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“And all knowledge, when separated from justice and virtue, is seen to be cunning and not wisdom.”

Plato, "Menexenus”, 347a
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Abstract

Lidar systems can provide vertically resolved measurements of the physical and optical properties of
the atmospheric particles with high spatiotemporal resolution. In this study, four case studies were
analyzed and studied in order to identify the dominant aerosol type over the city of Nicosia in Cyprus:
05 April and 07 April 2015 and 17 April and 21 April 2016. More specifically, vertical profiles of the
extinction and backscatter coefficient, Angstréom exponent, particle linear depolarization ratio and lidar
ratio were manually retrieved from the lidar signal for each case study. For the first case, the main
aerosol load was observed in the very lower atmosphere, between 0.25 and 1.25 km. The observed
aerosol optical properties indicated the strong presence of maritime aerosols. In the second case
study, the aerosol layer was thicker and it was observed between 1.6 and 7 km. Analysis of the optical
properties showed that the predominant aerosol types within the PBL were mainly maritime aerosols
and aerosols from local sources while higher in the atmosphere the aerosol load consisted of dust
mixtures. The third case study, on 17th April 2016, was a relatively clean day and a thin aerosol layer
was observed between 0.25 and 2.0 km consisting mainly of maritime and urban aerosols. 21st of April
2016, which was the fourth case study, was a dust event case study. The aerosol load, accumulated
between 2.0 and 5.0 km, was characterized as a purely dust layer. The results obtained with the
manual retrieval method, were compared with automatically retrieved profiles (provided by the Leibniz
Institute for Tropospheric Research) and are in good agreement. More specifically, for the vertically
resolved extinction profiles at 532 nm the correlation coefficient values ranged between 0.9784 and 1.
The correlation coefficients for the backscatter profiles at 532 nm and 1064 nm ranged from 0.9975
to 0.9986 and from 0.9937 to 0.9996 respectively. The linear particle depolarization ratio profiles also
correlated less well with the automatically retrieved one with R ranging from 0.8781 to 0.9889 while
similarly, for the volume depolarization ratio profiles the correlation coefficient ranged between 0.7054
to 0.9603.
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Introduction

Aerosol particles interact with solar radiation, through scattering and absorption, and affect the Earth’s
energy balance (aerosol direct effect, [1]). Aerosols also act as cloud condensation nuclei (CCN)
and ice nuclei (IN), thus altering cloud properties such as the cloud albedo, the cloud life-time etc.
(aerosol indirect effect, [2]). In addition, the absorption of solar radiation by the atmospheric particles
can induce local changes of the ambient temperature profile, the convection patterns and the cloud
properties (aerosol semi-direct effect). This topic has been subject to many different studies, mostly
due to the fact that aerosols (along with clouds) induce the biggest uncertainty to the estimates of the
Earth’s and atmosphere’s changing energy budget. This high uncertainty is attributed to our inadequate
knowledge of the spatial and temporal variability of aerosols, both their physical and chemical properties
and the processes that they are involved in [3].

Although all these processes have extensively been studied during the past decades, the complete
quantification of the aerosol forcing is still lacking. The aerosol radiative effect (the interaction of
aerosol particles with, mainly, shortwave solar radiation), has been estimated by combining in-situ and
remote sensing measurements with climate model data ([1], [4], [5], [6]). However, our knowledge
on the aerosol longwave radiative effect is still limited [7]. A first step towards fully understanding
the aerosol-solar radiation interactions, is to determine aerosol optical properties. Both in-situ and
satellite-based measurements of the aerosol properties are valuable and contribute significantly to the
reduction of this uncertainty ([8], [9]) although in-situ measurements suffer from spatial limitation.

A way to overcome this limitation is the establishment of widely implemented observational net-
works. Such networks are the Global Atmospheric Watch Aerosol Lidar Observation Network (GALION),
which includes the European Aerosol Research Lidar Network (EARLINET, www.earlinet.org) [10], the
Micro Pulse Lidar Network (MPLNET, [11]), the Asian Dust Network (ADNET, [12]) and the Aerosol

1



2 1. Introduction

Robotic Network (AERONET, [13]) that is the principal network of ground-based aerosol observations.
AERONET is a network of ground-based sun/sky radiometers, that provides total columnar aerosol
properties (such as aerosol optical depth, single scattering albedo, complex refractive index, fraction of
spherical particles, etc.) derived from solar radiance (both direct and scattered radiation) ([13], [14],
[15], [16]).

The aforementioned aerosol effects are altitude dependent. Therefore, information about the ver-
tical distribution of the aerosols is of high importance to the estimates of the aerosol-radiation in-
teractions. A useful technique, commonly used within the atmospheric research community for the
retrieval of vertical aerosol profiles is the Light Detection And Ranging technique (lidar). Lidar systems
provide measurements of the atmospheric vertical structure with high spatiotemporal resolution and
with a height range up to 100 km altitude. Vertically resolved measurements of the physical and opti-
cal properties of the atmospheric particles (i.e. particle-surface area concentration, volume and mass
concentration, mean particle size and volume extinction coefficient) can be carried out with a lidar
instrument [17].

The Mediterranean Sea is a region of great interest for studying the contribution of aerosols to
climate, as it is a crossroad for air pollution receiving an immense variety of aerosol particles, both
natural and anthropogenic [18]. The measurements used in this study were performed in Nicosia,
Cyprus (35.1856°N and 33.3823°E) located in Levantine Sea, the northeastern part of the Mediter-
ranean Sea. Cyprus’ neighbouring countries are Turkey to the north, Syria and Lebanon to the east,
Israel to the southeast, Egypt to the southwest and Greece to the northwest. Therefore, many different
aerosol types are transported to Cyprus including desert dust from the Saharan and the Arabian desert,
biomass burning aerosols from the north, fine aerosols originating from anthropogenic activities from
the southeastern and maritime particles from the surrounding sea.

The aim of this study is the characterization of the different aerosol types. An effective way to
do so is the retrieval and study of vertical profiles of aerosol optical properties. In this study, we use
lidar datasets (elastic-backscatter lidar return signals at 355, 532 and 1064 nm). After processing the
raw signals we obtain the aerosol extinction and backscatter coefficient profiles, the lidar ratio, the
depolarization ratio and the Angstrém exponent. The separation of fine and coarse mode particles as
a function of height is essential for the aerosol characterization and therefore the POLIPHON method
is applied to our data. Apart from that, backtrajectories are used to identify the origins of the aerosol
particles (urban/industrial, biomass-burning, desert dust or sea salt particles) for each case study. In
addition, vertically resolved optical properties of atmospheric aerosols contribute to the improvement
of our understanding of the aerosol direct and indirect effects. Furthermore, the manually retrieved
profiles of the aforementioned optical properties (aerosol extinction and backscatter coefficient pro-
files, lidar ratio, depolarization ratio and the Angstrém exponent) were compared with automatically
retrieved profiles provided by the Leibniz Institute for Tropospheric Research (TROPOS) and with pro-
files retrieved from the GARRLIC (Generalized Aerosol Retrieval from Radiometer and Lidar Combined

data) algorithm (results provided by the National Observatory of Athens). These comparisons were



performed in order to evaluate the existing algorithms and point out their strengths and limitations for
further improvement.

The rest of the thesis is organised as follows. Chapter 2 gives an overview of the location, climate
and meteorological conditions of the study region. Chapter 3 introduces the basics of lidar theory,
aerosol properties, as well as the POLIPHON method and the GARRLIC algorithm. The results of the
case studies and the comparisons are discussed in Chapter 4 while the summary, conclusions and an

outlook for future research is given in Chapter 5.






Overview of the study region

This chapter gives an overview of the location and the climate in Cyprus. Apart from that, the prevailing

meteorological conditions during the selected measurement days (case studies) are reported.

2.1. Cyprus: Location and Climate

Cyprus is an island in the eastern part of the Mediterranean basin (Levantine Sea basin). It is located
south of Turkey, west of Syria and Lebanon, northwest of Israel, north of Egypt, and southeast of Greece
(red rectangle, Fig. 2.1). Cyprusis at the crossroad of air masses coming from three different continents
(Europe, Asia, and Africa), carrying desert dust aerosols originating from the Sahara desert and the
deserts of the Middle East, smoke from the north (Turkey and Black Sea region) and anthropogenic
particles from urban/industrial regions in southwestern Europe.

The climate of Cyprus is described as hot semi-arid Mediterranean climate (BSh and Csa) according
to the K6ppen climate classification. Summers (mid-May to mid-September) tend to be hot, sometimes
extremely hot, and dry while winters (November to mid- March) are mild and wet. Autumn and spring
are shorter, compared to summer and winter, accompanied with rapid weather changes.

The Troodos massif, located roughly in the center of the island and rising up to 1951 m, along with
the Kyrenia mountain range (up to 1000 m) are strongly affecting the meteorology of Cyprus (Fig. 2.2).
According to Cyprus Department of Meteorology [19], the average annual total precipitation increases
with height from the southwestern windward slopes to the top of the massif (absolute change of 650
mm). Rainfall in the warmer months is negligible since the small precipitation amounts are rapidly
absorbed by the hot and dry soil and evaporate almost immediately due to the high temperatures and

the low humidity. Precipitation during autumn and winter shows variability. Overall, in the last 30 years

)
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Figure 2.1: Satellite image of the study region (35.1264° N and 33.4299° E). Source: “Cyprus”. Google Earth. November
2017.

precipitation is exhibiting a decreasing trend (decrease of 17%). On the other hand, temperature in
Cyprus follows an increasing trend during the 20th century, with a rate of increase of 0.01°C per year.

Over the eastern part of the Mediterranean basin, the predominant surface winds are mostly west-
erly or southwesterly (winter) and northerly or northwesterly (summer), with strength ranging from
light to moderate (rarely reaching gale). More specifically, over Cyprus both the wind direction and

strength are quite variable due to orography and local heating effects.

2.2, Meteorological Conditions During The Case Studies

In this section, a detailed description of the meteorological conditions at Nicosia on the selected days for
this analysis is given. The measurements used in the case studies presented in Ch. 4 were carried out
during April 2015 and April 2016. The data presented in this section are provided by the Department
of Meteorology Cyprus [19] and from radiosondes launched in weather balloons at the measurement
site.

Generally, in April 2015 the weather was relatively dry with the mean temperature being slightly
below the normal value (about 1.0 °C below the 30-year average, 1971-2000). For this month, a mean
maximum air temperature of 23.1 °C and a mean minimum air temperature of 9.6 °C were reported.
The area’s average precipitation was 13.1 mm (54% of the 30-year average, 1961-1990), while the
monthly precipitation was below normal in most areas (rainfall occurred only 3 times). Stable weather
conditions prevailed during the analysed measurement days (05 and 07 of April 2015). Figures 2.3
and 2.4 show the atmospheric profiles (acquired by radiosondes) of temperature, pressure and relative
humidity (RH) for the two case studies in 2015. As Fig. 2.3 shows, on 05 April 2015 and during the
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Figure 2.2: Topographic map of Cyprus. Source: Wikimedia Commons. November 2017

measurement time, no temperature inversion is visible. The pressure profile follows the norm while the
relative humidity is high in the lower 1 km of the atmosphere (mean profile value 49.62%+27.37). No
precipitation was recorded on that day. On April 07, 2015 (Fig. 2.4) we observe a weak temperature
inversion between 1 and 2 km. RH values are very high below 1 km (RH > 85%), between 1 and
2 km RH decreases rapidly, then between 2 and 5.7 km RH increases rapidly with height and finally
above 5.7 km it decreases again (mean profile value 70.26%+30.39). Regardless the high RH values,
no precipitation occurred on that day.

Nicosia, Cyprus 05 April 2015
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Figure 2.3: Atmospheric profiles of temperature (K), pressure (hPa) and relative humidity (%) over Nicosia at 05 April 2015,
00:00 UTC

According to Cyprus Department of Meteorology [19], the weather in April 2016 was dry and rel-
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Nicosia, Cyprus 07 April 2015
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Figure 2.4: Atmospheric profiles of temperature (K), pressure (hPa) and relative humidity (%) over Nicosia at 07 April 2015,
18:00 UTC

atively warm, with the mean air temperature about 3 °C above normal (30-year average 1981-2010).
For this month, the mean maximun and minumum air temperature reported was 28.9 and 13.9 °C re-
spectively. The area average precipitation was 12.9 mm (43% of 30-year average, 1961-1990), while
the monthly precipitation was below normal in most areas (rainfall occurred 3 times during April 2016).
Unstable weather conditions were reported but not during the selected measurement days (17 and 21
of April 2016). Figures 2.5 and 2.6 show the radiosonde-acquired atmospheric profiles of temperature,
pressure and relative humidity respectively for the aforementioned case studies. On April 17, 2016 (Fig.
2.5), a weak thermal inversion is observable between 0.82 and 1.06 km, while the mean RH value for
the whole atmospheric profile is 39.57%+15.90. According to Fig. 2.6, on 21 April 2016, both the
temperature and pressure profiles are normal (no temperature inversion observed). For the lowest 3
km, RH is very low (RH < 30%) and then it increases rapidly with height (mean profile value 37.24

%=31.05). For both case studies, there was no precipitation recorded.
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Methodology

This chapter introduces the lidar profiling technique and gives an overview of the theory necessary for
understanding and interpreting lidar measurements. First the lidar equation is introduced and then the
backscatter and extinction coefficients follow. Two different inversion methods, namely the Klett and
the Raman method are being discussed. Also, important aerosol optical and microphysical properties
are explained. Finally, a brief introduction to the POLIPHON and GARRLIC algorithms, for aerosol

properties retrievals, is given.

3.1. Lidar: Principles and Basic Equations

Lidar stands for Light Detection And Ranging, and is a technique based on the interaction between a
laser pulse sent into the atmosphere and the different atmospheric constituents [20]. Lidar systems,
emit short light pulses, generated by a laser into the atmosphere (see Fig. 3.1). A beam expander can
be included within the transmitter unit, if the light beam divergence needs to be reduced, before the
pulse is sent out to the atmosphere. The light pulse propagates through the atmosphere until it reaches
a target and when it does, the backscattered photons are collected by a telescope at the receiver’s end.
Depending on the application, the optical analyzing system selects specific wavelengths and polarization
states and directs the selected radiation to a detector which converts the optical measurement into an
electrical signal. The intensity of the electrical signal and its dependence on the time interval between
the transmission and the reception is determined electronically and stored in a computer.

Lidar observations are governed by the lidar equation:
P(R) = KG(R)B(R)T(R) (3.1)
where P is the power received from a distance R, K is the system constant, G is the geometric factor,

11
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Figure 3.1: Schematics of a lidar setup. (Adapted from [17])

B is the backscatter coefficient and T is the transmission term (all the terms are range dependent
except K). The system constant K, summarizes different parameters of the lidar system and thus it is

completely determined by the lidar setup. Expanding K leads to:
K = PO%AT] (3.2)

where Po is the average power of a single laser pulse, Tis the temporal pulse length, A is the telescope
area and n is the efficiency of the system. The geometric factor G(R) is range dependent and along
with K, is also determined by the lidar setup. G(R) can be written as:

0(R)
R2

GRR) = (3.3)

where O(R) is the laser beam receiver field of view overlap function and R the range. The R? term
is mainly responsible for the dynamic range of the lidar signal. The backscatter coefficient S(R,A)
describes the quantity of light that is scattered on the backward direction, and is the most important
parameter determining the lidar signal strength. B is range and wavelength dependent and it can be
written as the summation of all the types of scatterers:

do—j,sca

B(R,A) = Z N (R) =225 (, 1), (m~Ls7™) (3.4)
7

where N; is the scattering particles concentration in the volume illuminated by the laser pulse and
dojscq/dQ the differential scattering cross section for the backward direction at a specific wavelength
A. Scattering in atmosphere, occurs by air molecules and aerosols and thus Eq. 3.4 can also be

expressed as:
BR,A) = Brmot(R,A) + Baer(R, 1) (35)

Nitrogen (N) and oxygen (0, ) are the primarily responsible molecules for the molecular scattering which
also depends on the air density. The transmission term T can be expressed as:

R

T(R,2) = exp| - 2 f a(r, dr] (3.6)

0



3.2. Inversion Methods 13

describes the total fraction of light that gets lost during the two-way transmission path and can take
any value between 0 and 1. The term a(R, 1) is the extinction coefficient and is the summation of all

the transmission losses. It can be defined in a similar way as the backscatter coefficient:

a(R, 1) = Z N;(R)(R)G jxe, (m~1sT1) (3.7)
;

where g ., is the extinction cross section (g.x: (1) = 05cq(A) + 0gps(1)) in m~*. In the atmosphere
extinction occurs due to the light scattering and absorption by molecules and particles. Therefore,

a(R,2) can also be expressed as:

a(R: /1) = Umol,sca (R' /1) + %mol,abs (R' /1) + Xaer,sca (R' /1) + Xaer,abs (R: /1) (38)

Substitution of Eq. 3.2, 3.3 and 3.6 into Eq. 3.1, leads to the more analytical expression of the lidar

equation:
R
P(R) = Po= A Og) B(R)exp| - 2 f a(r, A)dr] (3.9)

0
In addition to the lidar signal P(R), the background contribution B, to the recorder signal should be

also be taken into account and subtracted from the data. During the daytime, the background signal
is strongly affected by sunlight (direct or scattered) while at night, the moon, stars and artificial light
sources contribute to the background signal. Another source of background signal is the detector noise.
Finally, since the received signal intensity is inversely proportional to the range (R), range correction
should be applied in order to amplify the returned power. The range corrected signal is the product of

the multiplication of the received signal by R?.

3.2. Inversion Methods

The most important factors for characterizing particle optical properties are the backscatter () and
the extinction (@) coefficients. As Eq. 3.5 and 3.7 indicate, both coefficients are range and wavelength
dependent. There are two different methods that can be applied to derive the B and a profiles from
lidar measurements, namely the Klett Method and the Raman Method. Both methods are discussed
here, however for our analysis the Raman method was selected. The Raman method has an advan-
tage over the Klett method: both the extinction and the backscatter coefficients are independently
estimated while in the Klett method an a priori assumption of the power-law relationship of extinction
and backscatter coefficients has to be made before their estimation. The latter assumption induces

significant inaccuracies and possibly errors in the retrieved profiles.

3.2.1. Klett Method
The Klett Method was developed by J. D. Klett in 1981 [21]. As in previous methods, the Klett Method
inverts the lidar equation (Eq. 3.9) for the extinction and backscatter coefficients [21]. A number

of assumptions have to be made before the inversion. For a reference height R, (where the particle
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scattering is negligible compared to the Rayleigh scattering), a reference value for the backscatter
coefficient has to be assumed. Also, the relationship between the backscatter and the extinction
coefficients is assumed, since the inversion is going to be made using one equation for two different

variables. The assumed relationship is a power law expressed as:
£ = const. x a¥ (3.10)

where const. and k are constant. In addition, the Klett method assumes the lidar ratio (S) to be
constant with height, throughout the entire atmosphere. More specifically, for the 355 nm the lidar
ratio is assumed to be 35, for 532 nm a value of 40 is used, while for 1064 nm the value used is 50.
The last assumption corresponds to the case where there is no dispersion of the beam propagation
through the atmosphere. Once all the aforementioned assumptions are made, and after solving the
lidar equation, the backscatter coefficient is expressed as:

A(Ry, R, A
Baer(Ro,A) = R }3 = Bmot (R, 4) (3-11)

B(Ry,A) — 2LR ;e (1) f A(Ry, 1, A)dr
Ro

where

A(Ro,%,2) = x2P(, 1)exp| = 2(LRaer(A) = LRyno1) f Bnor(r, | (3.12)

Ro

and
Ry*P(Ro, )

ﬁaer(RO'/l) + Bmol(R'/l)

The extinction coefficient «,., (R, 1) can be calculated by the following equation:
aaer(R' l)

Baer (R, 2)

The assumptions mentioned above induce large uncertainties in the determined aerosol extinction

B(Ro, 1) =

(3.13)

LRger (R, ) = (3.14)

coefficients [22]. In contrast, in Raman lidar systems, the inelastic backscatter signal depends on the
aerosol extinction and not on the aerosol backscatter, thus analysis of a single Raman lidar signal allows
the determination of the aerosol extinction profile, without any crude assumptions [22].

3.2.2. Raman Method

Raman scattering (inelastic scattering) occurs when a particle, which after the interaction with the
incident radiation is in the excited state, leaves that state and instead of returning to the former initial
state, returns to a slightly different level. The new quantum state could be either higher or lower
with respect to the former state. The Raman process (molecule’s rotational and/or vibrational state
change) leads to a frequency shift of the backscattered light. This alters the wavelength of the emitted
radiation. Raman signal P, (z), where z is the distance of the target from the receiver, is expressed by
the Raman lidar equation:

Kz0, ‘
Pa(2) = 55 fu(D)exp {— [1e0®) + s (z)]dz} (3.15)
0
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where 0, is the laser beam receiver field of view overlap function, Kz is a term that includes all
the range-independent system parameters, Sz (z) is the Raman backscatter coefficient, a,({) is the
extinction of the light on the way to the target and a(¢) is the extinction of the light on the way back
to the lidar after the Raman scattering takes place. The particle extinction coefficient is defined as:

d
az ln%] - aAO,mol(Z) - aAR,mol(z)

1+ (32"

(3.16)

Apo,aer (Z) =

where Ny (z) is the nitrogen molecular number density and Pz (2) is the nitrogen Raman signal as de-
scribed by Ansmann et al., 1992 [23]. An assumption here is, that the particle scattering is proportional
to 17%, and k can take different values according to the observed particles (e.g. for aerosol particles
and water droplets k equals 1 while for ice particles k equals 0). The particle backscatter coefficients

can be determined by the elastic signal P,,(z) and the inelastic Raman signal P,z (2):
ﬁlo,aer(z) = _B/lo,mol(z) + [,Bxlo,aer (ZO) + ﬁlo,mol(zo)]

EXPp {_ f (Z)[aAR,aer (() + aAR,mol({)]d(} (3- 17)

z

Pir(20)Pro(2)Ng(2)
Pyo(20) Pir(2)NR(20)

Xp {_ f (Z)[a/lo,aer (() + az0,mol (Z)]dZ}

For a more detailed description and derivations of the equations 3.15, 3.16 and 3.17 one may refer to
Ansman et al., 1990 [22] and 1992 [23].

Once the backscatter and extinction coefficients are known, optical properties of atmospheric com-
ponents such as the particle lidar ratio S,.,(R, 1), the Angstrdm exponent aq/p(4) and the linear

depolarization ratio 8,4, (R, A1) can be determined as described in Section 3.3.

3.3. Derivation of Aerosol Optical Parameters

The lidar ratio, or particle extinction-to-backscatter ratio, is defined simply as:

aaer (R)
.Baer (R)

The lidar ratio is one of the most important parameters for aerosol characterization since it depends

Saer(R) = (3.18)

on the size distribution, shape, and chemical composition of the observable atmospheric particles.
According to the state and composition of the atmosphere, the lidar ratio can differ significantly.
The Angstrom exponent, or Angstrom coefficient, describes the dependency of the aerosol extinc-

tion coefficient on wavelength and it is defined as [24]:

par
42) = og( S )0 (3.19)

ay, (2)
where a;; and «a,, are the aerosol extinction coefficient profiles for two different wavelengths, A1 and
12, respectively. Similarly to the lidar ratio, the Angstrdm exponent depends on aerosol microphysical
properties (size distribution, shape etc.) and on the particle’s complex refractive index. More specif-

ically, the Angstrém exponent is inversely related to the particle size; the smaller the particles, the
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larger the exponent. In addition, it also provides information about the aerosol phase function and the
aerosol radiance’s relative magnitude at different wavelength.

The volume depolarization ratio is defined as the ratio of the total cross polarized to the total parallel
polarized backscatter coefficient [25]:
Biot(@) _ Baer(@) + Binoi(2)
Blot(2)  Bler(2) + Bhoi(®)

The particle linear depolarization ratio &,,,(z) is another important parameter for aerosol character-

8vo1(2) = (3.20)

ization since it provides information about the sphericity of the particles. In case of spherical particles,
the linear depolarization ratio is close to 0, while in case of non spherical particles the depolarization
ratio is greater than 0. It is defined as the ratio of the cross polarized to parallel polarized backscatter
coefficient: par
(2)
5 =2 3.21
par (2) Bﬁ)ar ) ( )

The particle linear depolarization ratio is a quantity that can be extracted from the volume depolar-

ization ratio [25]:
R6(5mol + 1) - 6mol(6 + 1)

Rlmor+1)—(6+1)

8par(2) = (3.22)

where R is the backscatter ratio.

3.4. Aerosol Microphysical Properties Inversion Algorithms

3.4.1. POLIPHON

POLIPHON stands for POlarization LIdar PHOtometer Networking and it is a method that can be used to
separate coarse and fine mode particle properties from lidar measurements. There are two variations
of the method namely the one-step and the two-step POLIPHON method. In this study, the two-step
POLIPHON method was applied. For more information about POLIPHON one can refer to Ansmann et
al., 2012 [26], Mamouri R.E. & Ansmann A., 2014 [27] and 2016 [28].

In the two-step approach, three types of aerosol particles can be distinguished; the non-dust parti-
cles (nd) having a d equal to 0.05 or less, the fine-mode dust particles (df) having a d equal to 0.16 and
the coarse-mode dust particles (dc) with a 6 equal to 0.39 [27]. Initially, the backscatter coefficient
attributed to the coarse-mode dust is separated from the total backscatter coefficient. The residual
backscatter coefficient is the contribution of the non-dust and fine-dust particles, which is separated in

the second step. The method is schematically illustrated in Fig. 3.2.

3.4.2. GARRLIC

The GARRLIC algorithm (Generalized Aerosol Retrieval from Radiometer and Lidar Combined data) uses
co-located multi-wavelength elastic lidar observations and radiometer data in order to derive different
aerosol parameters [29]. GARRLIC has two available configurations for either single or double mode

inversion. In the single mode, the retrieved properties correspond to the total aerosol load while in
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Figure 3.2: Schematic representation of the one-step (top panel) and two-step (bottom panel) POLIPHON method. (Adapted
from [27])

the double mode properties can be retrieved for both fine and coarse mode particles. Depending
on the configuration set-up and the input data, different sets of aerosol parameters and properties
can be retrieved by GARRLIC. The obtained profiles are the backscatter and extinction coefficient, the
volume concentration profiles, the Angstrém exponent, the lidar and depolarization ratio, the single
scattering albedo, the effective radius, the aerosol optical thickness, the particle size distribution, and
the complex refractive index including information about both the real and the imaginary parts of the

refractive index. A schematic illustration of the GARRLIC algorithm is provided in Fig. 3.3.

Measurements: - PHOTOMETER (AQOTs, total scattered radiances)
- LIDAR (altitude resolved backscattered radiances)

l

GARRLIC

l

Output: - Vertical distribution of aerosol concentration for fine and coarse modes
- Lidar calibration coefficients
- Columnar properties for fine and coarse aerosol mode

Figure 3.3: Schematic representation of the GARRLIC algorithm. (Adapted from [29])






Results

Four case studies were analyzed in detail: April 05 and April 07 in 2015 as well as April 17 and April
21 in 2016. All the case studies were carried out in the late evening by the multiwavelength-Raman-
polarization lidar Polly*T belonging to the National Observatory of Athens (Polly*” NOA). The case
studies were chosen to be quantitatively and qualitatively different, aiming to provide an overview of
the typical aerosol load over Cyprus during days with low and high aerosol optical thickness.

The same methodology was followed for each case study. First the vertical profiles were retrieved
manually following the Raman inversion method (see section 3.2.2). According to the observed val-
ues of lidar and depolarization ratio as well as the HYSPLIT backward trajectories an aerosol type is
suggested for each case. Then, the two step POLIPHON algorithm is applied (only to the case studies
with high AOT) to examine the contribution of the non-dust particles and the dust particles to the total

backscatter coefficient.

4.1. Case studies

4.1.1. Case Study 1: 05 April 2015

Figures 4.1 and 4.2 show the range-corrected signal at 1064 nm and the depolarization ratio at 532 nm,
respectively, on the 5th of April 2015, for the measurement period from 00:00 to 06:00 UTC. To study
the background aerosol over Nicosia, we analyzed the period from 00:00 to 02:00 UTC, (indicated by a
red rectangle in Fig. 4.1 and 4.2) which was chosen due to the clear sky conditions, the low aerosol load
with a mean AOT value of 0.118 (500 nm) and the low depolarization ratio values. As Fig. 4.1 indicates,
there is a weak signal return with an aerosol layer from 250 m up to 1250 m. No elevated aerosol

layers were observed during that day. From 01:00 to 02:00 UTC, the signal becomes stronger and

19
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after 05:00 UTC as low clouds start to form (extending from 450 m up to 750 m). The depolarization
ratio values are very low throughout the entire measurement period (Fig. 4.2), signifying the absence

of depolarizing particles and the presence of spherical scatterers, such as maritime aerosols.
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Figure 4.1: Range-corrected signal at 1064 nm recorder over Nicosia, Cyprus on April 05, 2015, from 00:00 to 06:00 UTC.
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Figure 4.2: Depolarization ratio at 532 nm recorder over Nicosia, Cyprus on April 05, 2015, from 00:00 to 06:00 UTC.

Fig. 4.3 shows the retrieved profiles for the extinction coefficient (a), the backscatter coefficient (5),
the Angstrom exponent (4), the particle linear depolarization ratio () and the lidar ratio (S) at different
wavelengths. The vertical smoothing length applied to every profile, in order to decrease the signal
noise, is 952.5 m. The extinction coefficient ranges between 5.29 and 23.88 Mm~1! at 355 nm and from
2.69 to 14.49 Mm™! at 532 nm. The different behavior of the extinction profiles at 355 nm and 532 nm
below 1.5 km is attributed to a technical artifact. The different wavelengths correlate well with each
other for the backscatter coefficient profile, with values ranging between 0.25 and 1.34 Mm~1sr~1
at 355 nm, 0.14 and 1.01 Mm~1sr~! at 532 nm and between 0.02 and 0.42, at 1064 nm. Between
250 m and 1250 m (where the signal is stronger) and at 532 nm, we observe moderate backscatter
coefficient values with a mean of 0.62+0.22 Mm~1sr~1, relatively high Angstrém exponent values with
a mean of 1.60+0.23 at the wavelength pair 532/1064 nm (0.98+0.14 at 355/532 nm) and low particle



4.1. Case studies

21

linear depolarization ratio (0.09+0.01 at 355 nm and 0.08+0.00 at 532 nm). Mean lidar ratio values at
355 and 532 nm are 31.74+4.78 sr and 23.29+13.62 sr respectively. During the analyzed time period,

radiosonde measurements revealed a mean relative humidity of 58.25+20.30% and this could explain

the relatively high A values observed. From the aforementioned information we can estimate that the

aerosol load consists mainly of maritime aerosols.

PollyXT NOA, Nicosia, 05 April 2015, 00:00-02:00 UTC, smooth.
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Figure 4.3: Vertical profiles of the extinction and backscatter coefficient, Angstrém exponent, particle linear depolarization ratio

and lidar ratio determined over Nicosia, Cyprus by the lidar measurements on April 05, 2015 from 00:00:00 to 02:00:00 UTC.
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Figure 4.4: 5-day HYSPLIT backward trajectories arriving over Nicosia, Cyprus at 500 m (red line) and 1000 m (blue line) on

April 05, 2015, at 01:00 UTC (http://ready.arl.noaa.gov/HYSPLIT.php).

According to the backtrajectory analysis (Fig. 4.4) all the air masses arriving at Nicosia at 01:00

UTC, originated from the northwestern Europe and the Atlantic. The air masses of the PBL (Fig. 4.4,
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red trajectory at 500 m) start from Greenland, cross over central Europe, along the eastern coast of
Adriatic sea, then they pass over eastern and central Greece, the Aegean sea and the southwestern
part of Turkey and from there they enter the Levantine sea and reach Cyprus. The air masses at
1000 m (Fig. 4.4, blue line) follow a similar pattern with the ones at 500 m starting from eastern
Canada, crossing over central Europe, along the western part of Italy and then they merge with the air
masses of 500 m and follow the same path. Most of the regions mentioned above are characterized by
intense anthropogenic activities but they are also sources of anthropogenic dust, mainly from activities
such as harvesting, ploughing, overgrazing, construction, traffic, etc. [30]. Also, since the air masses
are passing over the Atlantic ocean, the Adriatic, the Aegean and the Levantine sea the presence of

maritime aerosols is expected.

4.1.2. Case Study 2: 07 April 2015

The second case study corresponds to April 07, 2015, between 18:00 and 19:00 UTC. Figure 4.5 shows
the range-corrected signal at 1064 nm for the whole measurement period from 18:00 to 00:00 UTC,
with the study period being indicated by a red rectangle. Similarly, for the depolarization ratio at 532
nm (Fig. 4.6), a thick aerosol layer is observed between 1.6 and 7 km with the signal peaking between
2 and 4.5 km. This aerosol layer is most likely a pure dust or a mixed dust layer, due to the occurrence
of a Saharan dust outbreak towards the Mediterranean Sea on April 6th (as indicated by satellite images
from MODIS; data not shown here, NASA Worldview [31]). The mean AOT over Nicosia during that
day was 0.204 (500 nm). Data from radiosondes (Fig. 2.4) reveal that below 1 km the RH is constant
and high (90.2%), between 1 km and 2 km it decreases rapidly with height reaching 11.2% at 2 km

and above 2 km increases significantly reaching up to 99% at 5.6 km.
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Figure 4.5: Range-corrected signal at 1064 nm recorder over Nicosia, Cyprus on April 07, 2015, from 18:00 to 00:00 UTC.
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Figure 4.6: Depolarization ratio at 532 nm recorder over Nicosia, Cyprus on April 07, 2015 from 18:00 to 00:00 UTC.

PollyXT NOA, Nicosia, 07 April 2015, 18:00-19:00 UTC, smooth. 75

7.5 7.5 —— 7.5 7.5

" —exi355 " —35mm " [—par 355 B —
——1064 nm 532
6.5 1 65 1 65} ) 4 65} / { es} -
6 6 6 { e \ { st
550 —— 55 { ss5} { s} { s5F T —_—
5p = 5 51 ‘ 1 st { s}
=45} =_ 4 45 1 a5t 1 asf 1 a5} = 1
s = =
g At T= 4 4} {1 at 1 4=
£ i
=385 = 35 35} { 3sf { a5}
=3 |
2 s} = _ {1 s 1 3 { st {4 s} g
> (
25} f}; { 25t 25 { 25} { 25}
ot e 1 2 1 2t {4 2t {2t -
150 { 15} 150 \ { 15} ! { 15}
1»/.5 401 1t 1 1t 4 4t -
05} { osf 05} { osf { os}

0 1 1 L 1 0 L L 1 1 L 0 1 L 1 1 1 0 1 1 1 0 1 1 1 1
0 2040 60 80100 0051152253 0051152253 0 01 02 03 04 0 20 40 60 80 100
o Mm™] BIMm ™ s A 4 Ssr]

Figure 4.7: Vertical profiles of the extinction and backscatter coefficient, Angstrém exponent, particle linear depolarization ratio
and lidar ratio determined over Nicosia, Cyprus by the lidar measurements on April 07, 2015 from 18:00 to 19:00 UTC.

Fig. 4.7 shows the retrieved profiles for a, B, A,  and S. The vertical smoothing length applied to
every profile is 562.5 m. The B profiles at 532 nm and 1064 nm correlate well with each other but
not the one of 355 nm. This is due to technical artifacts found at the newly built instrument (Marinou
E., personal communication, 2017). At 532 nm, the backscatter coefficient profile is characterized by
a double maxima, one at 2.26 km (B equals to 2.25 Mm~1sr~1) and one at 5.01 km (B equals to
1.49 Mm~1sr~1), and shows wavelength independence, indicating the presence of dust. The observed
B values are high, not only between 2 and 7 km where the thick aerosol layer exists (1.35 £0.47
Mm~tsr~1), but also within the PBL. For the same region, the A profile at 532 nm is very steady
and constantly higher than 1.0, with a mean value of 1.18 +£0.12 (values associated with pure dust
according to Tesche et al. [32]. The d profile is almost constant within the entire aerosol layer and is also
characterized by high values with a mean value of 0.20+0.02 at 355 nm and 0.2440.02 at 532 nm. The
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lidar ratio at 532 nm exhibits a very steady behavior, with a mean value of 35.45+10.55 sr. Combining
the aforementioned information we can estimate that within the PBL the predominant aerosol types are
maritime aerosols and aerosols from local sources (mainly anthropogenic fine particles) while above
1.5 km dusty mixtures are dominating. Dusty mixtures (containing not only dust, but also maritime
and urban aerosols) are generated by upward transport of the maritime/urban particles by turbulent
mixing process.

The air masses arriving in Nicosia at 19:00 UTC during April 7, 2015, come from different directions
(Fig. 4.8). The air masses of the PBL (Fig. 4.8 red trajectory line) originate from southern Italy, they
cross over the Aegean sea and they are close to the surface above the southern Levantine sea and
over Cyprus. Hence, the previous estimations for the predominant aerosol types within the PBL are
strengthened. The air masses at 2000 m (blue trajectory line) are originating from the mid-latitudes
of the Atlantic but they cross over the southernmost parts of Algeria and Tunisia before entering the
regions over the Aegean and the Levantine sea and finally the area over Cyprus. Both Algeria and
Tunisia are sources of desert dust particles justifying the observed 8, 4, and S values above 2 km. At
5 km (green trajectory line), the air masses originate from north Africa (Senegal, W. Sahara, Mauritania,
Mali, Algeria, Tunisia), carrying desert dust particles, which explains the high aerosol load at altitudes
between 5 and 7 km.
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Figure 4.8: 5-day HYSPLIT backward trajectories arriving over Nicosia, Cyprus at 500 m (red line), 2000 m (blue line) and 5000
m (green line) on April 07, 2015, at 19:00 UTC (http://ready.arl.noaa.gov/HYSPLIT.php).

The aerosol types estimations based on Fig. 4.7 and Fig. 4.8 are in agreement with the POLIPHON
retrieved backscatter profiles at 532 nm (Fig. 4.9). As Fig. 4.9 indicates, below 1 km the presence of
non-dust particles is strong while above 1 km the predominant aerosol type is dust and more specif-
ically coarse dust particles. This clear discrimination of the dominant aerosol types is enhanced by a

temperature inversion observed at Nicosia at 19:00:00 UTC between 1 km and 1.5 km.
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Figure 4.9: Backscatter coefficient profiles at 532 nm for the total aerosol load (black line), the coarse and fine dust fraction (red

line), the coarse dust (red dashed line), the fine dust (red dotted line) and non-dust particles (green line).

4.1.3. Case Study 3: 17 April 2016
Measurements conducted on April 17, 2016, between 20:00 and 00:00 UTC were chosen as the third

case study in order to characterize the background aerosol load over Nicosia. The mean AOT over
Nicosia that day was 0.164 (500 nm). From the range-corrected signal at 1064 nm and the depolar-
ization ratio at 532 nm (Fig. 4.10 and 4.11 respectively) we observe a weak signal return between 250
and 2000 m, while the radiosonde data (Fig. 2.5) show a temperature inversion between 0.82 and

1.06 km. Relative humidity on that day was low with values of 53.2% (see Fig. 2.5).
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Figure 4.10: Range-corrected signal at 1064 nm recorder over Nicosia, Cyprus on April 17, 2016 from 18:00 to 00:00 UTC.

The retrieved vertical profiles for a, B, A, 0 and S for this case study are shown in Fig. 4.12. The
vertical smoothing length applied to every profile is 742.5 m. In this case, most of the retrieved profiles
remain almost constant through the entire aerosol layer. Both the extinction profiles correlate well with
each other and are steady throughout the entire aerosol layer, with a mean value of 31.03+1.95 at 355

nm and 16.48+2.13 at 532 nm. The B profiles at the three different wavelengths also show agreement,
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Figure 4.11: Depolarization ratio at 532 nm recorder over Nicosia, Cyprus on April 17, 2016 from 18:00 to 00:00 UTC.

with mean B value at 532 nm of 0.79+0.45 Mm~1sr~* between 0.5 and 2 km. The A vertical profile for
the wavelength pair or 532/1064 nm has a mean value of 1.15+0.06 indicating the presence of small
particles throughout the entire aerosol layer. The mean d value at 532 nm is 0.14+0.02 (value within
the range associated with dusty aerosol mixtures). The lidar ratio between 1 and 2 km has a mean
value of 26.18+4.21 sr (532 nm). These values are indicating the presence of maritime and urban

aerosols mixture.
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Figure 4.12: Vertical profiles of the extinction and backscatter coefficient, Angstrém exponent, particle linear depolarization ratio

and lidar ratio determined over Nicosia, Cyprus by the lidar measurements on April 17, 2016 from 20:00 to 00:00 UTC.

Figure 4.13 shows the 5-day HYSPLIT backward trajectories arriving over Cyprus, on the 17th of
April 2016 at 00:00 UTC. The backward trajectories, arriving at 500 m (red trajectory line), 1000 m
(blue trajectory line) and 2000 m (green trajectory line) are almost identical and reach back to the

northwest of Cyprus. The air masses were travelling at high altitudes and started to converge over
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Figure 4.13: 5-day HYSPLIT backward trajectories arriving over Nicosia, Cyprus at 500 m (red line), 1000 m (blue line) and 2000
m (green line) on April 17, 2016, at 00:00 UTC (http://ready.arl.noaa.gov/HYSPLIT.php).

Levantine sea, north of Cyprus. The air masses crossed over regions characterized by strong presence
of maritime and urban anthropogenic aerosol particles and therefore the results shown in Fig. 4.12

can be justified.

4.1.4. Case Study 4: 21 April 2016

The last presented case study is April 21, 2016. Between 01:00 and 01:50 UTC, we observe an elevated
aerosol layer between 2.3 and 5.1 km (very strong signal shown in Fig. 4.14 and Fig. 4.15, mean AOT
value of 0.351 at 500 nm). It should be noted that no temperature inversion was reported during
the measurement time. Radiosonde data (Fig. 2.6) show low RH values below 2.5 km (17.45+7.10%)
which are increasing rapidly above 2.5 km, with a mean value of 53.47+25.28%. The vertical smoothing
length applied to every retrieved profile is 562.5 m.
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Figure 4.14: Range-corrected signal at 1064 nm recorder over Nicosia, Cyprus on April 21, 2016 from 00:00 to 06:00 UTC.
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Figure 4.15: Depolarization ratio at 532 nm recorder over Nicosia, Cyprus on April 21, 2016 from 00:00 to 06:00 UTC. over

Nicosia, Cyprus.

The backscatter coefficient profiles (Fig.4.16) correlate well with each other for the different wave-
lengths and all the profiles are characterized by a double maxima: 2.02 Mm~1sr~! at 2.64 km and
1.92 Mm~1sr~1 at 4.68 km for 532 nm. The mean S value above 2 km and at 532 nm is high and
equal to 1.55+0.40 Mm~1sr~1. The A profile at 532 nm and within the aerosol layer is very stable and
with @ mean value less than 1 (0.33+0.07), indicating the presence of coarse particles. The linear de-
polarization ratio is also constant between 2 and 5 km with a mean value of 0.27+0.03, associating the
observed aerosol layer with dust particles [33]. The mean lidar ratio at 532 nm equals 42.77+11.77 sr.
The combination of dand S, along with the A values is typical for dust aerosol particles and therefore the
observed layer between 2.3 and 5.1 km can be classified as dust layer. Within the PBL, the Angstrém
exponent has a mean value of 0.90£0.17 (532 nm), the mean lidar ratio is 33.58+9.81 sr (355 nm)
while the linear mean depolarization ratio equals 0.13+0.02. Therefore the dominant aerosols in the
PBL are small in size maritime and urban and/or smoke aerosols, most probably transferred to the area

or even from local sources.

5-day backtrajectories for the same day confirm the observations discussed above (Fig. 4.17). The
air masses at 500 m (red line) cross over the northern Balkans, the central Turkey and then they are
close to the ground over Cyprus for the last 24 hours, indicating the presence of anthropogenic and
possibly smoke particles. The air masses at 2.5 km (blue line) follow a similar pattern but this time
starting from the eastern part of Spain, crossing over Po valley before entering the northern Balkans
and central Turkey. Air masses were close to the ground over Egypt and Libya, collecting desert dust
particles from the Sahara desert and transporting them to Cyprus, were we could observe them at high

altitudes (green trajectory line).

The retrieved backscatter profiles (at 532 nm) for the total aerosol load, the coarse and fine dust
and the non-dust as resulted from the application of the two-step POLIPHON method can be seen in Fig.
4.18. Below 2 km the contribution of the non-dust particles to the total backscatter coefficient is bigger

than the corresponding contribution of the dust particles. There is a clear dominance of dust particles,



4.1. Case studies

29

PollyXT NOA, Nicosia, 21 April 2016, 01:00-01:50 UTC, smooth. 75

[ PR— [ P— 8 — 8 ——
75 - 751 E ) 75} - 75} —o=|
7 AN 4 7t 7+ =
6.5 65k / 6.5 6.5}
6 6 j 6} 6
55 55 ‘1‘\ 55 55 -
_ 5 st | 1 st )
%45 45 rw‘ 45} 45}
E 4 atb “J“ {1 4t 7
%3.5 35 ‘ 35} 35
3t 3t 3t 3t
254 25} ‘s‘ 25} 250
2 2f ‘ g 2} 2
151 150 ) 15} 15}
1 : ik 1t 1
0sF osf st 05

ol v
0 40 80 120160200
oMm™]

b v [0 S 0 L
0051152258 005115225383 0 0.1 0.? 03 0.4
] [Mm’1 sr’1] A d

ol
0 20 40 60 80 100
S [sr]

Figure 4.16: Vertical profiles of the extinction and backscatter coefficient, Angstrém exponent, particle linear depolarization ratio

and lidar ratio determined over Nicosia, Cyprus by the lidar measurements on April 21, 2016 from 01:00 to 01:50 UTC.

with a bigger contribution of coarse dust particles compared to the fine dust particles. However, the

hygroscopic growth of the particles should be taken into account since the relative humidity reached

values above 80 %.

Table 4.1 gives an overview of the analyzed case studies and the corresponding estimated aerosol

types.
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Figure 4.17: 5-day HYSPLIT backward trajectories arriving over Nicosia, Cyprus at 500 m (red line), 1000 m (blue line) and 2000
m (green line) on April 21, 2016, at 02:00 UTC (http://ready.arl.noaa.gov/HYSPLIT.php).
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Figure 4.18: Backscatter coefficient profiles at 532 nm for the total aerosol load (black line), the coarse and fine dust fraction
(red line), the coarse dust (red dashed line), the fine dust (red dotted line) and non-dust particles (green line).

Table 4.1: Overview of the case studies

Case Study | Aerosol loading (km) | S(sr) at 532 nm | 8 (532 nm) | Aerosol type
05/04/2015 0.25-1.25 23.29+13.62 0.08+0.00 Marine
07/04/2015 1.6-7 35.45+10.55 0.24£0.02 Dusty Mixture
17/04/2016 0.25-2 26.18+4.21 0.14+0.02 | Marine + Urban
21/04/2016 2-5 42.77+11.77 0.2740.03 Dust

4.2. Inter-comparison of the dust events

Two dust events were observed and studied in total; one on 07 April 2015 and one on 21 April 2016.
Both were characterized by dense aerosol layers (indicated by the strong signal return; see Fig. 4.5
and 4.14 respectively) and high AOD values (0.204 and 0.363 at 500 nm according to AERONET). In
addition, typical lidar ratio and depolarization ratio values were observed. For the first event the mean
lidar ratio value was equal to 35.45+10.55 sr and the mean depolarization ratio was 0.24+0.02 (both
at 532 nm) while for the second one the corresponding values were 42.77+11.77 sr and 0.27+0.03.
For the first dust event (07 April 2015), backtrajectories (blue and green trajectory lines, Fig. 4.8)
showed that the air masses carrying desert dust particles were originating from northwestern Africa
(W. Sahara, Algeria, Tunisia). The same trajectories cross over the Aegean and Levantine sea before
reaching Cyprus and thus, the observed aerosol layer was classified as dusty mixture containing both
desert dust and sea salt particles. In the second case (21 April 2016), a backtrajectory within the
aerosol layer (green trajectory line, Fig. 4.17) revealed that the observed aerosol layer consists mainly
from desert dust particles originating from Egypt and Libya. Hence, the aforementioned aerosol layer

was classified purely as a dust layer, originating from the Sahara desert.
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Our results are in agreement with previous studies, following different methodologies. Moulin et al.
(1998) [34], reported that over the Eastern Mediterranean basin, dust transport begins in spring and
spreads over the central and western Mediterranean basins over summer at altitudes ranging from 1.8
to 9 km (Mona et al., 2006 [35]). More specifically, there is an intense and permanent dust uplift in
North Africa during April, which is related to the frequent moving cyclone track (Moulin et al. (1998)
[34]). During April, transferred dust in the western central basin is originating mainly from south Tunisia
(Bergametti et al., 1989 [36]). For the eastern central and eastern basin and for the same month, the
main dust source is the Libyan desert (Dayan et al., 1991 [37]; Kubilay and Saydam, 1995 [38]). For
the far eastern Mediterranean, the major source region is the Egyptian desert (Dayan, 1986 [39]).

Nisantzi et al., 2015 [40], studied four years of observations in Cyprus (2010-2013), and he observed
that desert dust particles in the region originate not only from the Sahara desert but also from the
Middle East deserts. Among all the dust events in their dataset, they observed that the lidar ratio in
the case of a Middle East dust outbreak had a significant difference and was lower compared with the
lidar ratio observed in a Saharan dust outbreak. In the case studies studied here, the dust outbreaks
were only originating from the Sahara desert and therefore we cannot draw any conclusion about the
optical differences between Saharan and Middle East desert dust particles. For a statistically meaningful

comparison, a longer measurement dataset would be necessary.

4.3. Comparisons between manual and automatic lidar retrievals
In this section a comparison between the manually and the automatically retrieved profiles is presented.
The automated retrieval algorithm has been developed in Leibniz Institute for Tropospheric Research
(TROPOQS) in order to obtain the vertically resolved profiles automatically. Automatic algorithms are of
great importance and are becoming more popular and favorable among the scientific community since
nowadays the amount of available data is enormous compared to the actual workforce.

For the comparison we are using automatic retrieved profiles, that correspond to the aforementioned
case studies, in 1 hour resolution, provided by TROPOS [41]. Therefore, the manual retrievals had to
be adjusted also in 1 hour resolution (e.g. case study 3 was originally a 4 hour long measurement but
it has been reduced to only 1 hour for this comparison). A vertical smoothing of 562.5 m has been
applied to all the profiles. In addition, the fourth case study was also compared with profiles retrieved
from GARRLIC and were provided to us by the National Observatory of Athens (NOA).

4.3.1. TROPOS Automated Algorithm

As discussed in previous chapters, a good retrieval relies upon many different factors such as the raw
lidar signal and its signal-to-noise ratio, the chosen reference height, the dead time correction, the
depolarization calibration etc. It is therefore crucial to make the right choices whether manual retrieval
or automatic retrieval is chosen. In this thesis I examined the effect of the dead time correction to

the retrieval outputs. Dead time (7,4..4) is defined as the time after a discrete event, during which,
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the system is unable to record another successive event [42]. In other words, if an event takes place

during the dead time, the detector is not able to record it.

Case Study 1: 05 April 2015

In the first case study, the time interval chosen for comparison was between 01:00 and 02:00 UTC. In
order to perform a sensitivity analysis and to study how the dead time correction affects the retrieval
we examined the g, B8, d and volume depolarization profiles using 3 different settings for the dead-
time effect. The first run was performed with no dead time correction, in the second run we used
an automated dead time correction (which uses automatically coefficients of a polynomial, Baars H.,
personal communication, 2017) and in the last run we manually set the dead time correction to 5 ns.
The same procedure has been followed for all the case studies.

Fig. 4.19 shows the comparison of the g, B, 6 and volume depolarization profiles between the
manually and the automatically retrieved profiles. The extinction profile of the automatic retrieval
correlates well with the profiles retrieved using manual and no dead time correction. The manual (red
line) and no dead time (black line) correction extinction profiles cannot be distinguished from each
other on the plot because the count rates are very low, that no dead time correction is needed. The
extinction profile retrieved with the automatic dead time correction is very different from the automated
one up to the first 1.25 km, but from 1.25 km onward it follows the automated profile with a small
positive offset. This effect might be a result of the possibly wr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>