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Abstract. For the first time, vertically resolved long-
term lidar measurements of the aerosol distribution were con-
ducted in Haifa, Israel. The measurements were performed
by a PollyXT multi-wavelength Raman and polarization li-
dar. The lidar was measuring continuously over a 2—year
2-year period from March 2017 to May 2019. The resulting
data set is a series of manually evaluated lidar optical prop-
erty profiles. To identify the aerosol types in the observed
layers, a novel aerosol typing method that was developed
at TROPOS ;-is used. This method applies optimal estima-
tion to a combination of the lidar-derived intensive aerosol
properties to determine the statistically most-likely contribu-
tion per aerosol component in terms of relative volume. A
case study that shows several elevated aerosol layers illus-
trates this method and showse:g--, for example, that coarse
dust particles are observed up to 5km height over Israel.
From the whole data set, the seasonal distribution of the ob-
served aerosol components over Israel is derived. Through-
out all seasons, coarse spherical particles like sea salt and
hygroscopically grown continental aeresel-aeresels-were ob-
served. These particles originate from continental Europe
and were transported over the Mediterranean Sea. Sea-salt
Sea-salt particles were observed frequently due to the coastal
site of Haifa. The highest contributions of coarse spherical
particles are present in summer, autumn, and winter. Dur-
ing spring, mostly coarse non-spherical particles that are at-
tributed to desert dust were observed. This is consistent with
the distinct dust season in spring in Israel. An automated
time-height-resolved—time-height-resolved air mass source
attribution method identifies the origin of the dust in the Sa-
haran and the Arabian deserts. Fine-mede-Fine-mode spher-
ical particles also contribute significantly to the observed

aerosol mixture during most seasons. These particles origi-
nate mainly from the industrial region at the bay of Haifa.

1 Introduction

Automated, continuous height-resolved measurements were
performed by the multi-wavelength Raman and polarization
lidar PollyXT of TROPOS for twe-2 years from March 2017
until May 2019 at the Technion in Haifa, Israel, in collabo-
ration with the Viterby Faculty of Electrical and Computer
Engineering. This is the first long-term observation of the
vertical aerosol distribution in Israel. Over thetastrecent
decades, measurements of the aerosol distribution over Is-
rael were mainly performed by ground-based in situ mea-
surements (Ganor et al., 1998; Kocak et al., 2004) or by us-
ing satellite and sun photometer measurements (Israelevich
et al., 2003).

The aerosol types that were observed frequently are ma-
rine aerosok-aerosols (i.e.sea-salt, sea salt), urban and indus-
trial pollution and mineral d om the surrounding deserts.

Ng-aeros mass burning aeresels pro-
duced by bush ﬁres can also ~also play a role (Heese et al., 2017).
The source for marine aereset-aerosols is, of course, the
Mediterranean Sea due to the vicinity of the site to it. In
general, the particles have a radius from 0.01 to 100 um in
the remote marine boundary layer, and the large particles
consist mainly of sea salt (GroB et al., 2013), whereas parti-
cles with a radius less than 0.2 um are composed of non-sea-
salt sulphatesulfate. Because of high relative humidity above
80 %, the particles are solution droplets and have a spherical
shape in the marine boundary layer (Charlson and Heintzen-
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berg, 1995). However, according to Haarig et al. (2017b) the
spherical sea-salt-sea-salt particles become cubic-like when
the relative humidity decreases below 45 %, and their optical
properties will change accordingly. The source of urban and
industrial aeresel-aeresels is the metropolitan area of Haifa
with numerous electrical and chemical industries and oil re-
fineries settled-in the city and its surrounding area (Ganor
et al., 1998). This aerosol type is especially existent in the
lower part of the troposphere (Charlson and Heintzenberg,
1995). The particles are emitted directly into the atmosphere
(primary aerosols) or can be formed by chemical reactions in
the atmosphere (secondary aerosolaereselsy;

The two main sources for dust that are important for the
Eastern—castern Mediterranean are the Sahara desert-and
the deserts on the Arabian peninsuta—Peninsula (i.e., Kubi-
lay et al., 2000; Nisantzi et al., 2015). The dust transport
is governed by seasonal variations that are caused by the
typical synoptical systems of this region (Israelevich et al.,
2003). A study based on long-term observation in Beer Sheba
from 1967 to 2003 by Dayan et al. (2008) quantifies the
seasonal distribution of dust observations and accumulated
dust from visibility observations and in-situ-in situ measure-
ments. They found that dust events occur mostly during the
period from December to May and could correlate the ob-
served dust events with the pressure systems that appear fre-
quently during winter and spring: the Cyprus low and the
Sharav cyclone. Both contribute substantially to the transport
of dust towards Israel. Other typical synoptic systems are the
Red-Sea-Red Sea trough, the high pressure over Israel, high
pressure to the east of Israel, and the Persian trough. These
weather patterns correlate less with the dust observation in
Israel. Nevertheless, so far, no measurements of the vertical
aerosol type distribution over Israel are available, and knowl-
edge on this topic is Httlescarce.

In this paper, we analyse—analyze vertically resolved
aerosol measurements performed by lidar and present a new
retrieval scheme developed at TROPOS (Floutsi et al., 2019)
in order to identify the aerosol types observed above Haifa.
This retrieval scheme applies the optimal estimation method
(OEM) to a combination of lidar-derived intensive aerosol
properties (i.e., concentration-independent), to determine the
statistically most-likely contribution per aerosol component
in terms of relative volume.

The paper is structured as follows:— In the next
chaptersection, the PollyXT instrument at the measurement
site is presented and the applied methods for the data eval-
uation are introduced: the lidar optical property profiles, the
novel aerosol typing scheme, and the air mass source attribu-
tion method. An application of these methods is shown for
a case study of multiple aerosol layers of different aerosol
types. In the following section, the results of the aerosol typ-
ing and air mass source attribution for the entire measure-
ment period are presented. From these results, the seasonal
variations of the vertically resolved aerosol distribution over
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Haifa is derived. Finally, a discussion and an outlook con-
clude the paper.

2 Instrumentation and Methedsmethods
2.1 PollyXT lidar and optical property profiles

The multi-wavelength Raman and polarization lidar Polly*™
of TROPOS was installed in Haifa in March 2017 on the
rooftop platform on a Technion building (Fig. 1). The mea-
surement site is located at 32.8° N, 35.0°E at a height of
230 m above sea level. Haifa is a coastal site but the mea-
surement site is located on one of the many hills of the city
(Fig. 2). The lidar was deployed there for more than twe
2 years until May 2019 as part of the PollyNET (Baars et al.,
2016), a network of permanent and campaign-based Polly*"
stations.

The first generation of the multi-wavelength Raman and
polarization lidar PollyXT of TROPOS (Althausen et al.,
2009) was upgraded in 2014 to a new generation PollyXT
instrument, as described by Engelmann et al. (2016). It has
now the following features:—it-. It emits laser pulses at the
three Nd:YAG wavelengths (1064, 532, and 355 nm) -and
has in total 12 detection channels in two receivers: 8 in
the far-range receiver and 4 in the near-range receiver. The
far-range receiver consists of three elastic backscatter chan-
nels at 1064, 532, and 355 nm ;-and two Raman channels at
387 and 607 nm. Two channels measure the cross-polarized
signals at 355 and 532nm, and one channel measures the
vibrational-rotational-vibrational-rotational Raman inelastic
signal from water vapor at 407 nm. The near-range receiver
extends the signals of the two elastic channels at 355 and
532 nm and the two Raman channels at 387 and 607 nm down
to a distance of 120 m above the lidar. The vertical resolu-
tion of the measurements is 7.5m, and the data are stored
every 30s. From these measurements, a set of 3+2+4+2+1
optical property profiles is derived to allow for the proper
characterization of particles in the atmosphere: 3-three par-
ticle backscatter coefficient profiles, 2-two_particle extinc-
tion coefficient profiles, 2-two particle linear depolarization
ratio profiles, and +-one water vapor profile (Baars et al.,
2016). The quality of the data is assured-ensured by several
calibration routines that are required by the European Lidar
network-Aerosol Research Lidar Network [M#(EARLINET)
standards in the frame of ACTRIS (Freudenthaler, 2016; Bel-
egante et al., 2018).

2.2 Aerosol typing and discrimination scheme

To determine the aerosol types observed above Haifa by the
lidar, a novel retrieval scheme was used that is currently
under development at TROPOS (Floutsi et al., 2019). This
aerosol typing scheme applies the optimal estimation method
(OEM) to a combination of lidar-derived intensive aerosol
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Figure 1. PollyXT on the rooftop platform at Technion, Haifa, in March 2017. The instrument is placed inside a protective cage to avoid
unauthorized access. On top of the cage, a radar instrument is monitoring the sky for airplanes, and an AERONET sun photometer is
measuring the aerosol optical thickness. In the background, the Nerthern-northern tips of the Carmel mountain range and the tower of the

University of Haifa can be seen.
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Figure 2. Map of Haifa: Fhe-the location of the measurement site
at the Technion is marked.

properties (i.e., concentration-independent), to determine the
statistically most-likely contribution per aerosol component
in terms of relative volume, weighted against the microphysi-
cal and optical properties of the different aerosol components
that are predefined. To be more specific, the intensive prop-
erties that are used in the retrieval are the lidar ratio and the
particle linear depolarization ratio at one or both wavelengths
355 and 532 nm.

https://doi.org/10.5194/

Table 1. Pre-defined aerosol components with their optical proper-
ties at 355 nm/532 nm.

Aerosol Lidar  depolarization
type ratio (sr) ratio (%)
Fine, spherical, absorbing (FSA) 120/94 2/2
Coarse, spherical (CS) 17/19 3/3
Fine, spherical, non-absorbing (FSNA) 62/59 3/3
Coarse, non-spherical (CNS) 58/54 24/33

Once a layer of interest has been identified and evalu-
ated (in terms of optical properties), it is assumed that it
consists of an external mixture of different aecrosol compo-
nents, occupying the total volume of the layer. In basic terms,
OEM starts with an a priori state (assumed contribution per
aerosol component — the aerosol components are described
below), which is iteratively modified (using the Eevenberg—
Marquardt- method; Levenberg-Marquardt method; Rodgers,
2000) such that the medeHed-modeled intensive optical prop-
erties match those observed by the lidar (within error range),
resulting in the most probable estimated state (relative vol-
ume contribution per aerosol component). Then, this optimal
solution undergoes a Pearson’s chi-squared test to ensure that
the optimal solution is statistically significant at 95 % confi-
dence interval.

The aerosol components considered to contribute to an
aerosol mixture in this OEM-based typing scheme are
shown in Table 1. Two eoarse—mode—and—two—fine—mede
coarse-mode _and two_fine-mode aerosol components are
considered: fine—medefine-mode, spherical, (strongly) ab-
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sorbing particles—(FSA) particles can be associated with
aerosol originating from direct combustion processes. Eoarse
mode;—spherical-particles-Coarse-mode, spherical (CS) ean
be—sea—salt—particles_can be sea-salt or ammonium sul-
fate aerosol particles. Fine-modeFine-mode, spherical, non-
absorbing particles—(FSNA) B@%are associated with
with—typical pollution, which is less absorbing than FSA.
FSNA may also be water-soluble (i.e., hygroscopic). Cearse
modeCoarse-mode, non-spherical partieles—(CNS) particles
are related to desert dust particles.

The two eoarse-mode-and-two-fine-mede-coarse-mode and
two fine-mode aerosol components have specific, pre-defined
optical and microphysical properties. The optical properties
are based on long-yearlong-term Raman lidar observa-
tions. The microphysical properties (such as their shape, re-
fractive index, and effective radius) and scattering properties
of the four different aerosol components are consistent with
the Hybrid End-to-End Aerosol Classification scheme-(HET-
EAC) scheme — the Aerosol-aerosol classification model for
the EarthCARE space-borne lidar mission (Wandinger et al.,
2016) — and are used directly in the OEM scheme as a priori
information.

2.3 Air mass source attribution method

In order to identify the origin of the observed
aereselaeresels; we use the automated time—height-resolved
air mass source attribution method TRACE that was recently
developed by Radenz et al. (2021). This methodology can
be applied using either ensemble backward trajectories or
a Lagrangian Particte-Disperston-Medelparticle dispersion
model (LPDM) combined with a land cover classification
scheme for a temporally and vertically resolved air mass
source attribution. A simplified version of the MODIS
land cover (Friedl et al., 2002) is used. The resulting land
cover classes are =—water, savanna/shrubland, urban, barren,
forest, grass/cropland, and snow/ice. In addition, custom
defined regions that are relevant for the measurement
location are used. For the site of Haifa, the regions Europe,
Sahara;-Arabian-peninsula;Har-East-the Sahara, the Arabian
Peninsula, Far Eastern deserts, Persia [@], and India were
considered. Meteorological data is—are_obtained from the
Global Forecast System (GFS) analysis at a horizontal
resolution of 1° (NCEP, 2000). In this study, we chose
the LPDM approach using the most recent version of
FLEXPART (Stohl et al., 2005; Pisso et al., 2019). A total of

500 particles are used with their corresponding positions
being stored every 3h for 10d back in time. A backward
simulation is run every 3 h with height steps of 500 m for the
period of interest. The reception height (i.e., the proximity
of an air mass to the surface) is commonly chosen at 2 km,
which is a widely applicable reception height threshold
(Val Martin et al., 2018). However, in the following case
study, a reception height of 5km is used, since the observed
aerosol layers extend up to 5 km. This height takes-alse-also
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takes into account that espeeially-dust-particles-dust particles
in_particular are often lifted by small—seale—small-scale
processes in their source region -that-and are not resolved by
the meteorological data used for the transport simulation
(e.g. Heese et al., 2009; Tesche et al., 2009b). The software
package TRACE is available at Zenodo (Radenz, 2021).

3 Case study of multiple aerosol layers

In this chapter, the described methods are applied to a
case study when multiple aerosol layers were observed
above Haifa. Figure 3 shows the lidar backscatter signal at
1064 nm (upper—paneta) and the volume depolarization ra-
tio at 532nm (lewer—panelb) during the night of 30 Au-
gust 2018 at 18:00 UTC to 31 August 2018 at 06:00 UTC
up to 6 km height above the measurement site. In these color
plots, several aerosol layers can be identified already by eye.
In the backscatter signal the lowermost layer is the planetary
boundary layer (PBL). It is reaching up to 0.9 km height. The
high backscatter signal at the upper boundary of the PBL is
resulting from shallow clouds that become less-smaller;
after midnight. Above the PBL, a second layer is present
that is reaching up to 2km in the evening and is thinning
out throughout the night. This layer is also visible in the
volume depolarization ratio, as is the broad upper layer be-
tween 2.0 and 5.0 km. The volume depolarization ratio of the
thicker, uppermost layer is much stronger, and the layer it-
self is slightly descending during the night. The visibility of
these layers in the volume depolarization ratio already indi-
cates that depolarizing particles are present here, in contrast
to the PBL. The uppermost layer is slightly descending dur-
ing the night. The identified layers are examined in more de-
tail in a case study chosen in the eleud-free-cloud-free period
from 01:20-02:44 UTC (red rectangle). During this period
the second layer is extending between 0.9-1.6 km, and the
upper layer between 2.1-5 km height.

3.1 Lidar optical properties

The first step of the lidar data analysis towards an aerosol typ-
ing is the determination of the optical property profiles. First,
the particle backscatter coefficient (BSC) and the particle ex-
tinction coefficient (EXT) profiles were derived using the Ra-
man method (Ansmann et al., 1992). From these, the ratio of
the particle extinction coefficient to the particle backscatter
coefficient, the so-called lidar ratio (LR), and the wavelength
dependence of the backscatter and extinction coefficients ex-
pressed as, the Angstrém exponent, are calculated. Finally,
the particle linear depolarization ratio (PLDR) is calculated
using the polarization channels at 355 and 532 nm. The op-
tical property profiles derived for the case study at the Haifa
site are shown in Fig. 4.

https://doi.org/10.5194/
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Figure 3. Color plot of the lidar backscatter signal at 1064 nm (a) and volume depolarization ratio (b) at 532 nm above Haifa on 30 Au-
gust 2018 at 18:00 UTC to 31 August 2018 at 06:00 UTC. The time period used for the case study is marked by a red rectangle.
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3.1.1 Particle backscatter coefficient PBL, the BSC values are highest. The maximum values here

are 5Mm~—sr~! at 355nm, 2.8 Mm ! sr~! at 532 nm and

. . 1.5Mm~ " sr~! at 1064 nm. The second layer can be identi-

The particle backscatter.coefﬁcwnt I (BSC) B_L(Jﬁ,lis fied by the maximum BSC in the lower part, around 1.25 km
clearly show the boundaries of the observed layers. Inside the
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height. The values here are less than half of the BSC values
in the PBL. In the broad, upper layer that is extending from
about 2.1 to 5 km height, a substructure of three maxima at
2.8km, at 3.7km, and at 4.5km is dominating the aerosol
distribution on this day. The BSC values in these sub-layers
are comparable to the ones in the second layer, except the up-
permost sublayer, whose BSC values are a-bit-slightly lower
before they drop to zero above 5km height. The effective
resolution of the BSC profiles is 457.5 m.

3.1.2 Particle extinction coefficient

The particle extinction coefficient (EXT) has a much coarser
effective resolution of 2000 m, because the backscattering ef-
ficiency from atmospheric Nitrogen-is-one-thousand-nitrogen
is 1000 times lower than the elastic backscatter efficiency.
Therefore, the profiles shown in Fig. 4 show a smoother
shape. The incomplete overlap between the laser and the re-
ceiving telescope in the far-range-channels-eause-that-these

profiles-far-range channels cause these profiles to start only
at 1.3km height. Therefore, below 1.3 km, the near—range

near-range profiles were used for the EXT and the de-
rived properties such as the LR and the extinction-related
Angstrom exponent. For the retrieval of the Raman BSC pro-
files, this overlap effect is eliminated due to its calculation
by signal ratios (Wandinger and Ansmann, 2002; Engelmann
et al., 2016). The height resolution used for the NR profiles
was adapted to 2000 m by smoothing. Inside the PBL, the
EXT values exceed 150 Mm™! at 532nm and 230 Mm~! at
355 nm, indicating a strong absorbing aerosol component in
this low layer. In the second layer, the EXT values decrease
to much lower values before they increase again towards the
upper layer. In the maximum of the broad, upper layer, be-
tween 3 and 4 km height, the EXT values reach 100 Mm~!
at 355nm and about 50 Mm™~! at 532 nm. This is a factor of
two-2 and thus a strong wavelengths-wavelength dependence

of the particle extinction coefficient.
3.1.3 Lidar Ratieratio

For the profiles of the lidar ratio (LR), the same height resolu-
tion as the particle extinction coefficient (EXT) was adapted.
It indicates whether the reflection or the extinction of light
is predominant by the respective particles. Low ER-LRs in-
dicate more reflection of light and high ER-LRs more scat-
tering to other directions and absorption by the par particles. The
lidar ratio is widely used for aerosol typingas-e-g-deseribed-,
as described for example in Miiller et al. (2007), Burton et al.
(2012), GroB et al. (2015), Amiridis et al. (2015), and Baars
et al. (2016). In the case of desert dust particles, the LR can
even help to distinguish between dust from different deserts
(Mamouri et al., 2013). In the case study, the LR in the PBL
is around 50 sr at 355 nm and 40 sr at 532 nm. This indicates
that urban pollution is likely to be the dominant aerosol type
in the PBL. The second layer falls into the gap between far
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range-far-range (FR) and nearrange near-range (NR) pro-
files. From the FR profiles, the LR in the upper part of the
layer can be determined to around 40 sr at 355 nm and 30 sr
at 532 nm. From the NR profiles it seems to be a bit higher
in the lower part of the layer with values of 60 and 50 sr,
respectively. Inside the broad, upper layer, the LR is again
showing the structure of the three sublayers. At 355 nm, the
maximum values are as high as 70 sr at 2.8 km and 80 sr at
4.2 and 4.8 km. At 532 nm the values are closer to 50 sr for
all layers except the uppermost sublayer at 4.8 km. Here, the
LR is in the same range as for 355 nm. These LRs indieates
indicate a different mixture of aerosol types in the individual
layers.

3.14 Angstrﬁm exponent

The spectral dependence of the backscatter and extinction co-
efficients, the f\ngstrbm exponent, is dependent on the size
of the observed particles. The values are low, 0.5 to 1, for
coarse-mode particle size distributions, such as dust or sea
salt-sea-salt particles, and larger, with values above 1.5, for
fine-mode particles from urban pollution or biomass burning
aerosolaerosols, (Hofer et al., 2020). The extinction-related

ol aasaks

Angstrém exponent is more related to the absorbing abili-
ties of the observed particles. In the PBL, the values of the
backscatter-related Angstrém exponents are around 1 for the
532 to 1064 nm wavelength pair and around 1.5 between
355 and 532 nm. The extinction-related Angstrém exponent
is in the range between 1.5 and 2. These values indicate that
rather small particles are present in the PBL. In the second
layer, all three ;\ngstr(jm exponents decrease to 0.6 and 1.2
for the respective backscatter-related Angstrém exponents
and to 1.8 for the extinction-related Angstrém exponent.
These lower Angstrom exponents indicate larger particles in
this layer than in the PBL. Above this minimum, between 1.5
and 2.2 km, all three Angstrém exponents clearly increase to
values of 1.8, 2.3, and 2.9, respectively. These values indi-
cate that here only small particles are present and mark a
clear separation of the lower layer te-and the upper layer. In
the upper layer, the Angstrém exponents decrease again to
0.5, 0.9, and 1.5, respectively, so that also here larger particle
are likely to be present. The extinction-related Angstrom ex-
ponent is indeed still quite high, which may point to a non-
negligible contribution of small, absorbing particles. In the
uppermost sublayer, the backscatter-related Angstrém expo-
nent between 355 and 532 nm increases and the extinction-
related Angstrom exponent for the same wavelengths pair de-
creases to 1.5, in accordance with the equal LR. This low
wavelength-dependence indicates that less-fewer large parti-
cles are present in this uppermost sublayer.

3.1.5 Particle linear depolarization ratio

Another important optical property that is measured by the
lidar is the particle linear depolarization ratio (PLDR). It is a

https://doi.org/10.5194/
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measure for the shape of the observed particles (Murayama
et al., 1999). The profiles of the particle linear depolarization
ratio show that both the second and the upper layer consist of
non-spherical particles. In the PBL, the particle linear depo-
larization ratio at both wavelengths is practically zero. In the
second layer, it rises to a maximum value of 0.07 at 532 nm
and 0.07 at 355nm at 1.25 km height. Then, it drops again
towards the upper border of this layer. In the upper layer, the
particle linear depolarization ratios are rising higher than 0.1
for the whole layer and have maxima of 0.13 at 355 nm and
of 0.12 at 532 nm in the second sublayer from 3—4 km. These
high depolarization ratios indicate that non-spherical parti-
cles with high reflection properties are present (Tesche et al.,
2009a; Haarig et al., 2017a). The profiles of the particle lin-
ear depolarization ratio also shows the structure of the three
sublayers inside the upper layer.

Using these optical property profiles, we can conclude so
far that, due to high Angstrﬁm exponents and low depolariza-
tion ratios, small, spherical particles are likely to be present
in the PBL. Towards the second layer, the ;\ngstrijm expo-
nent is decreasing, which suggests that larger particles are
present. They also have higher depolarization ratios, but net
that-these are not as high as in the upper layer. Therefore,
we would expect larger particles with a mixture of spheri-
cal and non-spherical shapes. In the broad, upper layer, the
low Angstrém exponents and the higher depolarization ratios
indicate the presence of large, non-spherical particles, like
desert dust, that are mixed with smaller and, due to the higher
extinction-related Angstrém exponent, absorbing particles
from pollution or other burning processes. As stated above,
in the uppermost sublayer, the equal LR and backscatter-
related Angstrém exponent between 355 and 532 nm indicate
that less large particles are present here. To further determine
the type and origin of the particles in the observed layers,
we applied the described OEM-based typing scheme and the
aiFmass-air mass source attribution method.

3.2 Aerosol typing for multiple layer case study

We applied the OEM-based typing scheme to the detected
aerosol layers of the case study of 31 August 2018. The re-
sults for the aerosol components in each aerosol layer are
listed in Table 2. They are expressed in percentages, and the
uncertainty range results directly from the retrieval’s covari-
ance matrix. It should be noted that while from a mathemati-
cal point of view relative volume contributions below 0 % (or
above 100 %) are feasible, this is not the case from a phys-
ical point of view. Therefore, the errors hold only until the
retrieved relative volume contribution of the aerosol compo-
nent reaches 0 % or 100 %.

According to the scheme, the dominant aerosol type-types
in the PBL with 86 % are fine-mode;spherical, non-absorbing
partieles(FSINAHFSNA particles. This aerosol type is associ-

ated with anthropogenic pollution related to the urban back-
ground and the industrial areas especially at the harbor bay
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of Haifa. The three other aerosol types represent only minor
contributions.

In the lower layer, the main contribution to the aerosol
composition is the coarse mode (CS) with 71 %. These parti-
cles can be sea salt as well as other aerosol types which have

undergone hygroscopic growth. The fine-mede;—spherical;
stronghy-absorbing-particles(FESA—;-FSA account for a per-

centage of 12 % in the second layer. They can be associated
with the combustion products from the industrial and urban
sources in Haifa.

The upper, broad layer with three sublayers is domi-
nated by eoarse-mode;—non-spherieal-partieles (ENSHCNS
particles, with a percentage of 74 %. Thus, this layer likely
consists mainly of dust particles from the deserts. But alse

fine-mode;—spherical; non-absorbingpartieles(EFSNA—)-and

eoarse—spherieal—partieles (€S—H-FSNA particles and CS
particles also account for a significant part of the aerosol

components in this layer. This indicates that alse—particles
related to anthropogenic pollution and marine aeresel-are
aerosols are also mixed into the elevated dust layer. Fine

mede—spheﬂe&l—sffeﬂg}y—absefbmg—pame}es—ﬂ:sA—%FSA

particles are negligible.
These results agree quite well with the findings when inter-

preting all available optical properties as discussed in Sect. 3.

3.3 Air mass sources of multiple layer case study

To identify the origin of the observed particles, the source
identification method TRACE (see Sect. 2.3) was applied to
the case study. The resulting air mass sources that were iden-
tified for the entire time period of Fig. 3 are shown in Figs. 5
and 6. For the particular case study from 01:20-02:45 UTC,
the backward simulations at 00:00 and 03:00 UTC are rel-
evant. The two major contributions to the air mass sources
related to land cover classes are air masses that were trans-
ported over water and barren soil. Air masses that were
transported over water are dominant in the lower layers. In
the upper layers, the air mass that came from barren areas
is strongly increasing. Small contributions come also from
transport over forest, savanna/shrubland, and grass/cropland.
The vertical distribution of the origin of the air masses re-
lated to the geographical region is shifting from Europe and
the Sahara in the layers below 2 km to a decreasing fraction
of Sah ' rabit suta-the Sahara in fayor
of the Arabian Peninsula and Persian origin in the upper lay-
ers.

From these air mass source attributions, we can con-
clude that the high portion of eearse-modecoarse-mode, non-
spherical particles identified by the aerosol typing in the up-
per layer erigin-originate from the deserts. The air masses
were mainly transported over barren soil. The influences
from the surrounding deserts and also from deserts further
away are apparent. Above 4 km, the deserts on the Arabian
Peninsula and small contributions originating from Persia are
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Table 2. Aerosol composition of the layers identified on 31 August 2018.

FSA CS FSNA CNS
PBL (<900 m): 2+9% 8+20% 86+22% 4+£21%
Lower layer (900-1600 m): 12+13% 71+£22% 8+20% 9+19%
Upper layer (2100-5000 m): 1+£12% 9+15% 16+17% 74+21%

20180831 Haifa
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Figure 5. Air mass source estimate on 30 and 31 August 2018 for land cover classification based on FLEXPART particle positions. For each
3 h time step, the normalized residence time of the air mass over a particular land cover class is shown. The vertical step is 500 m and the

reception height is 5 km.

relevant. Below 4 km, the time spent over the Sahara is in-
creasing and the time spent over the Arabian Peninsula is
decreasing towards the lower part of the layer.

The eoarse-mode-coarse-mode particles that were identi-
fied in the second layer below 2 km mainly erigin-originate
from the Sahara ;-and the Arabian Peninsula, but also from
Europe. This is directly linked to their residence time over
barren soil. Another significant part of the residence time
was spent over the Mediterranean Sea, so that Sea—salt
sea-salt particles and particles that may have undergone hy-
groscopic growth are likely to be present. A small contribu-
tion to the residence time over forest, savanna/shrubland, and
grass/cropland eentribute-is increasing towards the ground.

Inside the PBL, these portions are highest. This reflects the
influence of local sources in the lower layers. Here, mainly
fine-modefine-mode, spherical, non-absorbing particles were
identified by the OEM-based typing scheme. Although the
residence time of the air masses over urban areas is rather
short, the vicinity to the urban area is important inside the
PBL and urban pollution is likely to be present. The long

residence time over water in the lower layers is, of course, at-
tributed to the vicinity of the Haifa site to the Mediterranean
coast.

4 Results for the two-year-2-year data set

The lidar data evaluation of the entire measurement period
— from late March 2017 to mid-May-mid-May 2019 — was
performed manually. To achieve the complete set of lidar op-
tical properties, only might-time nighttime Raman measure-
ments were used. The measurements were averaged over pe-
riods between one-and-two-heurs—1 and 2h during cloud-
free and homogeneous atmospheric conditions. This proce-
dure results in 397 evaluated lidar profiles in total. The opti-
cal properties of these profiles were derived carefully, and
the existing aerosol layers in each profile were identified
by visual inspection of the gradients. For each determined
layer, the respective height interval and optical property val-
ues were compiled in a table for further analyses. Thus, in

https://doi.org/10.5194/
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Figure 6. Same as Fig. 5 but for geographical areas.

total, 1013 aerosol layers were identified. Occasionally, up to
four layers — including the planetary boundary layer — were
detected in one lidar profile. Out of these layers, only the
ones that meet certain criteria were used as an input to the
OEM-based typing scheme. More specifically, these criteria
were the availability of lidar ratio and particle linear depolar-
ization ratio at one wavelength at least (either 355 or 532 nm
or both). From the 659 layers that were found to be suitable
for evaluation by the OEM-based typing scheme, only 474
layers (71.9 %) lead to statistically significant retrievals and
are therefore considered for further examination.

4.1 Aerosol typing — component predominance and
mixture characterization

An overview of the vertical extent of the examined aerosol
layers is shown in Fig. 7. It shows clearly that aerosol layers
are present throughout the whole measurement period and
that their vertical extent is varying with the seasons. During
all seasons aerosol layers are confined in the lowest parts of
the troposphere, on average between 740 m and 2 km. How-
ever, atso-lofted layers at high altitudes were also observed,
mostly between 2 and 4 km but also at much higher altitudes
(up to 7 km). This was especially the case in spring and sum-
mer, but also during autumn and winter some lofted aerosol
layers did occur. At this point, it should be mentioned that
one exceptionally high layer that was found at an altitude be-
tween 11 and 12km in spring 2018 is not shown in Fig. 7
(for visual clarity of the figure) but is considered in the anal-
ysis. The layers of Fig. 7 have been color-coded according

https://doi.org/10.5194/

to the aerosol component that is contributing to the mixture
at-Jeast-by-by at least 50 % in terms of relative volume con-
tribution. This rather large threshold is not able to reveal the
layer composition, but it provides a first impression of the
overall aerosol load composition. Most of the lower aerosol
layers (below 2 km) have large contributions of CS particles.
CS particles can be attributed mainly to marine particles, es-
pecially after taking into account the location of Haifa at the
coast as well as the altitude of the layers inside the marine
boundary layer. Above 2km, most of the lofted layers are
composed by FSNA and CNS aeresolaereselsT'hese aerosol
components can be attributed to particles of anthropogenic
origin and desert dust, respectively. Given the altitude of
these layers, we can assume that these aerosol types were
both subject to long-range transport.

The total composition of all the aerosol layers (not shown
in Fig. 7) reveals that more than half of the layers consist of
aerosol mixtures with two or more contributing aerosol com-
ponents (277 layers), while the-eases-with-fewer cases have a
clear aerosol component predominance (relative contribution
>80 %)areless. To be more specific, 83 layers (17.5 %) were
found to be dominated by CS, 67 layers (14.1 %) were dom-
inated by FSNA contribution, 46 layers (9.7 %) were domi-
nated by CNS contribution, and only 1 layer was found to be
dominated by FSA (0.2 %). Pure layers (aerosol component
relative contribution > 95 %) were observed only 8 times in
the measurement period and consisted of CS aeresolaeresels;
Since all layers consist of at least two aerosol components,
examining the two dominant aerosol components contribut-
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Figure 7. Overview over-of the altitude and extent of the analysed-analyzed aerosol layers above Haifa, Israel, between March 2017 and
May 2019. Each layer is colored by its dominant aerosol component: black, blue, red, and yellow bars correspond to +fine spherical, absorbing
(FSA);; coarse, spherical (CS); fine, spherical, non-absorbing (FSNA); and coarse, non-spherical (CNS), respectively.

ing to the mixture can reveal information about the dominant
mixture per layer. The most commonly occurring mixture
was the one containing CS particles (in 229 layers, mixed
with either FSNA, FSA, or CNS), followed by FSNA, CNS,
and FSA mixtures (131, 90, and 24 layers, respectively).

4.2 Seasonal Variabilityvariability

In this section, the seasonal variability of the different aerosol
components found in the aerosol layers above Haifa -is ex-
amined. In total, 143, 122, 145, and 64 layers were analysed
analyzed for spring, summer, autumn, and winter months, re-
spectively. To be more specific, for all seasons, the frequency
of occurrence of the aerosol components in the layers is de-
termined in terms of relative volume contribution. In that
way, we can evaluate how many times a specific range of
relative volume contribution occurs for each aerosol compo-
nent and give an overview of the seasonal aerosol distribu-
tion. Figure 8 shows the frequency of occurrence of the dif-
ferent aerosol components during all seasons. The height of
the bars indicates -in-how-many-aerosoHayers-the number of
aerosol layers in which the aerosol component was present.
The relative volume contribution of each aerosol component
is represented by the position of the bar on the x-axes axes.
In order to further support the typing scheme and identify
the aerosol sources, the temporally and vertically resolved
air mass source attribution method TRACE was used, as de-
scribed in Sect. 2.3 The height profiles of the air mass sources
for the Haifa station are shown in Fig. 9 using a reception
height threshold of 2 km. In the following, the aerosol distri-
bution during the four seasons are discussed on the basis of
these two figures.

4.2.1 Spring (March, April, May)

The frequency of occurrence of the different aerosol compo-
nents during spring months March, April, and May 2017-
2019 are shown in the first row of Fig. 8. The dominat-
ing aerosol component for the observed layers ;—was the
CNS component. High-A high occurrence of large contribu-

tions (relative volume above 60 %) is also observed for the
CS component. The aerosol component least present (rel-
ative volume contribution below 20 %) was FSA. On av-
erage, aerosol mixtures are composed of 40421 % CNS,
31£19% CS, 21 £ 18 % FSNA, and 7 & 14 % FSA.

The height profiles of the air mass sources for the Haifa
station in spring are shown in the two upper left panels
of Fig. 9. In the lowest 1km, the most dominant air mass
sources in terms of geographical area (a) were Europe and
the Sahara, followed closely by the Arabian Peninsula. Air
masses from Persia were less frequent and were observed
up to 4.5km. Above 1km, the Sahara is the predominant
source. In terms of land cover (b), air masses originating
over water were the most frequent ones below 2 km and then
again above 3.5km. The second most frequent land cover
was barren, reaching a peak between 2.5 and 3 km. Other
land surfaces with significant air mass residence times were
grass/cropland, savanna/shrubland, and forest. With the ex-
ception of water, the residence time of all other land cate-
gories decreases monotonically with height.

The predominant CNS particles can therefore be attributed
to desert dust particles transported over the site mainly from
the Sahara desert-and the Arabian Peninsula. Air masses
from Europe most likely carried FSNA and FSA particles;
assoetated-with-aereselaerosels of anthropogenic origin, ur-
ban background, and pollutlon. The latter two are expected
to have local sources as well, given their low frequency
of occurrence of high relative volume contributions. The
overall high contribution of CS particles, usually associated
with sea-salt particles, primarily composed of water-soluble,
coarse sea-salt particles, can be explained by the fact that
Haifa is a coastal city.

4.2.2 Summer (June, July, August)

The frequency of occurrence of the different aerosol compo-
nents during summer months (June, July, and August 2017-
2018) is shown in the second row of Fig. 8. The aerosol layers
were dominated by CS particles, as indicated by the high oc-
currence of large relative volume contributions (greater than

https://doi.org/10.5194/
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Figure 8. Frequency of occurrence (absolute) of the different aerosol components, in terms of relative volume contribution, during the four

seasons. First row: spring months (March, April, and May 2017-2019);; second row: summer months (June, July, and August 2017-2018);

;_third row: autumn months (September, October, and November 2017-2018);-

February 2017-2019).

70 %), followed by FSNA and CNS particles. The FSA com-
ponent was the least present in the mixtures observed. On av-
erage, the observed aerosol mixtures consisted of 41 +21 %
CS, 29420 % FSNA, 20+ 20 % CNS, and 9 £ 15 % FSA.

The height profiles of the air mass sources for the Haifa
station in summer are shown in the two upper right pan-
els of Fig. 9. They reveal that in the lowest 4 km, the most
dominant air mass sources in terms of geographical area
(a) ~were-Europewere Europe, and in terms of land cover
(b) +-it was water. Sahara-ancd-The Sahara and the Arabian
Peninsula were also significant sources of air masses below
4 km, with the Sahara being the most prominent source be-
tween 6 and 9km. Below 6km, air mass sources included
alse-also included Persia. Apart from water, dominant land
surface categories included barren (peaking between 3.5 and
6 km), grass/cropland, savanna/shrubland, and forest. Land
cover categorized as urban was only apparent below 3.5 km.

The air mass source attribution correlates well with the
typing results. The dominance of the CS particles can be as-
sociated most likely with sea-salt particles picked up, while
air masses were traveling towards Haifa crossing
the Mediterranean sea. FSNA originated-mosttikely—most
Mfrom Europe, along with local contribu-
tions, while air masses originating from the Sahara and the
Arabian Peninsula justify the relatively high contribution of
CNS particles in the aerosol mixtures observed.

https://doi.org/10.5194/

- and fourth row: winter months (December, January, and

4.2.3 Autumn (September, October, November)

The third row of Fig. 8 depicts the frequency of occur-
rence of the different aerosol components during autumn
months (September, October, and November 2017-2018).
The aerosol component with the highest occurrence of large
relative volume contributions (greater than 80 %) was FSNA,
followed closely by CS. Similarly to all previous seasons dis-
cussed, the FSA component was the least present in the mix-
tures observed. On average, the aerosol mixtures observed in
the aerosol layers during autumn consisted of 44 £+ 21 % CS,
28 £20 % FSNA, 19 £20 % CNS, and 8 + 15 % FSA.

The most predominant air mass sources for autumn (Fig. 9,
two lower left panels) were the Arabian Peninsula and Eu-
rope below 2 km, while above that altitude, the Sahara dom-
inates in terms of geographical area (a). In terms of land sur-
face (b), air masses spent significant time above areas charac-
terized as water, barren, forest, shavannasavanna/shrubland,
and grass/cropland.

The strong presence of FSNA can be correlated with the
predominance of local and transported aeresel-aeresels of
anthropogenic origin from the Arabian Peninsula and Europe
respectively. The CNS component of the aerosol mixture can
be attributed to desert dust particles originating mainly from
the Arabian Peninsula for altitudes below 2 km, and mainly
from the Sahara desertin-at altitudes above 2 km.
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Figure 9. Air mass source estimate based on FLEXPART particle positions for the Haifa station for March, April, and May (spring season)
2017-2019 (upper left);; for June, July, and August (summer season) 2017-2018 (upper right);—; for September, October, and November
(autumn season) 2017-2018 (lower left);; and for December, January, and February (winter season) 2017-2019 (lower right). The named
geographical areas (a) and the land surface classification (b) are only for the periods with available lidar data (sub-sampled). The reception

height threshold is 2 km.

4.2.4 Winter (December, January, February)

The last row of Fig. 8 shows the frequency of occurrence of
the different aerosol components in terms of relative volume
during winter months. The layers were mostly composed of
CS particles, as indicated by their high occurrence of large
relative volume contributions (greater than 50 %), followed
by FSNA particles. The aerosol component least present (rel-
ative volume contribution <20 %) was FSA. On average,
aerosol mixtures are composed of 47 =21 % CS, 26 =20 %
FSNA, 19£20 % CNS, and 7 =15 % FSA.

Profiles of air mass source for the aerosol layers observed
above Haifa station in winter are shown in the two lower right
panels of Fig. 9. In terms of geographical areas (a), below
2 km the most dominant air mass sources were Europe and
the Sahara, followed closely by the Arabian Peninsula. Air
masses from Persia were less frequent and only up to 2km.
Above 2 km and up to 12 km, the most predominant source is
the Sahara. No air masses from the Far East-Deserts-Eastern
deserts and India fulfilled the 2km reception height crite-

rion. Most dominant land surface categories (b) were water,
barren, and grass/cropland, with water having significantly
higher residence time (especially above 4 km) compared to
all the other land surface categories. The residence time of
all other categories decreases monotonically with height.
Combining the aerosol information obtained from the
OEM and the air mass sources from TRACE, we can con-
clude that the CS particles observed are most likely ma-
rine aerosolaerosols: The air masses travellingfrom-traveling
from the Sahara and Europe towards Haifa spent significant
time above the water masses of the Mediterranean Sea allow-
ing the uptake of sea-salt particles. The FSNA aerosol com-
ponent can be attributed to European and Arabian sources,
and it is most likely composed of low or moderately ab-
sorbing aerosolaereselsy typically associated with aeroset
aerosols of anthropogenic origin. The CNS particles ob-
served are clearly desert dust particles, originating mainly
from the Sahara region (long-range transport) but also from
the Arabian peninsula-Peninsula (locally produced or trans-
ported over short distances). Finally, the small contribution

https://doi.org/10.5194/
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of FSA aeresol-aerosols can be attributed to particles emitted
from direct combustion processes, either produced region-
ally (Arabian Peninsula) or observed above Haifa after long-
range transport events (e.g., Europe).

4.2.5 Overview

An overview of the statistics of the seasonal relative volume
contribution per aerosol component is presented in Fig. 10.
Overall, the component with the highest contribution (for all
seasons except spring) is CS, followed by FSNA, CNS, and
then FSA with the lowest contributions. The high contribu-
tion of CS to the aerosol mixtures was expected, given the
location of Haifa, the altitude of the examined layers, and the
air mass source attribution. These CS particles can be cor-
related either with sea-salt particles or with other types of
particles (e.g.continental-aerosob-that, continental aerosols)
that, due to hygroscopic growth, grewn-grow to larger sizes
and therefore;—~were-were therefore detected as large spher-
ical particles to the aerosol mixture . The contribution
of FSNA can be explained partially by the fact that Haifa
is surrounded by industries, including large petrochemical
plants, an oil-fueled power station, a large cement factory,
and petroleum refineries among other small industries and
workshops (Ganor et al., 1998). FSNA aerosol-hasnot-only
aeresels not only have regional sources, but can be also leng
ranged-long-range transported from Europe (sulfate-related
particles) (Luria et al., 1996). During spring, the component
with the highest contribution to the observed aerosol mix-
tures was CNS. This can be attributed to desert dust transfer
by the prevailing synoptic patterns from the Sahara (Gkikas
et al., 2016). Thermal Saharan lows developed south of the
Atlas Mountains and, moving eastwards across the North
African coastinduee—, induced south-southwesterly winds,
favering-thus-thus favoring the transport of dust particles to-
wards the Mediterranean and Europe (Moulin et al., 1997;
Gkikas et al., 2014). The central and eastern parts of the
Mediterranean Sea are commonly affected by dust transports
under the aforementioned synoptic conditions as shown in
previous studies (Barnaba and Gobbi, 2004; Papadimas et al.,
2008; Gkikas et al., 2013; Floutsi et al., 2016).

5 Conclusions and outlook

For the first time, vertically resolved measurements of the
aerosol distribution were taken at the coastal site of Haifa,
Israel. The continuous long-term ebservation—observations
were performed with the multi-wavelength Raman and polar-
ization lidar PollyXT, which is part of EARLINET/ACTRIS
and is considered to be one of the first long-term AC-
TRIS campaigns outside Europe. The measurements were
conducted for twoe-2 years and the resulting optical particle
properties profiles were the basis for the characterization of
the aerosol type distribution over Israel. A novel aerosol typ-

https://doi.org/10.5194/
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ing method developed at TROPOS was used for the distinct
determination of the aerosol types. Based on this type sepa-
ration, the vertical extent and the seasonal differences of the
aerosol types were determined for the first time over this re-
gion in the Eastern-eastern Mediterranean.

The analysis of the 2-year continuous data set revealed
that a clear seasonal cycle in terms of the vertical aerosol
distribution over Haifa exists. The highest extends—extents
of the aerosol layers were observed in the summer period
with typical aerosol layer top heights up to 5-6 km. During
wintertime, the aerosol layers are more tight to the ground
with typical aerosol top heights up to 2 km. Also, the occur-
rence of different aerosol types has a strong seasonal cycle.
During the spring months (March—June), non-spherical par-
ticles have been observed frequently, as a result of intense
and regular dust transport from the Saharan—desert-Sahara
and the Arabian peninsula—Peninsula towards Israel. The
other months of the year (July—February) were dominated
by coarse-spherical particles that originate either from ma-
rine sources or are a result of hygroscopic growth of fine-
mode particles. Generally, the occurrence of pure aerosol
types in this region of the world is sparse, and most of the
time aerosol mixtures are observed. Fine-mode absorbing
and non-absorbing particles are present all year round ;-but
contribute only partly to the overall aerosol load. The sources
for this aerosol are anthropogenic either from the vicinity
of Haifa or from long-range transport from outside Israel,
or from both. Cearse-mode-Coarse-mode particles, either
spherical or non-spherical, seem to be the dominant aerosol
species above the local PBL.

Our results show for the first time a generalized picture
of the type-separated aerosol distribution in the region of
Haifa, Israel, and are a valuable basis for further studies on
the aerosol radiative impact on climate and investigations to-
wards aeresol-cloud-interactionaerosol—cloud interaction. In
the frame of the collaboration with the Technion, the lidar
measurements were also used as an anchor for a 3D wide-
field sky scatterer tomography study. For a part of the time
duration of the lidar observations, extensive sky-view images
were taken by all-sky cameras from multiple views, to ob-
serve and map clouds in 3D across time. The results of this
study are described in Aides et al. (2020). A further study
used the vertical lidar profiles at Haifa to analyse-analyze
the performance of the Multi-Angle Implementation of At-
mospheric Correction algorithm (MAIAC) for cases of com-
plex aerosol layering and mixing states in the Eastera-castern
Mediterranean (Rogozovsky et al., 2021). Our results could
also be used to improve parameterizations of aerosol trans-
port models to enhance research on air quality in Israel. In
the near future, further continuous aerosol lidars will be set
up in the frame of ACTRIS within in—Europe but also in
key regions outside Europe (e.g., in the dust belt). Currently
efforts are being made to provide results from this type of
measurements in near-real time so that such lidar observa-
tions may be in future assimilated in aerosol transport models
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Figure 10. Seasonal statistics of the relative volume contribution of the different aerosol components. Minimum and maximum values are
indicated by the lower and upper whisker, median and mean values by the red lines and rhombuses, respectively. The lower part of each box
indicates the 25 % percentile and the upper part the 75 % percentile. Red crosses show the outliers.

and boost aerosol-related research in a new era. For that pur-
pose, a new PollyXT lidar of the latest generation (Engelmann
et al., 2016) was acquired by Tel Aviv University (TAU), Is-
rael, and is-has been deployed at the rooftop of the Kaplun
building at the TAU Campus since September 2019. Within
this collaboration, the continuous observations of the aerosol
distribution above Israel will be continued for the upcoming
years.

Data availability. Lidar data are available upon request from the
authors and data “quicklooks’ are available on the PollyNET web-
site (http://polly.tropos.de/, last access: 30 June 2021, Leibniz Insti-
tute for Tropospheric Research, 202 11E2).

Author contributions. BH drafted and wrote the article. AAF de-
veloped the typing algorithm and wrote the respective parts of the
article. She also conducted the TRACE air mass analysis, with as-
sistance from MR. HB supervised her work. DA, JH, and BH im-
plemented and maintained the instrument at Haifa. SM and AH
analyzed the twe—year2-year lidar data. YYS supported the lidar
measurements and provided the measurement site. All authors con-
tributed to the scientific discussion and reviewed and edited the

mantserptpaper.

Competing interests. The contact author has declared that neither
they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We are grateful to Rotem Zamir, Vadim
Holodovsky, Aviad Levis, and Amit Aides for assistance in the
lidar operation in Haifa. This—prejeetis—funded-by—the-German-
LoraeliE . IR 11262 401-10/20 i :

Financial support. This research has been supported by the NAME
OF FUNDER (grant no. GRANT AGREEMENT NO).[5The pub-
lication of this article was funded by the

Open Access Fund of the Leibniz Association.

Review statement. This paper was edited by Anne Perring and re-
viewed by two anonymous referees.

References

Aides, A., Levis, A., Holodovsky, V., Schechner, Y. Y., Al-
thausen, D., and Vainiger, A.: Distributed Sky Imaging Radiom-
etry and Tomography, Proc. IEEE ICCP — Int. Conference on
Computational Photography, 2020.

https://doi.org/10.5194/


http://polly.tropos.de/
heese
Eingefügter Text
This project is funded by the German-
Israeli Foundation (GIF grant I-1262 401.10/2014) with support of
the Norman and Helen Asher Fund. The work of Yoav Y. Schechner
is conducted in the Ollendorff Minerva Center. Minerva is
funded through the BMBF (German federal ministry for education
and research). TROPOS has received funding from the European
Union’s Horizon 2020 research and innovation programme under
grant agreement No :: no. 654109.

heese
Durchstreichen


B. Heese et al.: Vertical aerosol type distribution above Israel

Althausen, D., Engelmann, R., Baars, H., Heese, B., Ansmann, A.,
Muller, D., and Komppula, M.: Portable Raman Lidar Polly(XT)
for Automated Profiling of Aerosol Backscatter, Extinction,
and Depolarization, J. Atmos. Ocean. Tech., 26, 2366-2378,
https://doi.org/10.1175/2009jtechal304.1, 2009.

Anmiridis, V., Marinou, E., Tsekeri, A., Wandinger, U., Schwarz, A.,
Giannakaki, E., Mamouri, R., Kokkalis, P., Binietoglou, I., Solo-
mos, S., Herekakis, T., Kazadzis, S., Gerasopoulos, E., Proes-
takis, E., Kottas, M., Balis, D., Papayannis, A., Kontoes, C.,
Kourtidis, K., Papagiannopoulos, N., Mona, L., Pappalardo, G.,
Le Rille, O., and Ansmann, A.: LIVAS: a 3-D multi-wavelength
aerosol/cloud database based on CALIPSO and EARLINET, At-
mos. Chem. Phys., 15, 7127-7153, https://doi.org/10.5194/acp-
15-7127-2015, 2015.

Ansmann, A., Wandinger, U., Riebesell, M., Weitkamp, C., and
Michaelis, W.: Independent measurement of extinction and
backscatter profiles in cirrus clouds by using a combined Ra-
man elastic-backscatter lidar, Appl. Optics, 31, 7113-7131,
https://doi.org/10.1364/A0.31.007113, 1992.

Baars, H., Kanitz, T., Engelmann, R., Althausen, D., Heese,
B., Komppula, M., PreiBler, J., Tesche, M., Ansmann, A.,
Wandinger, U., Lim, J.-H., Ahn, J. Y., Stachlewska, 1. S.,
Amiridis, V., Marinou, E., Seifert, P., Hofer, J., Skupin, A.,
Schneider, F., Bohlmann, S., Foth, A., Bley, S., Pfiiller, A., Gian-
nakaki, E., Lihavainen, H., Viisanen, Y., Hooda, R. K., Pereira,
S. N., Bortoli, D., Wagner, F., Mattis, 1., Janicka, L., Markowicz,
K. M., Achtert, P., Artaxo, P., Pauliquevis, T., Souza, R. A. F,,
Sharma, V. P, van Zyl, P. G., Beukes, J. P., Sun, J., Rohwer, E.
G., Deng, R., Mamouri, R.-E., and Zamorano, F.: An overview of
the first decade of PollyNET: an emerging network of automated
Raman-polarization lidars for continuous aerosol profiling, At-
mos. Chem. Phys., 16, 5111-5137, https://doi.org/10.5194/acp-
16-5111-2016, 2016.

Barnaba, F. and Gobbi, G. P.: Aerosol seasonal variability over
the Mediterranean region and relative impact of maritime, conti-
nental and Saharan dust particles over the basin from MODIS
data in the year 2001, Atmos. Chem. Phys., 4, 2367-2391,
https://doi.org/10.5194/acp-4-2367-2004, 2004.

Belegante, L., Bravo-Aranda, J. A., Freudenthaler, V., Nicolae, D.,
Nemuc, A., Ene, D., Alados-Arboledas, L., Amodeo, A., Pap-
palardo, G., D’ Amico, G., Amato, F., Engelmann, R., Baars, H.,
Wandinger, U., Papayannis, A., Kokkalis, P., and Pereira, S. N.:
Experimental techniques for the calibration of lidar depolariza-
tion channels in EARLINET, Atmos. Meas. Tech., 11, 1119—-
1141, https://doi.org/10.5194/amt-11-1119-2018, 2018.

Burton, S. P, Ferrare, R. A., Hostetler, C. A., Hair, J. W., Rogers, R.
R., Obland, M. D., Butler, C. F.,, Cook, A. L., Harper, D. B., and
Froyd, K. D.: Aerosol classification using airborne High Spectral
Resolution Lidar measurements — methodology and examples,
Atmos. Meas. Tech., 5, 73-98, https://doi.org/10.5194/amt-5-73-
2012, 2012.

Charlson, R. J. and Heintzenberg, J.: Aerosol forcing of climate,
Wiley, 1995.

Dayan, U., Ziv, B., Shoob, T., and Enzel, Y.: Suspended
dust over southeastern Mediterranean and its relation to
atmospheric circulations, Int. J. Climatol., 28, 915-924,
https://doi.org/10.1002/joc.1587, 2008.

Engelmann, R., Kanitz, T., Baars, H., Heese, B., Althausen, D.,
Skupin, A., Wandinger, U., Komppula, M., Stachlewska, 1. S.,

https://doi.org/10.5194/

15

Amiridis, V., Marinou, E., Mattis, 1., Linné, H., and Ansmann,
A.: The automated multiwavelength Raman polarization and
water-vapor lidar PollyXT: the neXT generation, Atmos. Meas.
Tech., 9, 1767-1784, https://doi.org/10.5194/amt-9-1767-2016,
2016.

Floutsi, A. A., Korras-Carraca, M. B., Matsoukas, C., Hatzianas-
tassiou, N., and Biskos, G.: Climatology and trends of
aerosol optical depth over the Mediterranean basin dur-
ing the last 12 years (2002-2014) based on Collection
006 MODIS-Aqua data, Sci. Total Environ., 551, 292-303,
https://doi.org/10.1016/j.scitotenv.2016.01.192, 2016.

Floutsi, A. A., Baars, H., and Wandinger, U.: Towards an
automatic aerosol typing algorithm applicable for ground-
based and spaceborne lidars, Living Planet Symposium,
https://doi.org/10.13140/RG.2.2.14147.45604, 2019.

Freudenthaler, V.: About the effects of polarising optics on lidar
signals and the A90 calibration, Atmos. Meas. Tech., 9, 4181—
-4255, https://doi.org/10.5194/amt-9-4181-2016, 2016.

Friedl, M. A., Mclver, D. K., Hodges, J. C., Zhang, X. Y., Mu-
choney, D., Strahler, A. H., Woodcock, C. E., Gopal, S., Schnei-
der, A., and Cooper, A.: Global land cover mapping from
MODIS: algorithms and early results, Remote Sens. Environ.,
83, 287-302, 2002.

Ganor, E., Levin, Z., and Van Grieken, R.: Composition of in-
dividual aerosol particles above the Israelian Mediterranean
coast during the summer time, Atmos. Environ., 32, 1631-1642,
https://doi.org/10.1016/S1352-2310(97)00397-X, 1998.

Gkikas, A., Hatzianastassiou, N., Mihalopoulos, N., Katsoulis,
V., Kazadzis, S., Pey, J., Querol, X., and Torres, O.: The
regime of intense desert dust episodes in the Mediter-
ranean based on contemporary satellite observations and
ground measurements, Atmos. Chem. Phys., 13, 12135-12154,
https://doi.org/10.5194/acp-13-12135-2013, 2013.

Gkikas, A., Houssos, E., Lolis, C., Bartzokas, A., Mihalopoulos,
N., and Hatzianastassiou, N.: Atmospheric circulation evolution
related to desert dust episodes over the Mediterranean, Q. J. Roy.
Meteorol. Soc., 141, https://doi.org/10.1002/qj.2466, 2014.

Gkikas, A., Basart, S., Hatzianastassiou, N., Marinou, E., Amiridis,
V., Kazadzis, S., Pey, J., Querol, X., Jorba, O., Gasso, S., and
Baldasano, J. M.: Mediterranean intense desert dust outbreaks
and their vertical structure based on remote sensing data, At-
mos. Chem. Phys., 16, 8609-8642, https://doi.org/10.5194/acp-
16-8609-2016, 2016.

GroB, S., Esselborn, M., Weinzierl, B., Wirth, M., Fix, A., and Pet-
zold, A.: Aerosol classification by airborne high spectral reso-
lution lidar observations, Atmos. Chem. Phys., 13, 2487-2505,
https://doi.org/10.5194/acp-13-2487-2013, 2013.

GroB, S., Freudenthaler, V., Wirth, M., and Weinzierl, B.: Towards
an aerosol classification scheme for future EarthCARE lidar ob-
servations and implications for research needs, Atmos. Sci. Lett.,
16, 77-82, https://doi.org/10.1002/as12.524, 2015.

Haarig, M., Ansmann, A., Althausen, D., Klepel, A., GroB, S.,
Freudenthaler, V., Toledano, C., Mamouri, R.-E., Farrell, D. A.,
Prescod, D. A., Marinou, E., Burton, S. P., Gasteiger, J., En-
gelmann, R., and Baars, H.: Triple-wavelength depolarization-
ratio profiling of Saharan dust over Barbados during SALTRACE
in 2013 and 2014, Atmos. Chem. Phys., 17, 10767-10794,
https://doi.org/10.5194/acp-17-10767-2017, 2017a.


https://doi.org/10.1175/2009jtecha1304.1
https://doi.org/10.5194/acp-15-7127-2015
https://doi.org/10.5194/acp-15-7127-2015
https://doi.org/10.1364/AO.31.007113
https://doi.org/10.5194/acp-16-5111-2016
https://doi.org/10.5194/acp-16-5111-2016
https://doi.org/10.5194/acp-4-2367-2004
https://doi.org/10.5194/amt-11-1119-2018
https://doi.org/10.5194/amt-5-73-2012
https://doi.org/10.5194/amt-5-73-2012
https://doi.org/10.1002/joc.1587
https://doi.org/10.5194/amt-9-1767-2016
https://doi.org/10.1016/j.scitotenv.2016.01.192
https://doi.org/10.13140/RG.2.2.14147.45604
https://doi.org/10.5194/amt-9-4181-2016
https://doi.org/10.1016/S1352-2310(97)00397-X
https://doi.org/10.5194/acp-13-12135-2013
https://doi.org/10.1002/qj.2466
https://doi.org/10.5194/acp-16-8609-2016
https://doi.org/10.5194/acp-16-8609-2016
https://doi.org/10.5194/acp-13-2487-2013
https://doi.org/10.1002/asl2.524
https://doi.org/10.5194/acp-17-10767-2017

16

Haarig, M., Ansmann, A., Gasteiger, J., Kandler, K., Althausen, D.,
Baars, H., Radenz, M., and Farrell, D. A.: Dry versus wet marine
particle optical properties: RH dependence of depolarization ra-
tio, backscatter, and extinction from multiwavelength lidar mea-
surements during SALTRACE, Atmos. Chem. Phys., 17, 14199—
14217, https://doi.org/10.5194/acp-17-14199-2017, 2017b.

Heese, B., Althausen, D., Dinter, T., Esselborn, M., Miiller, T.,
Tesche, M., and Wiegner, M.: Vertically resolved dust opti-
cal properties during SAMUM: Tinfou compared to Ouarza-
zate, Tellus B, 61, 195-205, https://doi.org/10.1111/.1600-
0889.2008.00404.x, 2009.

Heese, B., Hofer, J., Baars, H., Engelmann, R., Althausen, D.,
and Schechner, Y. Y.: Wild fire aerosol optical properties mea-
sured by lidar at Haifa, Israel, EP] Web of Conferences,
https://doi.org/10.1051/epjconf/201817605049, 2017.

Hofer, J., Ansmann, A., Althausen, D., Engelmann, R., Baars, H.,
Fomba, K. W., Wandinger, U., Abdullaev, S. F., and Makhmu-
dov, A. N.: Optical properties of Central Asian aerosol rel-
evant for spaceborne lidar applications and aerosol typing
at 355 and 532nm, Atmos. Chem. Phys., 20, 9265-9280,
https://doi.org/10.5194/acp-20-9265-2020, 2020.

Israelevich, P. L., Ganor, E., Levin, Z., and Joseph, J. H.
Annual variations of physical properties of desert dust
over Israel, J. Geophys. Res.-Atmos., 108, 915-924,
https://doi.org/10.1029/2002JD003163, 2003.

Kocak, M., Nimmo, M., Kubilay, N., and Herut, B.: Spatio-temporal
aerosol trace metal concentrations and sources in the Levantine
Basin of the Eastern Mediterranean, Atmos. Environ., 38, 2133—
2142, https://doi.org/10.1016/j.atmosenv.2004.01.020, 2004.

Kubilay, N., Nickovic, S., Moulin, C., and Dulac, F.: An illus-
tration of the transport and deposition of mineral dust onto
the eastern Mediterranean, Atmos. Environ., 34, 1293-1303,
https://doi.org/10.1016/S1352-2310(99)00179-X, 2000.

Luria, M., Peleg, M., Sharf, G., Tov-Alper, D. S., Spitz,
N., Ben Ami, Y., Gawii, Z., Lifschitz, B., Yitzchaki, A.,
and Seter, I.: Atmospheric sulfur over the east Mediter-
ranean region, J. Geophys. Res.-Atmos., 101, 25917-25930,
https://doi.org/10.1029/96JD01579, 1996.

Mamouri, R.-E., Ansmann, A., Nisantzi, A., Kokkalis, P,
Schwarz, A., and Hadjimitsis, D.: Low Arabian dust
extinction-to-backscatter ratio, Geophys. Res. Lett.,, 40,
https://doi.org/10.1002/gr1.50898, 2013.

Moulin, C., Lambert, C. E., Dulac, F., and Dayan, U.: Con-
trol of atmospheric export of dust from North Africa
by the North Atlantic Oscillation, Nature, 387, 691-694,
https://doi.org/10.1038/42679, 1997.

Miiller, D., Ansmann, A., Mattis, 1., Tesche, M., Wandinger, U.,
Althausen, D., and Pisani, G.: Aerosol-type-dependent lidar ra-
tios observed with Raman lidar, J. Geophys. Res. Atmos, 112,
https://doi.org/10.1029/2006JD008292, 2007.

Murayama, T., Okamoto, H., Kaneyasu, N., Kamataki, H.,
and Miura, K.: Application of lidar depolarization measure-
ment in the atmospheric boundary layer: Effects of dust
and sea-salt particles, J. Geophys. Res., 104, 31781-31792,
https://doi.org/10.1029/1999JD900503, 1999.

NCEP: NCEP FNL Operational Model Global Tropospheric
Analyses, continuing from July 1999, National Cen-
ters For Environmental Prediction/National Weather Ser-

B. Heese et al.: Vertical aerosol type distribution above Israel

vice/NOAA/U.S. Department Of Commerce [data set],
https://doi.org/10.5065/D6M043C6, 2000.

Nisantzi, A., Mamouri, R. E., Ansmann, A., Schuster, G. L., and
Hadjimitsis, D. G.: Middle East versus Saharan dust extinction-
to-backscatter ratios, Atmos. Chem. Phys., 15, 7071-7084,
https://doi.org/10.5194/acp-15-7071-2015, 2015.

Papadimas, C. D., Hatzianastassiou, N., Mihalopoulos, N., Querol,
X., and Vardavas, I.: Spatial and temporal variability in
aerosol properties over the Mediterranean basin based on 6-
year (2000-2006) MODIS data, J. Geophys. Res.-Atmos., 113,
https://doi.org/10.1029/2007JD009189, 2008.

Pisso, 1., Sollum, E., Grythe, H., Kristiansen, N. I., Cas-
siani, M., Eckhardt, S., Arnold, D., Morton, D., Thomp-
son, R. L., Groot Zwaaftink, C. D., Evangeliou, N., Sode-
mann, H., Haimberger, L., Henne, S., Brunner, D., Burkhart,
J. F, Fouilloux, A., Brioude, J., Philipp, A., Seibert, P., and
Stohl, A.: The Lagrangian particle dispersion model FLEX-
PART version 10.4, Geosci. Model Dev., 12, 4955-4997,
https://doi.org/10.5194/gmd-12-4955-2019, 2019.

Radenz, M.: Software for automated trajectory analysis: trace, Zen-
odo [code], https://doi.org/10.5281/zenodo.2576558, 2021.

Radenz, M., Seifert, P., Baars, H., Floutsi, A. A., Yin, Z., and
Biihl, J.: Automated time-height-resolved air mass source at-
tribution for profiling remote sensing applications, Atmos.
Chem. Phys., 21, 3015-3033, https://doi.org/10.5194/acp-21-
3015-2021, 2021.

Rodgers, C. D.: Inverse methods for atmospheric sounding: theory
and practice, vol. 2, World Scientific, 2000.

Rogozovsky, 1., Ansmann, A., Althausen, D., Heese, B., Engel-
mann, R., Hofer, J., Baars, H., Schechner, Y., Lyapustin, A., and
Chudnovsky, A.: Impact of aerosol layering, complex aerosol
mixing, and cloud coverage on high-resolution MAIAC aerosol
optical depth measurements: Fusion of lidar, AERONET, satel-
lite, and ground-based measurements, Atmos. Environ., 247,
118163, https://doi.org/10.1016/j.atmosenv.2020.118163, 2021.

Stohl, A., Forster, C., Frank, A., Seibert, P., and Wotawa, G.:
Technical note: The Lagrangian particle dispersion model
FLEXPART version 6.2, Atmos. Chem. Phys., 5, 2461-2474,
https://doi.org/10.5194/acp-5-2461-2005, 2005.

Tesche, M., Ansmann, A., Miiller, D., Althausen, D., Engelmann,
R., Freudenthaler, V., and Grof3, S.: Vertically resolved sepa-
ration of dust and smoke over Cape Verde using multiwave-
length Raman and polarization lidars during Saharan Min-
eral Dust Experiment 2008, J. Geophys. Res.-Atmos., 114,
https://doi.org/10.1029/2009JD011862, 2009a.

Tesche, M., Ansmann, A., Miiller, D., Althausen, D., Mat-
tis, 1., Heese, B.and Freudenthaler, V., Wiegner, M., Essel-
born, M., Pisani, G., and Knippertz, P.: Vertical profiling
of Saharan dust with Raman lidar and airborne HSRL in
Southern Morocco during SAMUM, Tellus B, 61, 144-164,
https://doi.org/10.1111/j.1600-0889.2008.00390.x, 2009b.

Val Martin, M., Kahn, R. A., and Tosca, M. G.: A Global
Analysis of Wildfire Smoke Injection Heights Derived
from Space-Based Multi-Angle Imaging, Remote Sens.,
10, https://doi.org/10.3390/rs10101609, 2018.

Wandinger, U. and Ansmann, A.: Experimental Determination of
the Lidar Overlap Profile with Raman Lidar, Appl. Optics, 41,
511-514, https://doi.org/10.1364/A0.41.000511, 2002.

https://doi.org/10.5194/


https://doi.org/10.5194/acp-17-14199-2017
https://doi.org/10.1111/j.1600-0889.2008.00404.x
https://doi.org/10.1111/j.1600-0889.2008.00404.x
https://doi.org/10.1051/epjconf/201817605049
https://doi.org/10.5194/acp-20-9265-2020
https://doi.org/10.1029/2002JD003163
https://doi.org/10.1016/j.atmosenv.2004.01.020
https://doi.org/10.1016/S1352-2310(99)00179-X
https://doi.org/10.1029/96JD01579
https://doi.org/10.1002/grl.50898
https://doi.org/10.1038/42679
https://doi.org/10.1029/2006JD008292
https://doi.org/10.1029/1999JD900503
https://doi.org/10.5065/D6M043C6
https://doi.org/10.5194/acp-15-7071-2015
https://doi.org/10.1029/2007JD009189
https://doi.org/10.5194/gmd-12-4955-2019
https://doi.org/10.5281/zenodo.2576558
https://doi.org/10.5194/acp-21-3015-2021
https://doi.org/10.5194/acp-21-3015-2021
https://doi.org/10.1016/j.atmosenv.2020.118163
https://doi.org/10.5194/acp-5-2461-2005
https://doi.org/10.1029/2009JD011862
https://doi.org/10.1111/j.1600-0889.2008.00390.x
https://doi.org/10.3390/rs10101609
https://doi.org/10.1364/AO.41.000511

B. Heese et al.: Vertical aerosol type distribution above Israel

Wandinger, U., Baars, H., Engelmann, R., Hiinerbein, A., Horn, S.,
Kanitz, T., Donovan, D., van Zadelhoff, G.-J., Daou, D., Fis-
cher, J., von Bismarck, J., Filipitsch, F., Docter, N., Eisinger, M.,
Lajas, D., and Wehr, T.: HETEAC: The Aerosol Classification
Model for EarthCARE, EPJ Web of Conferences, 119, 01004,
https://doi.org/10.1051/epjconf/201611901004, 2016.

https://doi.org/10.5194/

17


https://doi.org/10.1051/epjconf/201611901004

Remarks from the language copy-editor

Please note the slight edits to this affiliation (a space was added between the street and street number and the spelling

of Tropospheric was corrected).

Please check.

Please check the word change.

Please note that Persia is an outdated term and as such is not allowed in our journals. Could this be changed to Iran
throughout?

Please note that it is preferable that sentences do not begin with numerals.

Please check the sentence rewording.

Please check; the use of “less” here was grammatically incorrect.

Please check the sentence rewording.

Remarks from the typesetter

Please check; Athena A. Floutsi or Athena Augusta Floutsi as in the MS records?

The composition of Figs. 3, 4, and 7 has been adjusted to our standards.

Please indicate in the caption why some values are denoted in bold.

Please add reference to reference list.

Please note that there is funding information given in the acknowledgements, but you did not indicate any funding
upon manuscript registration. Therefore, we were not able to complete the financial support statement. Please provide the
missing information and double-check your acknowledgements to see whether repeated information can be removed from the
acknowledgements. Thanks.

Please ensure that any data sets and software codes used in this work are properly cited in the text and included in
this reference list. Thereby, please keep our reference style in mind, including creators, titles, publisher/repository, persistent
identifier, and publication year. Regarding the publisher/repository, please add "[data set]" or "[code]" to the entry (e.g. Zenodo
[code]).
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Please provide article number or page range.
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Please provide article number or page range.

Please provide article number or page range.

Please check and confirm adjustements.

Please provide article number or page range.

Please check and confirm addition.

Please provide the edition, editors (if not authors), and a persistent identifier.

Please provide article number or page range.

Please provide article number or page range.





