is defined as the ratio of the quasi-total backscatter coefficient (4% 8) and the
molecular backscatter coefficient (8,,), as Eq. (10):

_ quasiﬂ _ (quasi ﬁp +ﬂm)
Bm Bm

The SR of 1 represents no scattering on aerosol particles in the atmosphere. The SR (532 nm)
values for tropospheric aerosol are within the range of 1.2—1.33 over North India and Western

SR (10)
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China, obtained based on the CALIOP lidar [62]. Over the United States of America, the SR
(532 nm) of dust and smoke in the troposphere is of 2.3 and 2.9, based on the NASA Langley
airborne High Spectral Resolution Lidar (HSRL) measurements [63]. The SR (532nm) of
volcanic ash aerosol ranges from 1.1 to 3.5 using lidar observations in Russia [64]. The SR
(532 nm) of aerosol under dust conditions is distributed between 3 and 9 in the central Himalayas
[65]. The SR (532nm) > 5 was observed by [66] using airborne lidar when the mineral dust
appeared in the Arctic. In most cases reported in literature, the threshold of the lidar derived SR
at 532 nm used for the separation of molecule from aerosol is within 1.1-1.3. In this study, we set
the SR (532 nm) < 1.4 + 9% for molecule. The SR (532 nm) > 10 was considered as cloud [66],
thus we set the SR (532nm) > 10 +20% to discriminate clouds. The values between the two
thresholds denote aerosol (Table 1).

Table 1. The new classification thresholds applied on the backscatter scattering ratio (SR),

quasi-particle depolarization ratio (343%5,), and backscatter colour ratio (CR) used for molecules,
aerosol and cloud typing based on lidar observations.

Raman-polarization lidar measurements

New method Standard method New method

Quasi-particle
Scattering ratio (SR) depolarization ratio (44*'5,,) Colour ratio (CR)

Molecules SR < 1.4+ 9% - -
Aerosol 1.4+9% < SR < 10 +20%
fine CR >2.5+5%
coarse CR < 1.6+5%
spherical ‘1”““'[6,, < 0.08 +13%
non-spherical quasis, > 0.18 + 11%
partly non-spherical 0.08 +13% < q"‘”’ﬁp <0.18+11% | 1.6 5% < CR <£2.5+5%
Cloud SR > 10 £ 20%
liquid quasi, < (.10 + 13% -
ice quasis, > 0.35+11% CR < 0.5+5%
mixed-phase 0.10 £ 13% <95t < 0.35+11% CR < 1%5%

The sensitivity constitutes a reference for the selected threshold. Taking SR < 1.4 +9% as
an example, means that SR within 1.3-1.5 can be used as a threshold for separating molecules
and aerosol. The % denotes the actual sensitivity range, in this example, the threshold was fixed
initially at 1.4 and a solution (categorization) was obtained. The sensitivity of the solution was
assessed by introducing a small change, applied in an iterative way. The new result (obtained after
the change was introduced) was compared with the initial solution. If the profiles (categories)
were not significantly different (< 5%), further change was introduced. When the initial and
changed profiles differed above this limit, it was considered an actual limit (listed in the Table 1).
In this example, introduction of + 9% change of the initial threshold value brought no significant
change in the derived classification. Thus the sensitivity relating to all thresholds applied on
lidar products established uncertainty in terms of %. Sensitivity related to instruments is not
discussed.

A new methodology, based on the thresholds on the backscatter colour ratio (CR), is applied in
this study, whereby the CR, which is related to aerosol size, is defined as the ratio of the quasi
particle backscatter coefficient at 532 nm and 1064 nm, as Eq. (11):

quasi :8
P532

CR (532/1064) = <
1064

1
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The reported range of CR (532/1064) was 1.7-3 for pollution, 0.5-1.5 for pure dust, 1.16-1.96 for
mixed dust, > 2.6 for smoke, and < 1.7 for marine particle, based on airborne HSRL observations
over four field sites in Europe and Africa [67]. The range of CR (532/1064) for anthropogenic
pollution 1.5-2.5, pure dust 0.5-1.5, mixed dust 1.0-2.0, smoke 1.8-2.8, and marine particle
1.2-1.6 were reported based on airborne HSRL observations over North America from 2006 until
2010 [60]. Moreover, the mean value of CR (532/1064) was determined, for pollution it was
1.8 £0.1, for dust 0.70 = 0.07, for smoke 1.7 + 0.1, and for marine 1.1 +0.1 [68]. In literature,
values of CR (532/1064) > 2.6 are typically associated with fine particles (pollution, smoke) and
CR (532/1064) < 1.6 with coarse particles (dust, marine particle). The CR (532/1064) < 0.8 is
reported for ice particles [69]. In order to make a more precise classification on fine and coarse
particles, in the current study, fine particles are considered for CR (532/1064) > 2.5 + 5%, while
coarse particles for CR (532/1064) < 1.6 +5%. In addition, ice particles are considered for CR
(532/1064) < 0.5 + 5% (Table 1).

The low values of 6, (532) < 0.01 were considered as due to very small spherical particles
(e.g. [70,71]), values between 0.04-0.1 as spherical particles [72,73], 0.2-0.35 as non-spherical
particles (e.g. [72]). A mixture of non-spherical and spherical particles was considered for)
between 0.07 <6, (532nm) < 0.2, while above 0.2 the particles are categorized as large and
non-spherical [58,74]. In most cases reported in literature, lidar derived 6, (532nm) is < 0.1
for spherical particles (e.g. smoke, marine, pollution) and 6,, (532 nm) > 0.2 for non-spherical
particles (e.g. dust, ice particles). The values in between are seen for partly non-spherical
particles (e.g. small pollen grains, mixture of anthropogenic pollution with dust and/or biomass
burning smoke). In order to make a more precise classification on spherical and non-spherical
particles, in the current study, aerosol particles characterized by q“‘”’ki,; (532nm) > 0.18 = 11%
are regarded as non-spherical particles and %“%'§ » (532nm) < 0.08 + 13% as spherical ones, and
partly non-spherical in between (Table 1).

The new threshold types/values used for the separation of molecule, aerosol and cloud
spatio-temporal ranges from the lidar observations are listed in Table 1. The SR was used for
identifying and discriminating molecule, aerosol and clouds. The shape of an aerosol particle
was classified by 945§ » that consist of spherical, partly non-spherical and non-spherical particles
discrimination. The particle size was assessed based on the CR. An example of the profiling in
terms of these properties is shown in Fig. 2.

5.2. Target classification of cloud radar

The target classification of the cloud radar is based on the existing scheme [e.g. 9,10,12,45] and
consists of the following five classes: ice particle, liquid particle or airborne plankton (during
summer), drizzle, rain, and no cloud. The liquid area (liquid cloud, drizzle and rain) is defined by
the threshold on the Doppler velocity and reflectivity, as in [12,75]. The typical thresholds, as in
other studies, were used for the radar-alone classification scheme, which are listed in Table 2. One
can also identify melting layers, e.g. by searching in the Doppler velocity for the altitude where
particles start to fall [9] or in the reflectivity for the step-wise increase at the altitude where ice
particles start to get coated in liquid water [10]. In our study, the melting layer is defined as below
6 km, for the Doppler velocity gradient dV/dr > 0.021s~" and reflectivity gradient dZ/dr < 0.025
dBz~!'. An example of the profiling in terms of these properties is shown in Fig. 3.

5.3. Target classification of the microwave radiometer with new threshold types

The microwave radiometer data proved to be useful in the target classification based on space-
borne [e.g. 12], airborne [e.g. 9] and ground-based measurements [e.g. 18]. The profiles
of temperature (7') indicate warm (> 0°C) and cold areas (< 0°C) throughout the troposphere.
Liquid, ice and mixed-phase clouds can be detected by the lidar. The liquid cloud layer can contain
warm liquid water or supercooled water particles. The lidar alone is not able to discriminate
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Fig. 2. The EMORAL lidar observations at the PoIWET site in Rzecin, Poland, on 10 June
2019. The scattering ratio (top), quasi-particle depolarization ratio (middle), and backscatter
colour ratio (bottom) derived at 532 nm with 30 m spatial and 30 s temporal resolutions.
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Fig. 3. BASTA cloud radar observations at the POIWET site in Rzecin on 10 June 2019.
The reflectivity (top) and Doppler velocity (bottom) at merged vertical resolution (12.5, 25
and 100 m) and 9 s time integration.
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Table 2. Target classification applied on reflectivity (Z) and Doppler
velocity (V) using cloud radar.

Doppler cloud radar measurements

Standard method Standard method

Doppler velocity (V) Reflectivity (Z)

Ice particle V >-0.5 m/s -
Liquid particle or airborne plankton V >-0.5 m/s Z < 17dBz
Drizzle -1.5<V <-0.5m/s -
Rain V <-1.5m/s -

between them. Therefore, temperature profiles are needed and serve as an important parameter
for judging the probability of existence of supercooled particles layers [e.g. 19]. The liquid water
clouds with the temperature between -40 °C and 0 °C measured by microwave radiometer are
regarded as supercooled layers.

In the boundary layer, the precipitation particles/droplets and other very large-size scatter
targets (airborne plankton in summer) can be separated using a combination of the cloud radar
(rain/drizzle) and the microwave radiometer relative humidity (RH). The RH values indicate
wetter (> 65%) and drier areas (< 65%) in the atmosphere. Rain and drizzle detected at first by
the cloud radar is confirmed with the threshold on RH > 65%. When RH < 65%, the rain/drizzle
detected by the cloud radar within the boundary layer is defined as unknown boundary layer
particles. The thresholds used are listed in Table 3. An example of the profiling in terms of these
properties is shown in Fig. 4.

2019-06-10 microwave radiometer temperature
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Fig. 4. The profiles of temperature (T) and relative humidity (RH) obtained from HATPRO-
G2 microwave radiometer at the POIWET site in Rzecin on 10 June 2019.
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Table 3. Target classification applied on temperature (T) and relative humidity (RH) using
microwave radiometer (MWR).

Microwave radiometer measurements
Standard method New method
Temperature (7') Relative humidity (RH)
Supercooled Liquid cloud & -40°C < T <0°C
Ice particle Ice or Liquid cloud & T <-40°C
Rain/drizzle in boundary layer - precipitation & RH > 65%
Unknown particles in boundary layer - precipitation & RH < 65%

6. Results and discussions

The measurements used in this paper were obtained during a joint field campaign as part of two
European Space Agency (ESA) activities: The Technical Assistance for the Polish Radar and
Lidar Mobile Observation System (POLIMOS) and the Technical Assistance for a Romanian
Atmospheric Mobile Observation System (RAMOS).

The proposed methodology is demonstrated in a case study for 24 h observations conducted
with the Raman-polarization lidar, Doppler cloud radar and microwave radiometer on 10 June
2019. On that day, characterized by different aerosol and cloud types and precipitation over the
site, the fine quality of the proposed method can clearly be demonstrated.

The lidar-derived SR, 75t 0, and CR at 532 nm and the cloud radar Z and V on 10 June 2019
are shown in Figs. 2 and 3, respectively.

Microphysical characteristics (size and shape) of the particles lead to clearly seen differences
in lidar and radar observations. At the lidar wavelength of 532 nm, cloud particles scatter in the
geometric optics regime, where the backscattered intensity is proportional to the square of the
particle diameter (D?), and consequently dominated by liquid droplets, due to their large number
concentration [75]. On the other hand, radar reflectivity is, in the Rayleigh regime approximation,
proportional to a much higher moment (D®), and hence, it is dominated by ice particles, because
of their large diameter [12].

The day started with a stratocumulus cloud with the base at around 4.5 km (captured by the
lidar) and the top at around 9 km (captured by the cloud radar). Note that the altitude marking
the top of the cloud shows a slow declining trend for 9 to 5 km until 04:00 UTC. The Doppler
velocity shows negative values between 01:00 and 04:00 UTC, which indicates precipitation
during this period. The lidar derives the cloud base well, but it cannot penetrate deeply into the
thick cloud, while the radar can, and thus, it is able to detect its top. Using a combination of both
is a good way to obtain the base and the top of liquid, mixed-phase and thick ice clouds.

For optically thin ice-clouds, this combination is not always available, as the radar has difficulty
detecting them. Thus, above 10 km, optically thin Cirrus was observed mainly by the lidar, which
is manifested also by high (for ice-clouds) 9“#'s,, > 0.35. Cirrus was detected by the radar only
occasionally, which confirms their low optical thickness. The temperature above 6 km is below
-30°C, which shows that Cirrus is mainly composed of ice crystals.

A supercooled layer from 12:30 to 13:30 UTC at the altitude of 4.8 km is likely to be found
where lidar echo is strong (Fig. 2) but no radar echo was detected (Fig. 3). The profiles of
temperature and relative humidity obtained by the microwave radiometer (Fig. 4) show the 0°C
line at the height of 3.5 km this day. Below 0°C, there is a cold area where supercooled droplets
and ice particles are likely to exist. Above 0°C, there is a warm area where liquid particles are
likely to exist.

Figure 5 shows the new combined target classification created by the synergy of the lidar,
cloud radar and microwave radiometer utilizing all thresholds. The categorization of molecule,
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aerosol (spherical, partly non-spherical, and non-spherical, fine, and coarse) and cloud (liquid
and ice) according to the new thresholds of SR, q“”Siép, and CR (Table 1) was derived for the
lidar. Rain, drizzle and ice and liquid particles, relying on the threshold of Z and V (Table 2),

were classified using the cloud radar.

2019-06-10 target classification using lidar, cloud radar, and microwave radiometer
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Fig. 5. Synergy for molecule, aerosol and cloud identification derived from a combination
of EMORAL Raman-polarization lidar, BASTA Doppler cloud radar, and HATPRO-G2
microwave radiometer over the POIWET site in Rzecin on 10 June 2019.

On 10 June 2019, from 06:00 to 13:00 UTC, the mixed aerosol layer with spherical and
non-spherical particles is observed at 2-6 km by the lidar (cyan colour in Fig. 5), then from
13:00 to 24:00 UTC as a thin layer at 2km. The aerosol directly above it, at 3-6km has
non-spherical particles visible (dark blue in Fig. 5). The backward trajectories, calculated
using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model with the
Global Data Assimilation System (GDAS) and CDC1 meteorological reanalyses, indicated a dust
transport from the Sahara region towards the observational site at that time/height (not shown for
the sake of brevity).

The rain (yellow colour in Fig. 5) and drizzle (dark green in Fig. 5) appeared with a connection
to the ice cloud (dark red in Fig. 5) between 01:00 and 04:00 UTC. Between 10:30 and 20:30
UTC, the radar indicated some rain and drizzle at the height below 2.2 km, but the relative
humidity (RH) was below 65% (dry environment) at this part of the day. There was also no
signature of liquid clouds in lidar data directly above the radar derived rain/drizzle. That means
that undefined large particles (detected by the radar but too sparse for lidar) existed inside the
atmospheric boundary layer (beige colour in Fig. 5). Note that the class called boundary layer
particles corresponds to the areas where cloud radar detect liquid cloud or airborne plankton and
the lidar does not detect any liquid layer. The airborne plankton (pollens or insects) is made of
particles too sparsely present in the air and often also too large to be detected with the lidar but
large enough to be detected by the radar. Before that, between 6:00 and 9:00 UTC, the RH was >
65%, so they are categorized as drizzle or rain below 2.2 km (yellow, green in Fig. 5).

The change in the Doppler velocity (in Fig. 3) at around 3 km altitude from 01:00 to 3:30 UTC
(dark red and yellow/dark green in Fig. 5) indicates the existence of a melting layer, where ice
crystals melt into raindrops, which constitutes a cold rain system (originating in ice).

Liquid cloud layers (light red in Fig. 5) and a mixed cloud phase (pink in Fig. 5) are observed
below 5 km, while ice clouds are mainly distributed above 5 km (dark red colour in Fig. 5).
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Strong backscatter regions in the lidar are composed either of warm liquid water, supercooled
water (light green in Fig. 5), ice in high concentration (dark red), or a mixture of them (pink).

Locating supercooled water layers is crucial, as they represent a major weather hazard in
aeronautics and can cause fatalities [76] and radiative transfer calculations [77]. The method to
identify supercooled water layers was described before [e.g. 9,12,19]. Supercooled layers are
usually physically thin (no more than 300 m) and observed in regions, where the temperature is
between -40 < T < 0°C [12,19]. Note that supercooled or liquid clouds have the same signature
in lidar signals if there is no drizzle below them. According to the temperature plots in Fig. 4, (a)
cold area (T < 0°C, ice or supercooled layers) is above 3.5 km. Therefore, several supercooled
droplets mixed with ice particles are detected above 4 km this day (light green in Fig. 5). In
addition, the values of liquid water path (not shown for the sake of brevity) between 00:00
and 07:00 UTC were clearly higher than values between 08:00 and 24:00 UTC, which can be
explained by rain and a liquid cloud between 00:00 and 07:00 UTC.

7. Conclusion

A target classification based on the case study of 10 June 2019 in Rzecin, Poland, conducted using
a combination of the EMORAL Raman lidar, BASTA Doppler cloud radar, and HATPRO-G2
microwave radiometer was presented. The thresholds on the particle backward scattering ratio
and the linear particle depolarization ratio calculated from lidar signals are used for the separation
of molecular, aerosol, and cloud signatures. Apart from that, the colour ratio computed from
lidar-derived particle backscatter coeflicients is utilized to discern aerosol size. The thresholds
on Doppler velocity and reflectivity of the cloud radar are used for categorizing drizzle, rain,
ice and liquid particles. Supercooled droplets are estimated using temperature profiles from the
microwave radiometer and relative humidity profiles are used for separating rain/drizzle within
the boundary layer. Different types of scatter targets (from the boundary layer particles, through
rain, drizzle, supercooled layer, ice cloud, liquid cloud, aerosol, to molecules) are classified using
the synergy of lidar, cloud radar, and microwave radiometer, so that our work fits very well within
the core tasks of the European Cooperation in Science and Technology (COST) Action for the
Profiling of the atmospheric Boundary layer on a European scale (PROBE) [78].
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