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Abstract. In this study we estimate the particle extinction profiles at Finokalia, Crete, using only the information provided by
the elastic and polarization channels of a PollyXT lidar system. Most of the time Finokalia site is affected by only two aerosol
types, i.e. marine and dust particles. These two aerosol types, having different optical properties, permit the separation of
aerosol mixture. The proposed method uses the particle backscatter profiles at 532 nm and the vertically resolved particle
linear depolarization ratio measurements at the same wavelength. The particle linear depolarization ratio and the lidar ratio
values of pure aerosol types are taken from literature. The total extinction profile is then estimated and compared well with
Raman retrievals. Any difference between the proposed methodology and Raman extinction profiles indicates that the non-
dust component could be probably attributed to polluted marine or polluted continental aerosols. Comparison with sun-
photometric aerosol optical depth observations is performed as well during daytime with reasonable differences between the
two instruments. Differences in the total aerosol optical depth is attributed to the limited ability of the lidar to correctly

represent the aerosol optical properties in the near range due to overlap problem.

1 Introduction

Aerosols play an important role in the atmospheric radiation budget (IPCC, 2013). Depending on the aerosol type, they can

absorb or scatter the incoming and outgoing radiation, warming or cooling the atmosphere and depending on their size and



35

40

45

50

55

60

https://doi.org/10.5194/amt-2019-271 Atmospheric
Preprint. Discussion started: 7 October 2019 Measurement
(© Author(s) 2019. CC BY 4.0 License. Techniques

Discussions
By

composition, they can act as condensation nuclei, modifying cloud physical and radiative properties (Kauffman et al., 2002).
However, climate forcing by tropospheric aerosols remain one of the largest uncertainties in climate variability and climate
change studies. The types of aerosols can be categorized roughly as mineral dust, sea salt, volcanic, carbonaceous, or sulfate
aerosols originating from various natural and anthropogenic sources.

Several lidar studies have revealed that a broad variety of aerosol mixtures is occurred in the European continent (Balis et al.,
2004, Papayannis et al. 2005). The mixing occurs because of the relatively long pathways of air masses across different aerosol
source regions before the detection over European continent. For example, Saharan dust observed in South Europe is often
already lifted over Africa to heights above 1-2 km, so that mixing with marine particles is almost prohibited. Sea-salt particles
are near spherical and non-absorbing, whereas dust particles are non-spherical and show considerable absorption. Thus mixing
of either marine aerosol or absorbing aerosol or both with dust particles may result to different optical properties. The measured
optical properties is then resulted from the contribution of each aerosol type to the total aerosol load.

Lidar measurements provide vertical profiling of various particle properties with high spatial and temporal resolution, and
based on the optical properties the identification of different aerosol types becomes feasible. The determination of the
extinction-to-backscatter ratio (the so-called lidar ratio) profile is possible using the Raman-lidar technique (Ansmann, 1992).
The lidar ratio contains information on the aerosol type, since it depends on the index of refraction and on the size of particles.
Many studies have demonstrated that the lidar ratio is a quantity valuable for aerosol characterization (Ansmann et al., 2002;
Mauller et al., 2007; Mattis et al., 2004; Amiridis et al., 2005; Giannakaki et al., 2010, Giannakaki et al., 2016; Grop et al, 2011;
Grop et al, 2013; Grop et al, 2015). However, the majority of aerosol lidars, including the recently launched Cloud-Aerosol
Lidar and Pathfinder Satellite Observations (CALIPSO) lidar are so-called elastic-backscatter lidars. Such lidars allow us to
retrieve only the particle backscatter coefficient (Klett, 1981). Elastic backscatter lidars are often equipped with polarization
measurements.

Recently, the polarization lidar technique has been additionally used to separate the desert dust aerosol component from other
aerosol components (Tesche et al., 2009). Desert dust causes high depolarization of backscattered light, whereas typical non-
desert aerosol mixtures, like marine aerosols, lead to very low depolarization. The technique has been also applied to CALIPSO
aerosol profiles either on selected case studies (Giannakaki et al., 2011) or on a statistical basis (Marinou et al., 2017).

In this contribution, we propose a method to determine the extinction coefficient profile using only the elastic and polarization
lidar channels at 532 nm. The method has been first suggested by Giannakaki et al. (2017) and further applied by Ansmann et
al. (2017). In this contribution, we fully outline the methodology providing an extended sensitivity analysis along with the
main advantages and limitations of it. The methodology is limited to cases where only two basic aerosol types are observed
and the mixing state of the atmosphere is well known. When the above mention criteria are met, extinction coefficient profiles
can be retrieved with non-Raman lidars, even during daytime and with low time resolution windows of 1 hour or less. In case
of more complicated aerosol mixture inside the planetary boundary layer, our method is still valid and applicable to free

tropospheric aerosol layers.
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2 Location and Methodology
2.1 Measurement site

CHARADMEXxp was an experimental campaign of ESA, implemented by the National Observatory of Athens (NOA), aimed

to characterize dust and marine particles along with their mixtures (http://charadmexp.gr). The site for the campaign is the

monitoring ACTRIS station of Finokalia in Greece as presented in Fig. 1. Finokalia station is located at a remote coastal site
in the northeast of the island Crete, Greece, in the Eastern Mediterranean (35.338°N, 25.670°E, 252 asl). The station is located
at a top hill, facing the sea within a sector from 270° to 90°. No touristic or other human activities can be found at a distance
shorter than 15 km within the aforementioned sector. The site is affected by marine and dust particles by 95% of the time
(Mihalopoulos et al., 1997; Kouvarakis et al., 2000). Smoke particles can be advected as well during the August-September
forest fire period.

2.3 Models

Four-day backward trajectories are calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT) to gather information about the origin of the observed aerosols and the synoptic patterns corresponding to the
measurements. The HYSPLIT 4 model is a complete system for computing simple trajectories to complex dispersion and
deposition simulations using either puff or particle approaches. A discussion of the model is given by Draxler and Hess (1997)
and Draxler and Hess (1998). The simulations were performed using the GDAS meteorogical data. Backward trajectories
were computed for several altitudes for the CHARADMEXp campaign period, confirming that the origin of the air masses
arriving over our site, were from Saharan region. The BSC-DREAMS8b model is additionally used to verify the presence of
Saharan dust, indicated from the trajectory analysis. The BSC-DREAMS8b model described the desert dust emissions and
transport (Nickovic et al., 2001; Pérez et al., 2006; Basart et al., 2012). Moreover, sea salt emissions and transport are described
with the atmospheric model RAMS/ICLAMS (Solomos et al., 2011). The model is a further developed version of RAMS 6.0
(Pielke et al., 1992) that allows for a fully prognostic treatment of the sea salt particles and their life cycle in the atmosphere.
The simulations were used to verify the presence of marine aerosols in the atmosphere during the campaign and specifically
during the day under study.

2.2 Description of the lidar system

Polly*T lidar is described by Althausen et al. (2009) and Engelmann et al. (2016). An overview of PollyNET can be found in
Baars et al. (2016). Polly*T works with a Nd:YAG laser, emitting pulses at 1064, 532 and 355 nm, with a repetition frequency
of 20 Hz. The receiver consists of a Newtonian telescope, with a diameter of 300 mm and a field of view of 1 mrad.
Photomultiplier tubes are used for the detection of the elastically backscattered photons at 355, 532 and 1064 nm, as well as
for the inelastically backscattered photons at 387 and 607 nm, which correspond to the Raman shift by nitrogen molecules at

355 and 532 nm, respectively. Additionally, the cross-polarized component of radiation at 355 and 532 nm is detected, allowing
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for the determination of the particle linear depolarization ratio (also called depolarization ratio). In this study, the polarization
channels permit us to identify non-spherical dust particles from the near spherical marine aerosols. The Polly*™ Arielle system
used in this study has been provided by the TROPOS Institute.

The vertical resolution of the signal profiles is 30 m and the raw data are typically stored as 30 s average values. Data were

collected on the web page of PollyNET (http://polly.tropos.de) where the “quicklooks” of all measurements are available.

2.3 Lidar data processing

Lidar data was collected during CHARADMEXxp campaign (Characterization of Aerosol mixtures of Dust And Marine origin)
that took place from the 20" of June 2014 until the 20" of July 2014. The campaign aimed to derive optical, microphysical
and chemical properties of marine component and its mixture with dust, employing sophisticated instrumentation. Specifically,
aerosol characterization has been established by ground-based active/passive remote sensing techniques, surface in-situ
measurements and airborne UAV observations.

For the purposes of this study backscatter coefficient profiles are calculated via Fernald—Klett method (Fernald, 1984; Klett,
1981). The method requires independent information on the lidar ratio and the reference value of the particle backscatter
coefficient. Afterwards, the calibrated depolarization ratio profiles at 532 nm, are calculated (Freudenthaler et al. 2009). An
overlap correction was applied on the basis of a simple technique proposed by Wandinger and Ansmann (2002). Thus, the
aerosol profiles are retrieved down to 500 m. Extinction coefficient profiles at 532 nm are also retrieved based on the Raman

method (Ansmann et al., 1992) and are only used for validation purposes of the proposed methodology in this study.

2.4 Elastic Extinction retrieval

A new method, called EIEX[= Elastic Extinxtion], is proposed for the estimation of extinction coefficient lidar profiles with
elastic depolarization lidars. The method makes use of the particle backscatter profiles (By) at 532 nm, and the vertically
resolved particle linear depolarization ratio measurements (8;) at the same wavelength to separate profiles of optical parameters
of the marine and dust aerosol types. Values of particle depolarization ratio and lidar ratio of ‘pure’ aerosol types, i.e. Saharan
dust and marine, were taken from literature and are presented in Table 1.

Initially, we assume that we don’t have the Polly*™ Raman channel. Only later on, Raman extinction retrievals will be used
for validation purposes of EIEx. At all stages the signal is screened for clouds, and only cloud free cases are considered. At
the first step, we retrieve the backscatter coefficient (By) at 532 nm, using an initial lidar ratio of 40 sr, which is a good
approximation of dust and marine aerosol mixture. Then, the particle linear depolarization ratio (), is determined at the same
wavelength. If the depolarization ratio is found to be lower than 5 %, the particles are assumed to be marine, and consequently
the backscatter retrieval is performed again, using a lidar ratio of 25 sr. In case that the retrieved depolarization ratio found to
be larger than 30 %, we assume that the particles are of dust type, and the backscatter retrieval re-performed using a lidar ratio
of 55 sr. This value corresponds to pure desert dust particles arriving from Saharan desert. In the majority of our cases, the

depolarization ratio is found between 5% and 30 %. In that case, we assume that the probed layer is comprised by an aerosol
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mixture of dust and marine particles. We separate this mixture to dust and marine backscatter coefficients, based on the
methodology proposed by Tesche et al., 2009. The method makes use of vertically resolved particle backscatter and
depolarization ratio measurements at the same wavelength, considering the existence of only two aerosol types with well-
defined intensive aerosol optical properties. Saharan dust depolarization ratio (84) of 31% and marine depolarization ratio of
5% (8m) is assumed for the pure aerosol types (Table 1). The backscatter coefficient of dust and marine aerosols (Bs and Bm) is
then converted to extinction profiles by using lidar ratios of 55 sr and 25 sr respectively. The extinction profile is then estimated
by the sum of dust and marine extinction profiles. All the input parameters used in this study, are presented in Table 1, and the
described methodology is illustrated in Figure 2.

3 Results
3.1 CHARADMEXp Lidar measurements

Range corrected signal (RCS) at 1064 nm as a function of time and height is presented in Figure 3a. The aerosol load inside
the Planetary Boundary Layer (PBL) was enhanced throughout the campaign period, while the free tropospheric aerosol load
seems to vary with time. VVolume depolarization ratio (Fig. 3b) highlight the presence of several depolarizing layers during the
campaign, indicating the existence of non-spherical particles. Backward trajectory analysis have confirmed that the origin of
these non — spherical particles originates from Saharan region. The Lidar observations show that the dust events developed in
the Free Troposphere to end up within the PBL after some days. Thus, RCS within the PBL appears larger after each dust
event. Specifically, there are three intense dust events: the first event took place during 171" and 18™ of June 2014 at heights
up to 5 km. Volume depolarization ratio was maximum during these days with values up to 35%. The second dust event started
at noon of 24" of June 2014 in the height of 2 km and within a day the layer has reached up to 5.5 km. This dust event lasted
more than 4 days, while several smaller (in terms of intensity) followed. The third dust event started on 5™ of July 2014. This
dust layer appeared thin with strong volume depolarization ratio and remained thin but not stable in height for almost 3 days.
Then this thin layer seemed that expanded up to 6 km. The third event was followed by clouds. The remaining days of the
campaign appeared with low volume depolarization ratio indicating almost spherical particles throughout the atmospheric

column.

3.2 Application to a case study: Dust and marine aerosol mixture

We apply the proposed methodology in the measurement performed at the night of 28" of June 2014. The case study was
selected based on several criteria: (1) the direction of the air masses indicate dust transport from Saharan region and possible
mixture of marine aerosols as well, (2) values of the linear particle depolarization ratio is within 5 and 30 % reveal again
possible mixture of dust and marine aerosols, (3) large aerosol load that leads to large SNR which make Raman retrievals

possible and (4) the availability of cimel sun-photometric data during that day. Criteria (3) gives us the opportunity to compare
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our methodology to concurrent results of extinction profile with the well-established Raman method, while criteria (4) is used
to compare our day-time extinction profiles retrieval with an independent instrument.

Four days backward trajectories arriving at Finokalia station on 28" of June 2014 at 02:00 UTC are presented in Figure 4. The
trajectories are computed for arrival heights of 500 (red), 2000 (blue) and 4000 m (green) to cover height range of the observed
layers that we recognize in coherent structures of height time displays of the range-corrected lidar signal (Figure 3a). The
trajectory analysis reveals that is highly possible that the air masses carry marine aerosols at Finokalia station on the day under
study, especially in lower heights (500 m arrival height). Trajectory analysis suggest also that dust particles are advected over
Finokalia station. Mass concentration profiles performed with RAMS/ICLAMS and DREAM/BSC models are presented in
Figure 5 and also confirm the presence of marine aerosol at heights up to 2.5 km and dust particles up to 5 km. Mean sea-salt
concentration reach 60 ug/m? at the first 200 m, decreasing with height. On the contrary the dust mean mass concentrations
appear to increase with height, taking the maximum value of 70 ug/m?at ~1300m.

The application of EIEx methodology was performed in 3 hours averaged lidar signals (00:00-03:00 UTC). Backscatter
coefficient, using the Klett-Fernald method with initial lidar ratio of 40 sr (Fernald, 1984; Klett, 1981) was retrieved, and is
presented in Figure 6 (a) with the black line. A double layer structure was observed; the first layer occurred between 1.4 and
2.8 km and the second one, less intense in terms of aerosol load, between 3 and 5 km. The particle depolarization ratio was
measured between 15% and 30%, throughout the atmospheric column, as shown in the same Figure with the green line. The
separation of the two aerosol types was applied, and the resolved dust and marine backscatter coefficients are presented in
Figure 6 (b). Dust backscatter coefficient, is following the double layer structure, while marine particles contribute less to the
total aerosol load. Appropriate lidar ratios were then used, for the estimation of the separated extinction coefficient (see Table
1 and Figure 2), and the estimation of the final retrieval of total extinction coefficient. At the same time frame, Raman
extinction coefficient profiles were computed. The results are presented in Figure 6 (c). Comparison between Raman and the
proposed methodology shows a very good agreement. In addition, the derived extinction coefficient using the proposed
methodology has less noise because is based on the elastic signal. The retrieval of extinction profiles with low temporal
resolution is one of the advantage of EIEx methodology.

A small difference is observed between the two extinction coefficient profiles at heights greater than 2.8 km. We believe that
the aerosol particles of anthropogenic origin are more probable at these heights, rather than marine aerosols. Anthropogenic
aerosols, do not depolarize the light and thus the value of 0.05 that was used fits well for the separation of dust and non-dust
particles in general. However, for the retrieval of extinction coefficient profile the aerosol type depended lidar ratio is crucial.
Thus, for heights above 2.8 km, a value of 60 sr (Muller at al., 2007) would lead to better comparison with Raman retrievals.
The second advantage of EIEx methodology is the ability to check the purity of the non-dust component when Raman retrievals
are also available.

A 30 minute average backscatter coefficient analysis has been performed for the whole case day based on Klett-Fernald
algorithm, along with the respective particle depolarization retrievals. For validation purposes, we use the aerosol optical depth

of level 2, version 3 AERONET sunphotometer data. The total columnar aerosol optical depth, is compared with the lidar-
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derived aerosol optical depth, retrieved from integrating the aerosol extinction profiles from 0.5 to 5.5 km. To retrieve the
Cimel sunphotometer aerosol optical depth at 532 nm, we use the measured aerosol optical depth at 500 nm and the Angstrém
exponent between 440 and 870 nm. The results are presented in Figure 7. The results show reasonable agreement between 4
and 10 UTC. There is a noticeable difference between the two datasets after 11 UTC. This is probably due to larger aerosol
load in the first 0.5 km, which is not considered in the lidar aerosol optical depth retrieval. This can be seen from the time
evolution of the extinction coefficient at the same day presented in Figure 7 (b). The plot shows that after 11 UTC there is
enhanced aerosol load between 0.5 and 1 km. Thus, there is indication that the aerosol load could be also enhanced in the
lower part of the atmosphere between 0 and 0.5 km. Although the fact that in these height ranges AOD cannot be retrieved
due to incomplete overlap, the observed small differences could be attributed to the large aerosol load in the lower boundary
layer. The possibility of the retrieval of extinction profiles during day-time with a one-wavelength lidar system is the third
advantage of EIEx methodology.

The quality of the extinction coefficient retrieved by EIEX is depending on the validity of the assumptions made. Firstly, an
appropriate lidar ratio assumption is crucial for the retrieval of a realistic backscatter coefficient. In the case under study the
assumption of 40 sr is reasonable taking into account the mixing state of the atmosphere. This is also confirmed by the Raman
backscatter coefficient retrieval shown in Figure 8 (b). However, a different assumption of 20 sr (or 60 sr) (which are both
extreme values for our case study) will increase (or decrease) the backscatter coefficient at height ranges between 1 and 2 km
(Figure 8(a)). The difference would be smaller at higher levels. This assumption will afterwards affect the calculation of the
particle depolarization (Figure 6(b)) and thus the contribution of the aerosol types involved (Figure 5). At ranges between 1
and 2 km a lidar ratio of 20 sr will modify the particle depolarization ratio from 25 to 20 %, while a selection of 60 sr will
increase the particle depolarization ratio from 25 to 30 %. Thus, the choice of lidar ratio will affect the fraction of marine and
dust particles calculated as shown in Figure 5. Changing the lidar ratio from 20 to 60 sr will result on differences of 40% for
the contribution for dust particles in the lower part of the atmosphere. The proper selection of depolarization and lidar ratio
values for vertical separation have been discussed in previous publications (e.g. Giannakaki et al., 2011, Gross et al., 2011).
However, it should be strongly emphasized the critical choice of lidar ratio into the final fraction of the aerosol mixture when
Tesche et al., 2008 method is used, especially in cases of elastic lidars.

In our particular case, the assumptions that were made proved to be reasonable, taken into account the trajectory analysis and
the values usually observed for marine and dust particles, and thus the comparison with Raman retrievals shows only very
small differences (Figure 2(c)). The application of the methodology in more complicated environments is also possible, giving

however great attention on the aerosol mixing state and the initial values of the input parameters involved.
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4 Conclusions

In this study we present a new method (EIEx) for the estimation of extinction coefficient lidar profiles with elastic
depolarization lidars. EIEx make uses of the elastic backscatter coefficient in combination with depolarization ratio in the same
wavelength, along with values of depolarization ratio and lidar ratio based on the literature. Reasonable agreement was found,
both with Raman retrievals during night time, and with Cimel sunphotometer observations in terms of aerosol optical depth,
during day time. This method can be only applied in stations with well-defined aerosol mixtures. There are several advantages
of the proposed methodology. Elex is not limited to nighttime Raman observations, and thus is applicable to daytime lidar
measurement, with small time period analysis. In case of Raman extinction profiles availability the purity of non-dust
component can be additionally checked. In stations with more complicated aerosol mixtures within the planetary boundary
layer the methodology is possible to be applied to free tropospheric aerosol layers. CALIPSO extinction retrieval could be also
improved when the aerosol mixture is known. However, attention should be given when the separation method is used in

elastic backscatter retrievals, regarding not only the depolarization ratio values but also the lidar ratio values selected.

Data Availability

Lidar data is available upon request from the authors and data quicklooks are available on PollyNET website
(http://polly.tropos.de/). Trajectories are calculated with the NOAA (National Oceanic and Atmospheric Administration)
HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model (https://ready.arl.noaa.gov/HYSPLIT.php,
accessed: 30/04/2019). BSC-DREAMS8b model simulations are operated by the Barcelona Supercomputing Center and are
available at https://ess.bsc.es/bsc-dust-daily-forecast/ (accessed: 30/04/2019). RAMS model can be found at
ftp://ftp.mg.uoa.gr/pub/data/iclams.3.thz.
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Figure 1. Location of Finokalia Station (red dot) in Crete, Greece.
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Figure 5. Simulations of sea-salt (blue) and dust (orange) mass concentrations profiles using RAMS/ICLAMS and DREAM/BSC
455  models for 28th of June 2014, 00:00-03:00 UTC.
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Figure 9. Fraction of marine (dotted) and dust (solid) aerosols based on lidar ratio selection on Klett retrieval and the fraction
510  calculated based on the Raman based technique (black).
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Table 1. Overview of the input parameters used in our study.
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Parameter Aerosol Type |Symbol | Value | Reference

Lidar ratio at 532 nm | Marine Ir,, |25sr Miiller et al., 2007; Dawson et al. 2015; Gross et al.
2011; Gross et al. 2013, Gross et al. 2015

Saharan dust Iry 55 sr Mattis et al. 2002; Mona et al. 2006; Papayannis et al.

2005; Balis et al. 2004, Gross et al. 2011; Gross et al.
2013, Gross et al. 2015

Particle Marine Om 0.05 Gross et al. 2011; Gross et al. 2013, Gross et al. 2015

depolarization ratio

at 532 nm Saharan dust 84 0.31 Freudenthaler et al. (2009); Gross et al. 2011; Gross

etal. 2013, Gross et al. 2015
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