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Abstract. The polarization-lidar photometer networking with strong agricultural activities also contribute to the dust
(POLIPHON) method for separating dust and non-dustload over Europe.

aerosol backscatter and extinction, volume, and mass con- For a proper consideration of mineral dust in climate mod-
centration is extended to allow for a height-resolved sepa<ling and air quality monitoring efforts, vertical profiling of
ration of fine-mode and coarse-mode dust properties in adeust with the potential to distinguish between fine-mode and
dition. The method is applied to a period with complex coarse-mode dust is requirdtok, 2011 Zhang et al.2013.
aerosol layering of fine-mode background dust from TurkeyThe fine mode covers by definition the particle size spectrum
and Arabian desert dust from Syria. The observation wasup to 1 um in diameter, whereas the coarse mode contains
performed at the combined European Aerosol Research Lithe supermicrometer dust particles (diameters greater than
dar Network (EARLINET) and Aerosol Robotic Network 1pum). Fine and coarse dust particles influence the Earth's
(AERONET) site of Limassol (34°MN, 33 E), Cyprus, in  radiation budget, cloud processes, and environmental condi-
September 2011. The dust profiling methodology and caséions in different waysNabat et al.2012 Mahowald et al.
studies are presented. Consistency between the columr2014). The optical properties and radiative impact are widely
integrated optical properties obtained with sun/sky photome-controlled by coarse-mode dust particles. However, 20—40 %
ter and the respective results derived by means of the newf the dust-related optical depth is caused by fine-mode dust
lidar-based method corroborate the applicability of the ex-according to Aerosol Robotic Network (AERONET) sun/sky
tended POLIPHON version. photometer observations (see Sect. 3). Regarding the influ-
ence on cloud processes, coarse dust particles belong to the
most favorable cloud condensation and ice nudi@Nlott

et al, 2010. Fine-mode dust particles, on the other hand,
can significantly impact air quality, defined in PM (particu-
late matter) aerosol levels, and may even sometimes domi-
nate PM o (particles with diameters less than 1.0 um) obser-
vations at sites close to deserts, such as Cyprus. As an ex-

1 Introduction

Mineral dust is a major component of the atmospheric
aerosol system, uniquely influencing climatic and environ-

mentgl conditions. The desgrts in norj[hern Africa and in mple, on 1 April 2013, the 500 nm aerosol particle optical
the Middle East (western Asia) are major dust sources an hickness (AOT) increased from 1 to 4 between 08:00 and

have a strong impact on air quality and aerosol conditions in12:00 UTC over Cyprus during a rather strong Saharan dust

southern and eastern Europe. Large amounts of mineral du?)tutbreak. These large AOT values indicate fine-mode dust
can be advected over long distances in the lower free tropo;, 2ss concentrations of 35-140 ughrin the tropospheric

sphere from these deserts to remote areas within a few days,; mn up to 4-5 km in height, which is 10-15 % of the total
(Ansmann et a).2003 Papayannis et al2008 Baars et al. dust mass concentration '

2011). Turbulent exchange processes at the interface between In this contribution, we present the first attempt to use
thg free troposphere ?r.]d the planetary boundary layer Iea_d t8mpirical knowledge on the light-depolarizing properties of
efficient downward mixing of dust towards the surface. Emis-4 o\ J4a and coarse-mode dusakai et al. 2010 in the
sions from arid (non-desert) and semi-arid regions and areas '
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interpretation of polarization lidar observations, with the goal concentration profiles separately for fine-mode and coarse-
of separating fine-mode, coarse-mode, and remaining nonmode spherical particles and coarse-mode non-spherical par-
dust aerosol components. To date, polarization lidars havéicles.
been used to identify dust and to separate backscatter and GARRLIC is an extended version of LIRIC, and pursues
extinction coefficients of dust and non-dust aerosol (e.g.an even deeper synergy of lidar and radiometer data in the
Sugimoto and Lee2006 Nishizawa et al. 2007 Tesche retrievals. To apply the LIRIC and GARRLIC methods, lidar
et al, 2009 2011 GroR et al, 201% Ansmann et aJ.2011a and photometer observation have to be performed simultane-
2012. The most important parameter in these studies is theously. Thus, cloudfree conditions are required.
so-called particle linear depolarization ratio (frequently sim- In contrast, the POLIPHON approach is designed ex-
ply denoted as the depolarization ratio). plicitly to avoid the use of a particle shape model and
Our attempt to develop a method for fine and coarse dustlso a strong dependence on photometer observations.
separation, as an extension of the Polarization Lidar PhoPOLIPHON is applicable even in cloudy conditions, which
tometer Networking (POLIPHON) methodiismann et aJ.  often occur during dust outbreaks, and thus is able to be ap-
2012, was motivated by observations of enhanced free-plied in aerosol-cloud interaction studies. The technique is
tropospheric depolarization ratios of 10-20 % with the Eu-based on measured 18light-depolarization characteristics
ropean Aerosol Research Lidar Network (EARLINET) po- for dust aerosol particles.
larization lidar over Limassol (342N, 33 E, 50m above This approach was originally developed for the sepa-
sea level, a.s.l.), Cyprus. Such values indicate the presenaation of non-dust (spherical fine-mode) and dust (non-
of dust. At the same time, however, AERONET sun/sky pho-spherical coarse-mode) particle backscatter coefficients. The
tometer measurements indicated the absence of coarse-modata analysis is straightforward and performed in one com-
dust particles. These enhanced depolarization ratios werputational step. We denote this approach therefore as the
thus most likely exclusively caused by fine-mode dust parti-one-step POLIPHON method in the following. The extended
cles. According to laboratory studies$dikai et al(2010 for POLIPHON formalism allows the separation of non-dust,
a laser wavelength of 532 nm, dust particle size distributiondine, and coarse dust particle backscatter coefficients. The
dominated by fine-mode particles cause particle depolarizadata analysis is performed in two computational steps (the
tion ratios of around 0.1 0.05, whereas particle depolar- two-step POLIPHON method). Both methods for the re-
ization ratios of 0.3% 0.04 were observed in the presence of trieval of optical properties, volume, and mass concentrations
a high number of desert dust particles in the supermicromeare outlined in Sect. 5. POLIPHON belongs to the family of
ter range (coarse-mode particles). The laboratory studies aneell-established lidar aerosol-typing methods that built on
discussed further in Sect. 4. empirically gathered optical aerosol properties as presented
Presently, several new dust profiling methods are beingoy GroR et al(2013 andBurton et al.(2014).
tested, built on existing AERONET and EARLINET mea- In Sect. 2, the lidar and photometer instruments are briefly
surements in Europe. Two fundamentally different lidar- described. Section 3 presents an overview of typical optical
/photometer-based retrieval concepts are applied. On theroperties of desert dust in terms of fine-mode and coarse-
one hand, the Lidar/Radiometer Inversion Code (LIRIC) mode dust optical depth, the fine-mode optical depth fraction,
(Chaikovsky et a].2012 and the Generalized Aerosol Re- and Angstrém exponents. This section is presented to empha-
trieval from Radiometer and Lidar Combined data (GAR- size the need for the development of more sophisticated fine
RLiC) methods lCopatin et al, 2013 are used. As an alter- and coarse dust separation technigues. In Sect. 4, an overview
native technique, the POLIPHON approaémg¢mann eta).  of relevant light-depolarizing aerosol types is given, includ-
2012 was developed. ing their characteristic particle linear depolarization ratios.
LIRIC uses profiles of elastic-backscatter lidar return sig- This section also discusses the potential impact (interference)
nals at 355, 532, and 1064 nm and, as a priori assumpef non-dust, but sensitively depolarizing aerosol components
tions, AERONET retrieval products (column-integrated par-in biasing our dust profiling efforts. After the presentation
ticle size distribution, composition, complex refractive in- of the one-step and two-step POLIPHON methodologies in
dex) based on a particle shape model. The irregularly shape8ect. 5, the new dust retrieval scheme is then applied to an
dust particles are assumed to be spheroidal dust particlegpisode with complex aerosol layering with background fine-
This approach works well in the case of the analysis ofmode dust as well as desert dust (coarse and fine dust) during
pure sun/sky photometer dataubovik et al, 200§. How- a strong dust outbreak in September 2011 (Sect. 6). Summa-
ever, it is shown byWagner et al(2013 that this particle  rizing and concluding remarks are given in Sect. 7.
shape model introduces significant uncertainties in the LIRIC
aerosol products when applied to lidar backscatter returns
(i.e., to light scattering information for a scattering angle
of exactly 180). Products of the LIRIC data analysis are
height profiles of particle backscatter and extinction coeffi-
cients at the three wavelengths, and particle volume and mass
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2 Instrumentation a factor of 2 in particle backscattering from the surface
(strongly influenced by Limassol urban haze) to 300m in
2.1 Polarization lidar height Mamouri et al, 2013. This assumption about the

lowermost part of the backscatter profile is based on careful

The lidar station of the Cyprus University of Technology inspections of night aerosol Raman observations, i.e, of the
(CUT) at Limassol is located about 150 km south of Turkey profiles of the signal ratio of the 532 nm elastic backscatter
and 250 km west of Syridamouri et al, 2013. The source  signal to the 607 nm nitrogen Raman signal. This signal ratio
laser transmits linear-polarized pulses, and the receiving uniis essentially independent of the overlap effect. The impact of
detects the parallel- and cross-polarized signal componentthe lowermost 300 m on our retrieval products and the subse-
with respect to the plane of laser polarization at a 532 nmquent comparisons with AERONET photometer column data
wavelength. The ratio of the calibrated cross-polarized tois low (the AOT contribution is on the order of 10 %) in the
parallel-polarized signal yields the volume linear depolariza-case of the discussed desert dust outbreak observations.
tion ratio from which the particle depolarization ratio can
be computed (e.gTesche et a).2009. The lidar has four 2.2 Sun/sky photometer
channels for the measurement of the parallel- and cross-
polarized signal components at 532 nm, the total backscatThe lidar is collocated with a sun/sky photometer of
ter signal at 1064 nm, and the nitrogen Raman backscatteihe Aerosol Robotic Network (AERONET, CUT-TEPAK
signal at 607 nm. Calibration of the polarization channels issite, Limassol, Cyprusttp://aeronet.gsfc.nasa.gdtHolben
performed by rotating the box with the polarization-sensitive et al, 1998. The CUT-AERONET photometer allows the re-
channels following the methodology &feudenthaler et al. trieval of the aerosol optical thickness (AOT) at eight wave-
(2009. The transmission properties of the receiver (for paral-lengths from 339 to 1638nm. Sky radiance observations
lel and perpendicularly polarized light) required for an accu-at four wavelengths complete the AERONET observations.
rate determination of the particle linear depolarization ratioFrom the spectral AOT distribution, the Angstrém exponent
are available from test and calibration measurements. AE (Angstrém 1964 and the fine-mode fraction FMF (frac-

The full overlap of the laser beam with the receiver field of tion of fine-mode AOT to total AOT)@’Neill et al., 20038
view of the 20 cm Cassegrain telescope is obtained at heightgre obtained. By including sky radiance observations in the
around 300 ma.l. The overlap characteristics were checked data analysis, the volume size distribution of the particles and
by Raman lidar observations at 532 and 607 Waigdinger  the fine-mode volume fraction FVF (fraction of fine-mode
and Ansmanyi2002) under clear sky conditions at Limassol. volume concentration to total particle volume concentration)
The measured volume depolarization ratio is reliable to aboutan be retrieved.
50 m above the ground. Overlap effects widely cancel each AOT errors are on the order of 0.01-0.02 in the absence
other out here because the depolarization ratio is calculate@f unfiltered cloud contaminatiorCpew et al. 2012. Un-
from the ratio of the cross-polarized to the parallel-polarizeddefined uncertainties can occur in the AERONET retrieval
signal componentHreudenthaler et al2009. of the volume size distribution and FVF close to desert

In this paper, we will make use of the particle backscat-dust sources, where a considerable number of dust particles
ter coefficient and the particle depolarization ratio at 532 nm.with radii greater than 15um may be present and influence
The determination of the particle backscatter coefficient isthe measured optical propertieiler et al, 2010. The
described byMamouri et al.(2013. For the calibration of ~AERONET inversion algorithm used to derive the particle
the profile of the measured 532 nm elastic backscatter sigsize distribution only considers particles with radii less than
nal, pure Rayleigh signals are simulated based on actual tenikd pm.
perature and pressure profiles from numerical weather fore-
cast data or actual nearby radiosonde observations. The mea-
sured 532 nm signals are then fitted to the Rayleigh signaB Fine- and coarse-mode optical properties of mineral
profile in the aerosol-free middle to upper troposphere. The  dust observed with AERONET photometers
corresponding reference particle backscatter coefficient was
set to zero at heights above 4-5km in the particle backscatBefore presenting the new two-step POLIPHON approach,
ter retrieval, afterSasano et al(1985. The particle depo- we want to discuss the fine-mode dust impact on overall dust
larization ratio is computed from the volume depolarization optical and microphysical properties, and to provide convinc-
ratio by means of the determined particle backscatter coefing arguments that the development of lidar methods allow-
ficient (Freudenthaler et al2009. Uncertainties in the re- ing discrimination of fine and coarse dust profiles is useful
trieval products are discussed Blamouri et al. (2013, and  and important for atmospheric and environmental research.
are typically on the order of 5-10 %. The first example, shown in Fid., is a major Saharan

For the lowermost heights (below 300 m, where the over-dust outbreak reaching Cyprus on 1 April 2013. According
lap between the laser beam and the receiver field-of-viewto Fig. 2, the 500 nm AOT increased from 1 to 4 within 4
is incomplete), we assumed a linear decrease by roughlyours (08:00-12:00 UTC) over Limassol. Disregarding the
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Figure 2.500 nm aerosol particle optical thickness (AOT, green cir-
cles) and fine-mode fraction (FMF multiplied by a factor of 10,
blue stars), observed with the AERONET sun/sky photometer on
Figure 1. Major Saharan dust outbreak moving northward and strik- L APril 2013. Peak AOT values reached 4.0 around noon. The dust-
ing Cyprus on 1 April 2013 (AQUA-MODIS image, 10:40UTC). dominated FMF was always close to 0.24.

The yellow circle indicates the combined EARLINET-AERONET

station of Limassol.
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field site of Ouarzazate (30.8, 6.9 W, 1150 ma.s.l.), Mo- ) A )
rocco, is very close to the Sahara, with a minimum impactf'9ure 3. SAMUM-1 pure Saharan dust Angstrom exponent AE

a{440—675 wavelength range) for fine mode (blue circles) and coarse
of non-dust aerosol components on the photometer observa-

fi T d dust outbreaks f Algeri . mode (red circles), fine-mode 500 nm AOT fraction FMF (open
Ions. Two pronounced dust outbreaks from Algeria are In'green circles), and fine-mode patrticle volume fraction FVF (mul-

dicated in Fig.3. FMF ranges from 0.2 to 0.4 during these yyjieq by a factor of 5, open orange triangles) observed with

strong dust events. Figufeshows two dust particle size dis-  the AERONET sun/sky photometer. The measurements were per-
tributions measured within the two SAMUM-1 dust outbreak formed at Ouarzazate (30.8, 6.9 W), very close to the Sahara in

periods. During these specific periods, the FMF values araoutheastern Morocco. Pure dust episodes occurred from 136 to 142

0.24-0.35, and again indicate a significant influence of fine{16-21 May 2006) and from 154 to 159 (3-7 June 2006, indicated

mode dust on the measured optical properties. The fine-modey vertical lines).

volume fraction ranges from 10 to 15 %. These two observa-

tional cases corroborate the finding that a lidar-based separa-

tion of fine and coarse dust profiles in terms of optical and1.5+ 0.1, and coarse-mode AE is close-t®.24+0.05. In

microphysical properties is a useful addition to atmosphericaddition, we need particle extinction-to-volume conversion

profiling techniques. factors to translate lidar-derived profiles of the dust ex-
In the discussion and interpretation of our observations intinction coefficient into volume and mass concentrations.

Sect. 5, we need characteristic values for the dust Angstrénin Fig. 4, these conversion factorss(/ AOTs, vc/ AOTc)

exponent, separately for fine mode and coarse mode. As camre computed from the retrieved AERONET values of

be seen from Figs3 and 4, fine-mode dust AE is about column-integrated particle volume concentrationsic) for
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0.20 ———— — T characteristics (for 180scattering) of a variety of aerosol
| Ouarzazate, Morocco ./' AOT(500 nm) | types is necessary (see Sect. 4.1). In addition, a careful
[ —oss ] X o . :
[ 18 May 2006, 0712 UTC RS aerosol source _|dent|f|cat|o_n (backward trajec_tory an_aIyS|s)
&= 045 04 June 2006, 0707 UTC PR for the time period of the lidar measurement is required to
§ I EME = 0.24 check the potential interference (bias) of dust profiling by
e AOT(500 nm) = 0.22 ®  FvF=o010 | light depolarization by other aerosol components that are
= PN . VAOT, ] able to disturb dust detection considerably (see Sect. 4.2). Li-
= FMF = 0.34 ;?A"ZTN " dar observations should also be compared with sun/sky pho-
= FVF=0.15 . / "'\ =0.77°10° m | tometer measurements for consistency, which enhances the
> V/AOT,=0.250 m / °® reliability of the lidar products (see Sect. 5.3).
B 005F vjAoT =07410°m @ \\ 1
I /o’. ./ L\ ]
[ 3; :.\. .43,0—' o\ ] 4.1 Depolarization ratio of different aerosol types
000 L@ ... ~Q-0-¥Y . .. . A L. e e |
01 1 10
Particle radius [um] Sakai et al(2010 investigated the depolarization character-

istics of Asian and Saharan dust probes at 532 nm in labora-
Figure 4. Column-integrated particle volume concentration as tory studies. For the linear depolarization ratio for size distri-
a function of particle radius (22 radius intervals) of pure Saha-putions dominated by submicrometer dust particles (i.e, fine-
ran dust observed with the AERONET photometer over (.)uarza-mode dust), particle linear depolarization ratios of1Z %
zate, southern Morocco, during SAMUM-1 on the morning of (Asian dust) and 14 3% (Saharan dust) were found. The
18 Ma.y 2006 (blue) and 4 June 2006 (rgd). Values for 500 "M different mean values for Asian and Saharan dust may result
AOT, fine-mode and coarse-mode Angstrém exponents @l f - e . )
AEc, fine-mode fraction FMF, and fine-mode particle volume frac- rom .the variable, not W(.a” deflned amount of remaining su
tion FVF are given in addition. Conversion factas/ AOT; and permicrometer dust partlcles in the used submlcrometer dyst
ve / AOT¢ for fine-mode and coarse-mode dust with volume con- Probes, and not from differences in the shape characteristics.
centrationsis andve, respectively, are needed in the conversion of In Sect. 4, we uségt = 16 % as a characteristic fine-mode
the lidar-derived optical properties into volume and mass concendust depolarization ratio. For size distributions, dominated
trations by means of the POLIPHON method (see Sect. 5). by supermicrometer dust particleSakai et al.(2010 de-
termined particle depolarization ratios of 3% % for both
Asian and Saharan dust. Consequently, weSyse- 39 % as
fine-mode and coarse-mode dust, respectively, and correa characteristic coarse-mode dust depolarization ratio in the
sponding particle optical depths (500 nm AQAOT,). The derivations presented in Sect. 5.
SAMUM-1 conversion factors in Figd are in good agree- As stated above, the fine-mode 500 nm AOT (and thus
ment with simulations oBarnaba and GoblfP004. Based  backscatter and extinction) is mainly caused by scattering
on several thousands of realistic combinations of particleand absorption by particles with a radius of less than 300 nm
number concentration, size distribution, and refractive in-(O’Neill et al., 20033. For the respective lognomal parti-
dex characteristics, the volume-to-extinction radi@ / tqc cle size distributions, J. Gasteiger (personal communication,
for dust size distributions dominated by supermicrometer2014) obtains linear particle depolarization ratios of around
dust particles typically ranges from 0.6 t090 10®m 1545 9% from simulations with a variety of models of irreg-
for 532 nm wavelengthryc indicates the coarse-mode dust ularly shaped dust particles as presenteGasteiger et al.
optical thickness in the equations in Sect. 5. The maxi-(2011). For lognormal size distributions dominated by coarse
mum value is 10 x 10-®m for very large dust particles. supermicrometer dust particles, the simulations yield values
For submicrometer-dust-dominated particle ensembles, thef around 4Gt 5% (J. Gasteiger, personal communication,
conversion factorvgs / 4f is between ®5x 10°8m and 2014). All these simulated values are thus in good agreement
0.4x 10~8m. For non-dust, fine-mode-dominated size distri- with the laboratory studies @akai et al(2010.
butions (representing anthropogenic pollution), the conver- These findings oBSakai et al.(2010 are also consistent
sion factorupg/ Tng is around 018 x 10-m. An extended  with the field observations close to the Sah#&ma(denthaler
discussion of the range of observed conversion factors it al, 2009 GroR3 et al.2011). In these field studies, the pure
given byAnsmann et al(2012. dust depolarization ratio ranged from 30 to 35 % at 532 nm,
with a mean value ofq = 314+ 3 %. These values can be re-
produced with fine and coarse dust depolarization ratios of
4 Light depolarization by atmospheric aerosols and 16 and 39 % when assuming a fine-mode contribution to the
potential bias of dust profiling by non-dust aerosol total dust particle backscatter coefficient of about 25 %. Par-
ticle depolarization ratios of 30-35% are also observed in
By using the polarization lidar technique for quantitative cases of Asian desert dusygimoto et al.2003 Shimizu
dust profiling, a good knowledge of the light-depolarization et al, 2004 and desert dust from Middle East dust sources
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(Mamouri et al, 2013. In our POLIPHON method, we use free-tropospheric conditions, with relative-humidity changes
84 = 31 % as the overall dust depolarization ratio. from 80% at the top of the boundary layer to 5% about
However, despite the good agreement between the mod€d00 m higher up, we conclude that the impact of dry ma-
and laboratory studies, many more investigations are refine particles (sea salt particles) on depolarization ratio mea-
quired to obtain a robust and trustworthy basis on fine-modesurements must be generally weak. We observed enhanced
and coarse-mode dust depolarization ratios for our new apeepolarization ratios of about 4—6 % at 532 and 1064 nm in
proach to separate fine and coarse dust particles. There the entrainment zone (in the mixture of wet and dry ma-
still room to test a variety of dust shape models. Laboratoryrine particles) and no impact of marine particles on the li-
and simulation studies should cover the laser wavelengths oflar measurements higher up in the free troposphere. We
355, 532, and 1064 nm. We are convinced that mineral dustexpected much higher depolarization values caused by dry
released into the atmosphere, has characteristic (universatubic-like sea salt particles at 5% ambient relative humid-
shape properties, and that these properties do not vary frorty. The laboratory studies &akai et al(2010 revealed that
dust source to dust source. Otherwise it would be not un-dry sea salt particles may cause depolarization ratios of up
derstandable why pure dust plumes produce almost everyto about 10 %. This is roughly in agreement with simulations
where (e.g., in eastern Asia, for Middle East dust, Sahararby J. Gasteiger (personal communication, 2014), who found
dust) similar particle depolarization ratios of 30-35%. This increases in the depolarization ratio from 2 % for wet spheri-
may facilitate the simulations studies towards the identifica-cal sea salt particles to 10-15 % for dry particles with a cubic
tion of the most realistic dust shape characteristics. Furthershape.
more, if the brittle fragmentation theor)dgk, 2011) cor- Further light-depolarizing aerosol components are pollen,
rectly describes the size distribution of dust released into thdor which depolarization ratios are unknowNdh et al,
atmosphere over deserts by wind stress and subsequent &013, and volcanic ash particlesAfsmann et aJ.201Q
mospheric removal processes have the same impact on duStrof? et al, 2012. Large pollen particles (of up to 50 um
size distributions of long-range-transported dust all over thein diameter and more) may cause depolarization ratios as
world (Nabat et al.2012) then there should also be a charac- large as the ones for desert and volcanic dust particles. Vol-
teristic size distribution of desert dust particles (the usuallycanic dust particles cause depolarization ratios between 30
observed bimodal size distribution). This may further facili- and 40 %.
tate simulation efforts and comparison with lidar field obser-
vations. 4.2 Interference of dust profiling by depolarizing

Regarding observable dust size distributions and the re- non-dust aerosol components
lated optical properties, it should be mentioned that the as-
sumptions about the fine/coarse dust fractions (as shown irks a result of our long-term lidar observations in marine en-
Sect. 3 for desert dust outbreaks) are less clear for soil dustironments since 1997, we assume that dry marine particles
injected into the atmosphere during fire everidssantzi et  play a negligible role in atmospheric polarization lidar stud-
al., 2014. The role of the rather hot air close to the ground ies of dust. Marine particles are always wet in the bound-
in dust release and the resulting dust size distribution isary layer at the generally high relative humidities around 70—
not well known. Wind stress close to the ground may be90 %. The amount of dry marine particles in the free tropo-
very complex, and the sudden release of all the moisture irsphere is expected to be always rather low.
the heated soil particles may strongly influence the crack- Volcanic particles may introduce large uncertainties in
ing of larger particles into smaller ones, and thus may leaddesert or soil dust retrieval with polarization lidars, but their
to a much more complicated size distribution than observednfluence can be neglected in volcanically quiescent times.
during desert dust outbreaks. In addition, observations ofurthermore, backward trajectory analysis helps to identify a
Dahlkétter et al(2014 and other studies (compiled and dis- potential bias by volcanic aerosols.
cussed in that publication) show that the dust fraction in The remaining light-depolarizing component is biogenic
aged fire smoke plumes is dominated by fine-mode dust. Theollen aerosol. However, asdoh et al. (2013 reported, a
coarse particles are widely removed. Such features (i.e., fineonsiderable impact of pollen particles with observed en-
dust only) are not observed during desert dust outbreaks, dsanced total particle depolarization ratios of up to 15 % in the
the AERONET observations and our experience from fieldboundary layer occurred only during daytime hours, when
studies such as SAMUM and the Saharan Aerosol Longthe boundary layer convection is strong, and this only dur-
range Transport and Aerosol-Cloud interaction Experimenting the spring season. The impact was not visible in the free
(SALTRACE) (Ansmann et a).2014) clearly show. troposphere.

Concerning the depolarization features of other potentially  All in all, interference of desert and soil dust profiling by
light-depolarizing aerosol types, we assume that wet maother light-depolarizing particles can be regarded as weak.
rine particles produce a depolarization ratio of close to 2—The non-dust-related depolarization ratig may vary from
3% (GroR et al, 2011, 2013. From recent SALTRACE ob- 1.5 to 15 %, according to the literature. The values accumu-
servations at Barbados in February 2014 under rather cleatlate around 5%, according to published valuBii@yama
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et al, 1999 2004 Fiebig et al, 2002 Sugimoto et a].2003 we setfng = Bp. Depolarization ratios are frequently around
Muller et al, 2005 2007 Sugimoto and Lee2006§ Chen  1-3 % in boundary layers dominated by urban haze of marine
et al, 2007 Heese and Wiegne008. By assuming a de- particles. In these cases, the contribution by dust to the par-
polarization ratio oBng = 5 % for the overall non-dust effect ticle backscatter coefficient is negligible. For measured de-
on light depolarization in our method presented in Sect. 4,polarization ratios$p > &4, we setfy = fp, i.e., in this case

we consider all contributions of traces of dried marine parti- the non-dust aerosol contributions to the particle backscatter
cles, of pollen aerosol, and potential traces of volcanic ash ircoefficient are negligible.

our lidar data analysis. In summary, we assume that fine and In the interpretation of the results of the one-step method,
coarse dust particles are the only significant depolarizing atthe dust or non-spherical particle fraction is assumed to con-
mospheric aerosol components that have to be considered ilain only coarse-mode dust particleBeéche et al.2009

our polarization lidar retrieval. Ansmann et a).2012. However, this dust fraction can also
be interpreted as the total (firecoarse) dust fraction. The
obtained dust-related backscatter coefficiepg} (hay there-

fore be used to estimate the fine-mode dust backscatter co-

The new two-step POLIPHON method uses the same sepaei.ﬁ'C'emS (034q) by using an FMF dust fraction of 0.3, as

) ) djscussed in Sect. 3. The resulting fine and coarse dust pro-
ration technique as the one-step approach. The latter methq, . .
. ) . : iles (one-step method) can then be used for comparison with
is described in detail byfesche et al(2009 for a two- . : . )
. . the respective backscatter profiles obtained with the two-step
aerosol component mixture of desert dust and biomass burnr—nethod as part of the uncertainty analysis (quality assurance
ing smoke. We briefly introduce the one-step approach and P y ysis @ y

use the notation ofesche et al(2009. Checks).

5 Extended POLIPHON method

51 One-step POLIPHON method 5.2 Two-step POLIPHON method
0I1n Fig. 5, the one-step and two-step methods are illustrated.

The procedure to separate dust and non-dust profiles .
: . . In our two-step approach, we now introduce three types of
backscattering starts from the equation for the particle de- } ; . : :
. . aerosols: non-dust particles causing a particle linear depo-
polarization ratio

larization ratio ofs,qg = 0.05 or less, fine-mode dust causing

ﬂJ_d+ IBdL a depolarization ratio ofgs = 0.16, and coarse-mode desert
Sp=—Fr—7- (1) dust causing a particle depolarization ratidgf= 0.39 (see
Pra+ By Sect. 4.1).

gL and gl are so-called cross- and parallel-polarized parti- Each of the two steps of the two-step method is similar

cle backscatter coefficients that can in principle be computeé0 the one-step calculation (E8). In the first step, we sep-

: ) ; : rate the coarse-mode dust backscatter coeffiggntind
from the lidar return signals detected with the cross-polarlzetﬁ]e residual particle backscatter coeffici (caused b
and parallel-polarized signal channels. The indices d and n P Bhd-of y

denote dust and non-dust aerosol components, respectiveI‘%Zns'guztrstzc,:hﬂenﬁ(;?ﬁj;;aggg:fssgét?;rdcgne;f?;;i?nq?hreound’
The sum of all four backscatter contributions in EL).\(ields P

the particle backscatter coefficiefiy. The overall particle fine-dust b_a ckscat'.cer coefficief . .
o . . . The basic equation of our two-step retrieval scheme is

backscatter coefficierfi, is calculated in the way described

in Sect. 2.1. For the sake of simplicity, the dependence on B ﬁnLd"'IBdlf"'ﬂdlc

heightz is not indicated. P= i T (4)
As shown by Tesche et al. (2009), the particle depolariza- ~ Pndt Bdr t Bdc
tion ratio can be expressed by In the first step (see Fi), we start from
Pnddnd(1+ 8d) + Bddd(1 + Snd) L n
- , 2 +
P = gL+ 6) + a(L+ n) @) g, = Pt Pc (5)

I -
with the dust and non-dust depolarization ratigs= 0.31 Prasart Fae
and §ng = 0.05, respectively, as defined in Sect. 4.1. After Analog to the step from Eqlj to (3), here we obtain for the
substitutingBnq with By — B4, we solve the resulting equation coarse dust backscatter coefficient (within the depolarization
to obtain a solution fopy (for éng < 8p < 8a), range defined b¥ng-+df,e < 8p < 8dc).

(8p — na) (14 8q) (8p — Snd-+df,& (1 + 8dc)
(8d — 8nad) (1 + 8p) ’ (8dc — Snd+df,e) (1 + dp) -

The non-dust particle backscatter coefficient is defined as'he residual particle backscatter coefficient is obtained from
Bnd = Bp — Bd. For measured depolarization ratif}s< dng, Bnd+df = Bp — Bdc. Analog to the one-step method, we need

Bd= /3p (3) Bdc = ,Bp (6)
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-step ~N obtain a depolarization ratio fg+df,e= 0.12 with dpq =
S 3y 0.05 andégs = 0.16. In principle, differentSng+dre values
| € >|—> for the PBL and free troposphere can be used or even a
non-dust non-dust and dust dnd+de(z) profile in the two-step derivations below. In the
particles dust particles particles ) error analysis (Sect. 5.4), we checked the influence of uncer-
tainties indnd+df,e by computations with values of 0.08, 0.12,
ﬂstep Snd+dte Syc \ and 0.16 for this residual layer depolarization ratio.
<«—|€ >|—> The need for the estimate of the non-dust backscatter frac-
non-dust and non-dust, fine, and | coarse dust tion results from the fact that we want to separate three
Stept (e dustpartidles | coarse dustparticles | particles aerosol components (spherical particles, fine dust, coarse
[step2 'é """"" 8- """ 8- """""""""" dust) from depolarizqtion ratio observationslat a single wave-
nd ndtdfe “df length of 532 nm. Single-wavelength polarization lidar ob-
Non-dust | Non-dust and i servations allow us to separate two aerosol components only
@ides fine dust particles I J (Tesche et a).2009. If we want to separate three aerosol

components without introducing any assumption about the
_ _ spherical particle fraction, we need polarization lidar mea-
Figure 5. lllustration of the one-step and two-step POLIPHON g\,rements with a dual-wavelength polarization lidar operated
methods to separate spherical particles from non-spherical dUSéDT example at 532 and 1064 nm. Such lidar observations
particles (one-step method) and spherical particles, fine dust, anwere performed during the SALTRACE campaigns at Barba-

coarse dust particles (two-step method) by means of the particle de- ™
polarization ratios. In this paper, we uséng = 0.05 for non-dust dos in 2013 and 2014, and the results of the two-step method

(spherical) particlesingsqt e= 0.12 for residual aerosol particles Will be presented in follow-up papers. Here, we concentrate

(after removing the coarse dust influence; see text for more details)?n the two-step POLIPHON method for a single-wavelength

84 = 0.16 for fine dustsg = 0.31 for total dust, andge = 0.39 for 532 nm polarization lidar.

coarse dust. Before we can start the separation of non-dust (spheri-
cal) and fine-mode dust particles in the second round, we
have to remove the optical effects of coarse-mode dust from

to assume characteristic depolarization values for the uppethe total particle backscatter coefficient and the particle de-

boundary of the range of values (coarse ddgt,= 0.39) polarization ratio. The profile of the residual (non-dust and

and the lower boundar§ng+dr,e Which describes the over- fine dust) backscatter coefficient is given Byuof = Bp —

all depolarization ratio for the residual aerosol (excluding the 84c, as stated above. Regarding the removal of the coarse-

coarse dust fraction) and has to be estimated. Therefore wamode depolarization effect, one may use Eq. (11) of Tesche

introduce index e. Analog to the one-step method, for mea-et al. (2009), here in the form of

sured depolarization ratidk < dnd+dr,e We Set the residual

aerosol backscatter coefficiefitasdr = fp. In the case of 5 Bdc(8p — 8dc) + Pnd-+didp(1+ 5dc)’ @)

8p > 8dc, We setfgc = Bp. Then, the aerosol contains coarse Bdc(8dec — 8p) + Bnd+di(1 + 8dc)

dust particles only.

The lower depolarization ratio boundafyy+drecan vary  forthe depolarization ratio rangg < dqc. However, it can be
with location and height. So, first we need to estimate theshown that the solving of Eq7) is equivalent to the simple
contribution of non-dust particle backscatter to the residualsetting according to
aerosol backscatter coefficieBtqrqr for the lidar observa-
tion under study. In marine boundary layers, this fraction dnd+df = dp for  8p < dna+dte. 8)
may be close to 100% so théfg+dre= 0.05. In the free  Sng+df= Snd+dfe fOr 8p > Snd+dfe 9)
troposphere, the spherical particle backscatter contribution
may be close to zero in major dust outbreak plumes so thawvith our estimateSng+dre= 0.12 for the Cyprus region. An
Snd+df.e= 0.16. However, from the long-term AERONET example of the coarse-dust-corrected profiles of the particle
and EARLINET observations at Cyprus we conclude thatbackscatter coefficient and the depolarization ratio is shown
even in free-tropospheric dust plumes there is always a smalh Sect. 6.
amount of pollution aerosol (urban haze, biomass burning In the first round, we had to assume a characteristic value,
smoke). In the following derivations, in which we concen- dnd+df,e and now with Eqs.g§) and @) we can check the qual-
trate on lofted free-tropospheric dust containing plumes fromity of this estimate. 1f8nq+qf iS now clearly below 0.12 for
Turkey and desert dust layers originating from Middle Eastmost heights, one should repeat the full computation with a
deserts, we assume a non-dust particle backscatter contliewer value fordng+afe If Most dnd+dr Values are between
bution of 33% tofnd+ar- 67 % of the backscatter coeffi- 0.08 and 0.12 and thus closedg+dfe= 0.12, then this es-
cient Bna+gf 1S thus caused by fine-mode dust. Taking thesetimate of 0.12 was sufficiently correct (and follow-up errors
non-dust and dust fine-mode fractions into consideration, weare below 20 %, as our simulations show).
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In the second round, which is again similar to the one-steps.3 Consistency check: POLIPHON vs.
computations, we uséhg = 0.05 andég; = 0.16 (instead of AERONET results
34 =0.31 in the one-step approach, Sect. 5.1) as lower and
upper depolarization limits in the separation of non-dust andBecause of the numerous assumptions and thus high degree
fine-dust backscatter components. After the removal of theof freedom in this two-step retrieval, we use AERONET
coarse-mode effects from the total particle depolarization ra-observations as constraints to check the quality of the
tio and the backscatter coefficient, the maximum value of thePOLIPHON results. In other words, we checked to what ex-
remaining depolarization profile ratio is nog+df=0.12,  tent our results and the assumptions made are consistent with
which corresponds to our assumption that the remaining parthe column-integrated values of fine- and coarse-mode opti-
of the backscatter coefficient is caused by 33 % of non-cal properties as retrieved from the accompanying sun/sky
dust particles and 67 % of fine-dust particles. Thus, by usingphotometer observations.
8nd = 0.05 anddgr = 0.16 as the lower and upper boundaries The AERONET parameters useful for comparison are the
of the depolarization range, the fine-dust backscatter fractiorerosol particle optical thickness A@Tthe Angstrém ex-

is always< 67 %. ponent AR (for the wavelength range around 500 nm, af-
The second round starts from ter AERONET from 440 to 870 nm), and the fine-mode frac-
IBJa"i_ﬂdf tion FMF, after the O’Neill method @'Neill et al., 2003a
Snd+df = — e (10)  b). These results are available with high temporal resolution,
nd + Bt even for low 500 nm aerosol optical depths less than 0.1.
Analog to the step from Eqg5J to (6), now we obtain (for The respective lidar-derived quantities are AQRE_,
Snd+df > Snd) and FMF_, which are calculated from the backscatter coeffi-
(Sdn+df — Snd) (L + ) cient profiles in the planetary boundary layer (PBL), the free
Bdf = Bnd+df Gt — ) (LT Sareect) (11) troposphere (FT), and using the parameters listed in Table 1.

The PBL layer is simply defined here by aerosol concentra-
tion features. The PBL is defined as the layer that is directly
affected by local aerosol sources (marine aerosol and urban
rE)OIIution). We distinguish local PBL aerosol particles and FT
“particles after long-range transport.

We define the lidar-derived optical depth for a given
aerosol typen (nd:m = 1; df: m = 2; dc:m = 3) and layet
(planetary boundary layer, PBL= 1; free troposphere, FT:

[ = 2) as follows:

with §,g = 0.05 andég; = 0.16 (see Fig5). The non-dust
particle backscatter coefficient is given Byy = Bnd+di— Bdi-
Analog to the one-step method, for measured depolarizatio
ratiosdng+df < dnd, We set the residual aerosol backscatter co
efficient Bnd = Bnd+di-

By using characteristic lidar ratid%, Sqc, andSnq in Ta-
ble 1 (for the Cyprus area in this study), we convert the re-
trieved backscatter profileGys, Bdc, and Bng into respective
particle extinction coefficient profiles for the three resolved
aerosol components. We s&f = Sqc. It should be men-

tioned that lidar ratios for fine dust and coarse dust may also, o

in principle, differ considerably from each other, as the lidar Tm,; = Sm.i / Brm,1(z2)dz. (15)
ratio simulations ofGasteiger et a2011) indicate. Also in 21 bot

this respect, more laboratory and simulation studies are re-

quired.

Table 1 provides an overview of all input parameters. Lidar

In the final step of the two-step POLIPHON retrieval, the 4o for the PBL (the lowest 300450 m of the troposphere)

set of particle backscatter and extinction coefficients are CON3re found around 30 s because of the marine influence, and

verted into particle volume and mass concentrations. They.o..nq 60-80 sr in the ET from the CUT_AERONET long-
mass concentrationuf, Mac, andMng for fine dust, coarse o ghservations (2010-2014). More details on PBL- and

dust, and non-dust particles, respectively, can be obtaineg_rg|ate lidar ratios can be foundlitamouri et al(2013.
by using the following relationshipg\ismann et a).20113 In Sect. 5, we compare solutions obtained with the one-

2012: step approach (neéh = 1; d:m = 2; after Tesche et al., 2009)
Mgt = pa(vdt / Tdf) BFSdf » (12) and the two-step methoah(=1, 2, and 3). Thus, we intro-
_ duce the paramete¥ (number of aerosol components) with
Myc = vde/ T Sdc, 13
de = Pa{Vac/ Tdc) PacSde (13) N = 2 in the case of the one-step method ane: 3 in the
Mnd = pnd(vnd/ Tnd) BndSnd- (14)

case of the two-step method. Now the total particle optical
The particle densitiesyg and png, are assumed to be 2.6 and depth AOT_ derived from the lidar observations can be writ-
1.5gcnt3, respectively Ansmann et a2012. The conver-  ten as

sion factorsv,, / T, with column particle volume concentra-

tion v,, and corresponding optical thickness for aerosol N 2
componenin are obtained from photometer observations ast. = Z Zrm,l. (16)
shown in Sect. 3. Here, we used the values given in Table 1. m=11=1
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Table 1. Overview of all input parameters used in our study. The particle lidar rati@nd the PBL and FT Angstrém exponentgor

non-dust aerosol, are based on a careful analysis of the AERONET data in combination with the EARLINET data set for 2010-2014 with
and without lofted aerosol layers in the FT over Limassol. We assume the same lidar ratio for fine and coarse dust. SAMUM-1 observations
provided the dust Angstrém exponents. The particle linear depolarization sadi@staken from the literature. Indices nd, df, dc, and d as

used in the retrieval in Sect. 5 denote non-spherical particles, fine-mode dust, coarse-mode dust, and total (fine and coarse) dust, respectivel
Particle extinction-to-volume conversion factarg t (see Sects. 3 and 5.2) are required to estimate mass and volume concentrations from
the extinction coefficients.

Parameter Symbol Value Source/reference
Lidar ratio (marine) 20sr GroR3 et al(2011)
Lidar ratio (dust) Sdf. Sdc 35-40sr Mamouri et al.(2013
Lidar ratio (urban haze, smoke) 50-70sr CUT, climatology
Lidar ratio (PBL, spherical) Shd(PBL) 30sr CUT, climatology
Lidar ratio (FT, spherical) Snd(FT) 60-80 sr CUT, climatology
Angstrém exponent (PBL, spherical) ang(PBL) 0.5-15 CUT, climatology
Angstrom exponent (FT, spherical) ang(FT) 2.0 CUT, climatology
Angstrém exponent (fine dust) agf 15 SAMUM-1, Fig.3
Angstrém exponent (coarse dust)  agc -0.2 SAMUM-1, Fig.3
Angstrém exponent (total dust) ad 0.25 SAMUM-1, Fig.3
Depolarization ratio (spherical) dnd 0.05 Muller et al.(2007)
Depolarization ratio (fine dust) R 0.16 Sakai et al(2010
Depolarization ratio (coarse dust)  §gc 0.39 Sakai et al(2010
Depolarization ratio (total dust) 34 0.31 Freudenthaler et a{2009
Conversion factor (spherical, FT)  wvng/ tnd 0.18x10%m Ansmann et al(2012)
Conversion factor (fine dust) vdf / Tdf 03x10%m  Ansmann et al(2012
Conversion factor (coarse dust) vde/ Tde 09x108%m  Ansmann et al(2012

The lidar-derived column Angstrém exponent AES Errors in the retrieval of subsequent products such as extinc-
given by tion coefficients and mass concentrations are discussed by
Ansmann et al(2011a2012.

N 2 Uncertainties in the separation of the backscatter coeffi-

2 2 ot cients of spherical particl dfi d d icl
s pherical particles and fine and coarse dust particles
=N 17) are caused by four sources: (a) uncertainties in the compu-
D3t tation of the basic products, i.e., of the particle depolariza-
m=11=1 tion ratios and backscatter coefficients as a function of signal
) istic A . i noise and atmospheric input parameters, (b) uncertainties in
with characteristic Angstrom exponents in Table 1. the assumptions about characteristic depolarization ratios for

Typical Angstrom exponents in Table 1 for the free- fine qust and coarse dust, (c) uncertainties in the assump-
troposphere and boundary-layer aerosols over Cyprus arg,, ahout the non-dust particle backscatter contribution to
again obtained from the long-term AERONET-EARLINET 0 aer0s0l under study (first round of the two-step method),
studies (2010-2014). The pure dust Angstrom exponents argnq (4 uncertainties in the input parameters in Table 1. Ac-

from the SAMUM-1 campaign. , cording to the error discussions Besche et al(2009 and
The fine-mode fraction FMFis computed from the lidar  \jamouri et al.(2013, the overall uncertainty in the basic
data as follows: particle backscatter coefficients is 5-10 % in strong dust lay-
N_1 2 ers. In less pronounced aerosol layers, the uncertainty may
DD T increase to 20 %. For well-detected desert dust layers (mixed
fi=m=ti=t (18)  With smoke), the uncertainty in dust-related and non-dust
N2 backscatter coefficients was found to be 15-20®és¢he
mglgl’m” et al, 2009 2011 Ansmann et a).2012 (mainly caused by
the uncertainty in the assumptions about the dust- and non-
5.4 Retrieval uncertainties dust depolarization ratios) when using the one-step method.

In less pronounced aerosol layers, the uncertainty may in-
A detailed discussion of uncertainties in the backscatter cocrease to 20-30 %.
efficients for fine mode and coarse mode by means of the
one-step method can be foundTiasche et al(2009 2011).
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Further uncertainties of 10—-20% arise in the successive
conversion of backscatter into extinction coefficients caused
by the lidar ratio estimate, and in the mass concentration re
trieval with uncertainties of 10-25 % in the dust mass density
estimates, and 20-50% in the usedr ratios, so that the
overall uncertainty in the dust mass concentration values is
30-60 % when using the one-step POLIPHON approach.

These comparably low uncertainties allow us to use the
dust and non-dust backscatter profiles of the one-step metho
to check the quality and reliability of the products obtained
with the two-step method. Because of the larger number of
input parameters, the uncertainties in the results of the two-
step approach are much higher. The application of the er-
ror propagation theory is no longer possible, because we|
deal with input parameter errors much larger than 10-20 %.
Many input parameters are simply not well enough known
presently. We have to assume relative uncertainties in the
fine-mode dust depolarizatiaty; of about 50 % {§gr from |
0.1 to 0.22) and a similarly large uncertainty in the depolar-
ization ratiodng+gf for the residual aerosob{g+qs from 0.08 Figure 6. Dust outbreak from deserts in the Middle East reach-
to 0.16). Our simulations for the same set of input paramedng Cyprus on 28 September 2011 (TERRA-MODIS image,
ters, except for a varying estimate of the fine-dust fraction08:30 UTC). Limassol is indicated by a yellow circle.

(from 33 to 100 %) and corresponding variations3gf+df,e

from 0.08 to 0.16, lead to uncertainties within a factor of 2 .

in the fine-dust backscatter coefficients and about 10 % infrom the one-step retrieval ShOUId b.e CIOS? to the respec-

the respective coarse-dust values in pronounced desert dullye non-dust backscatter profile obtained with the two-step

layers, when taking the computation Withy.df e= 0.12 as method. Furthermore, whene_ver AERONET sun/sky pho-
§ tometer observations are available, they should be used for

the optimum solution. Simulations with characteristic fine—]c h ist hecks in th d ibed in Sect. 5.3
mode dust depolarization ratiég: of 0.1 and 0.22 (instead urther consistency checks in the way described in Sect. 5.
and in the next Sect. 6.

of the used 0.16) show that the relative errors of the fine-
dust backscatter coefficients are comparably low, with values
of 20-25% in pronounced dust layers and less than 10% iy Results: 26—30 September 2011 case study
the respective coarse-dust backscatter values, so a igong
value does not affect the retrieval products much. 6.1 Overview

As a consequence of the partly large uncertainties, we use
both, the one-step and two-step methods, in a complementhe following case study serves as a test bed for the appli-
tary sense. As mentioned, the lower number of input pa-cability of the new two-step POLIPHON method. Both the
rameters leads to lower uncertainties in the results of theone-step and the two-step method are used to analyze a pe-
one-step method. The two-step method, on the other handjod with background fine soil dust from Turkey and desert
provides more insight into the dust optical properties. Wedust from Syria. Layers of soil dust particles are frequently
use the dust backscatter profiles obtained with the one-stepdvected to Cyprus from areas of central and eastern Turkey
method as a quality standard. The sum of the fine and coarsand other arid regions further north of Turkey during the
dust backscatter profiles obtained with the two-step approacsummer seasoiN{santzi et al. 2014. These layers occur as
should approximately match the one obtained with the onedofted, vertically homogeneous plumes, mostly in the height
step method. As mentioned above, we may also assume nge of 1-3kma.l. As a unique feature, this background
fine-mode dust contribution of about 30% to backscatter,soil dust mainly consists of submicrometer particles, as the
extinction, and optical depth (as the AERONET observa-AEx values indicate. A coarse-mode fraction is then not, or
tions in Sect. 3 suggest) in the case of desert dust outbreakglmost not, visible in the photometer observations. Episodi-
Then, we can roughly estimate the fine- and coarse-modeally, desert dust outbreaks with a pronounced number con-
dust backscatter profiles from the total dust backscatter cocentration of supermicrometer particles from deserts in the
efficient (one-step method) and compare these profiles witiViiddle East and northern Africa reach Limassol and partly
the respective ones obtained with the two-step method. Larggnix with this fine-mode soil dust from the north. Such an
discrepancies may then indicate that some basic assumptiggvent is discussed in this section.
in the two-step data analysis must be changed and improved.
The backscatter profile for the non-dust component obtained
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Figure 8. Column-integrated particle volume size distribution de-

rived from AERONET sun/sky photometer observations at Limas-
sol before (light blue and blue circles) and during the Septem-
ber 2011 dust outbreak (orange, red, and purple circles).
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figure, pure marine size distributions as observed over Bar-
bados with AERONET photometers during a field cam-
paign (see the AERONET site of Barbados—SALTRACE, lo-
cated on the western coast of Barbados, at the Caribbean
Institute for Meteorology and Hydrology, CIMH, 13.1N,
59.6 W, 110 ma.s.l.) and at Ragged Point (3R 59.8 W,
40ma.s.l., eastern coast of Barbados) are compared with
the observations over Limassol on 26-27 September 2011.
= , NeHTs As can be seen, the coarse modes over Limassol and Bar-
o 20 12060 120080 o 20 o 20 2 bados are similar. Thus, the marine aerosol impact may
fully explain the occurrence of the coarse mode in the vol-
Figure 7. Seven-day backward trajectories arriving at Limassol, yme size distributions of the Cyprus AERONET site on 26—

Cyprus, at different height levels (red, blue, green) on 27 Septem»7 gantemper 2011. Marine particles are confined to heights
ber 2011, 08:00UTC (top) and 28 September 2011, 10:00UTC

(bottom). Calculations are performed with the HYSPLIT (HYbrid of 300-450m during the period studied here.

Single-Particle Lagrangian Integrated Trajectory) model. Access Typical T“a“”? AOTs are on_the_ order of 0.04-0.06 at
via the NOAA ARL READY website Kittp:/iwww.arl.noaa.gov/ 200 NM, with a fine-mode contribution of 40-50%, as can

HYSPLIT.php. be seen in Fig9 for the Barbados cases. If we subtract a po-
tential fine-mode marine contribution of 0.025-0.03 and a
similar PBL urban-haze contribution from the observed fine-
mode AOT of 0.172, about 0.1-0.12 is left for the fine-mode

Figure6 shows the arrival of an extended desert dust layeraerosol in the free troposphere on 26—-27 September 2011.
over Limassol in the late morning of 28 September 2011. Be-The depolarization ratio profile in FiglO shows that this
fore this, a northerly airflow from Turkey prevailed according fine-mode aerosol produces significantly enhanced depolar-
to the backward trajectories in Fig. The air mass trans- ization ratios of around 10-15 %. A considerable fraction of
port changed from northerly advection on 26-27 Septem+the free tropospheric fine-mode aerosol must therefore be
ber 2011 to more complex features in the regional aerosolust. Since the aerosol crosses populated and industrialized
transport resulting from a major Arabian dust outbreak onareas in Turkey and further to the north, we must assume

28-29 September 2011. that a mixture of fine dust and other (spherical) aerosol com-

The particle size distributions in Fig8 (taken from  ponents (urban haze, fire smoke) was present and lowered
the AERONET database, level 2.0 data) show a bimodakhe overall particle depolarization ratio. As can be seen in
shape, with a strong increase in the coarse-mode fractiofig. 10, the depolarization ratio went up to almost 0.35 on
when the dust outbreak arrived. The weak coarse modeg September 2011, when the Arabian dust arrived.

on 26-27 September 2011 (blue lines in F&).consists

most likely of marine particles, as Fi§. suggests. In this

Source B at 34.70N 33.00 E

Meters AGL
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Particle radius [um] Figure 10.532 nm particle backscatter coefficient (left) and parti-

cle linear depolarization ratio (right) in the free troposphere during
a northerly airflow with fine-mode dust (26-27 September 2011)
and during the arrival of a strong Arabian dust outbreak on the

Figure 9. Column-integrated particle volume size distribution for
pure marine conditions derived from AERONET observations at
Barbados (CIMH and AERONET station Ragged Point, R.P.) on . . )
25 September 2013 and for mixed aerosol conditions at the coast orning O.f 28 Sgptember 2011. The column lidar ratﬂwl
AERONET station CUT, Limassol (measured at 07:41 UTC on 26 or the entlre_vertlcal aerosol_column are derived from com_blned
and 27 September 2011). The coarse mode at Limassol can photometer—lidar data analysistgmouri et al, 2013. 60-70 min
related to coarse marine particles. The pronounced fine mode igflldar return signals are averaged.

mostly related to urban haze in the boundary layer and fine-mode
dust in the free troposphere.

f:g %-26'50 sep2011 ' A('Z)T (5(I)O nm; _

16 _/ “‘ ¢ ® AE (440-870 nm) 3

An overview of the AERONET photometer observations Ty e FIF (000mm) 3
from 26 to 30 September is presented in Aig. The 500 nm i rya £ i3
AOT increased to values around 0.7 during the desert dust ok ° . f 3
. ) R o 4 ot E
outbreak in the morning of 29 September 2011. At the same 5 08 %‘é'gg o E
time, the 500 nm FME dropped to values of 0.25. During < 06| § f“a ﬁ E
the fine-mode dust days (26—-27 September), KMA&s high, 04t ﬁ 3
with values greater than 0.9. Later on, the values from 0.4 to gz 3 | | | | 3

0.7 indicated mixed_ aeroso_ls. The Angstrém exponent AE 270 271 272 273 274

was around 1.8 during the fine-mode dust days, and dropped Day of the year

to values of 0.5-1.0 when the major dust outbreak domi- . . .
nated the aerosol conditions over Limassol. The minimumFigure 11. AERONET observations of 500 nm aerosol particle opti-

value of AEx = 0.25 was observed in the early morning of cal thickness (AOT), Angstrém exponent (AE), and fine-mode frac-
29 September 2011. tion (FMF) for the 26—30 September 2011 period.

N
D
©

6.2 Retrieval of fine-mode and coarse-mode

backscatter coefficients The aerosol conditions as observed before the arrival of

the major dust storm are given in Fif2. Such aerosol con-

Figuresl2-15show examples of applications of the extended ditions caused by an air mass transport from Turkey with
POLIPHON method. Input parameters such as the characa mixture of fire smoke and soil dust motivated us to de-
teristic particle depolarization ratios for non-dust, fine, andvelop the two-step method. As can be seen, the free tropo-
coarse dust are taken from Table 1. As outlined in Sect. 5.2spheric aerosol layer extended from about 350 to 3500 m in
it is assumed that roughly 33 % of the residual (total minusheight. The particle depolarization ratio ranges from 0.1 to
coarse dust) particle backscatter is caused by anthropogenit14 in the main aerosol layer up to 2500 m. The slightly
aerosol (urban haze and biomass burning smoke). In this firsenhanced depolarization ratio values in the boundary layer
feasibility study on the potential of polarization lidar to pro- (< 300 m) are probably caused by road dust and surface near
vide detailed insight into fine-mode and coarse-mode dustocal dust transport from arid regions of Cyprus. The col-
optical and microphysical properties, we avoid presenting erored numbers in Figl2 are the lidar-derived AQT values
ror bars to keep the figures simple and to facilitate the discus{after Eq.15) for the different aerosol components. In addi-
sion. tion, the lidar-derived Angstrém exponent AEEq. 17) and
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backscatter coefficient for non-spherical and spherical particles i IAEE 0_8; ' AEI=O_BL ' AE'=1_02' ]
(one-step method), and (right) particle backscatter coefficient for L FMF, = 0.53 FMF; 0.38 FMF; 061
spherical particles, fine and coarse dust (two-step method) observed r - - 1
on 29 September 2011, 07:36-08:50 UTC. 74 min of lidar return 3 SWF= 0357
signals are thus averaged. The corresponding AOTSs for the different T | 1
aerosol components are given as colored numbers, computed from 5 [ ]
the backscatter profiles multiplied by approriate lidar ratios as given w2 0.118 0.110
in Table 1. AE, FMF, and SMF denote Angstrém exponent, fine- S 0-193 0421 ]
mode fraction, and spherical mode fraction (ratio of spherical parti- _'51 3 B
cle AQT to total AOT), respectively. Index A indicates AERONET 4L _ ]
values, index L lidar-derived results obtained by means of B3. ( L noni,'i:iﬁiil spherical ]
and (L8). In the central panel, FMF= SMF_. For the lowest 300 m r coarse dust |
a linear increase of the total backscatter coefficient from 300 m L i

height to the surface (see left panel) is assumed.

0 4 8 120 4 8 120 4 8 12
Backscatter coefficient [Mm™'sr"]

fine-mode fraction FMF (Eq. 18) are presented and com- Figure 13. Same as Figl2, except for two periods on (top)
pared with the respective AERONET values (FMREA) 28 September 2011, 08:42—-09:29 UTC (47 min signal average) and
given in the left panels of the figures. All the quantities are (bottom) 28 September 2011, 09:29-10:19 UTC (50 min signal av-
computed by using the aerosol parameters in Table 1. erage).

In the case of FMF for the one-step method, we assume
that all dust particles (non-spherical particles) belong to the
coarse mode and that all spherical particles belong to the finéhese conditions. Similar one-step and two-step dust profiles
mode. We used the total dust AE value of 0.25 in Table l1are obtained when a dust depolarization ratio of 0.16 is used
in the computation of the respective AEvalue (one-step in the one-step data analysis.
method). As can be seen in Fid.2, the one-step method leads to

The AERONET Angstrom exponent was high, and indi- a comparably large coarse-mode particle backscatter fraction
cated the absence of a pronounced coarse dust mode. Duer depolarization ratios of 0.1-0.14. Accordingly, FM
ing such events, the comparison of the one-step and twomuch lower with 0.70 at these specific background fine-mode
step results is not possible. The sum of the fine and coarsdust conditions than the AERONET value of FME 0.92.
dust backscatter profiles does not match the one for thé\s a consequence, a significant disagreement is also found in
dust backscatter coefficient after the one-step method. Cornterms of the Angstrém exponent (AE= 1.68, AE. = 1.42).
sequently, the non-dust profiles obtained with the one-stefA much better agreement is obtained when using the two-
and two-step methods do not match, either. The main reastep method. The fine-mode fraction now consists of spher-
son is that a coarse mode is missing, and the application of &al particles and fine-mode dust. This leads to an increase
characteristic desert dust depolarization ragie- 0.31 is not in the FMF_ and AR_values. The good agreement of the re-
an appropriate input parameter in the one-step method undesults of the two-step method with the AERONET results may
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Figure 14. Total particle backscatter coefficient (green, left), the Backscatter coefficient [Mm'sr"]

particle linear depolarization ratio (black, right) and the respec- | . .

tive residual aerosol (sphercial particles and fine dust) contributiond 19ure 15. Same as Figl2, except fora morning measurement on
(blue dotted, obtained after step 1 of the two-step data analysis). Thé® September 2011, 07:49-08:29 UTC (40 min signal average).
backscatter and depolarization ratio profiles for the residual aerosol

are used as input for step 2 in the two-step approach (se&)Fig. . .
results. The two-step profiles at heights less than 1.2 km sug-

gest the absence of such coarse dust.
be interpreted as an indication that the used fine-mode dust Figure 14 provides more insight into the two-step data
depolarization ratidg = 0.16 is appropriate. analysis. The figure shows the same case as presented in
Figure13 shows the aerosol conditions after the arrival of F19- 13 (top panels). By using the depolarization limits of
desert dust. A pronounced dust layer was found between $.12 and 0.39, we determine the backscatter contributions of
and 2km in height, and high depolarization ratios of greaterth_e residua} aerosol particles and coarse dust particles (see
than 0.3 were observed in this layer, indicating a strong cond 19- 5 the first step of the two-step method). Before we can
tribution of coarse dust particles to light backscattering (see?PPly the second step, we have to remove the coarse dust im-
Fig. 10). The AERONET values of AE and FMF signif- ~ Pact on the backscatter coefficiefihg+df = fp—fuc) and on
icantly decreased compared to the values observed the dd{}€ Particle depolarization ratio by means of E@and ©).
before (Fig11). Both the applications of the one-step and the TN€se resulting coarse-dust-corrected backscatter and depo-
two-step methods reveal large coarse-dust-related backscd@ization ratio profiles are shown in Fig4 as blue dotted
ter coefficients between 1 and 2 km in height and a mixturelines. They are the input profiles for the second round of the
of fine-mode and coarse-mode particles below and above th&V/0-step method. o
main desert dust layer. According to the solutions of the two- Figure15shows the dust outbreak situation on 29 Septem-
step approach in the right panels of Fig a considerable ber 2011, when the desert dust plume influenced the entire
part of the fine-mode backscatter coefficient is caused byOPOSPheric column upto 2.5km in heightand covered large
dust. By resolving fine and coarse dust with the two-stepparts of the eastern Mediterranean. At all heights above the
method again, a better agreement of the AERONET- and®BL up to 2.5km, the particle depolarization ratio was higher
lidar-derived AE and EMFE values is obtained. than 0.2. The 500 nm AOT was close to 0.43, with a strong
Now the results of the one-step and two-step POLIPHONCO&rse dust contribution of 0.235 (two-step method). Both
solutions can be compared in the way suggested in Sect. 5.41€ one-step and the two-step methods reveal a total dust
The main conclusions of this comparison are as follows:ACT of close to 0.35. Again, the two-step method results
(a) the sum of the fine and coarse dust backscatter profile*EL, FMFL) are in better agreement with the AERONET
(two-step method) match approximately the respective oneProducts (AR, FMFa) than the values obtained with the
step dust backscatter profile. (b) Assuming roughly a fine®N€-Step approach. The one-step method yields a rather low
dust fraction of 0.3, we find good agreement between thdine-mode fraction of 0.18 which is equal to the spherical
resulting one-step fine and coarse dust profiles and the rdlode fraction (SME = 0.18) in the case of the two-step
spective two-step solutions for most parts of the profiles.method.
(c) To obtain an idea about the uncertainties, the one-step
and two-step computations show the range of possible coarse
dust backscatter values. We can never exclude the possibility
that coarse-mode dust is present, as indicated by the one-step
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Figure 16.Comparison of Angstrém exponents (As. AE, ) de- Hg

rived from AERONET observations (black squares) and retrieved ) o o
from the lidar measurements (blue crosses, one-step method, rdggure 18.532 nm particle backscatter and extinction coefficients,

crosses, two-step method) for the entire measurement period fror@nd particle mass concentrations computed from the backscatter co-
26 to 30 September 2011. efficients in Fig.15 by means of the two-step method, the lidar-ratio

information in Table 1, and volume-to-extinction conversion factors
as discussed in Sect. 3 and given in Table 1.

1.0 AERONET i
i % 2 stops [516% & 12.39%
sl ; ’ + o+ ] period (30 September 2011), when the backward trajectories
S ' + (not presented) showed a complex air mass transport struc-
© 06l * a + + . ": 1 ture with prevailing westerly winds, both methods are no
= + . N ¥ longer in good agreement with the AERONET results. The
'é oal + o " 1 main reason is that the selected assumptich@kise= 0.12
& + + .1 was no longer appropriate at lower heights (below 1.5 km in
i ozl + + 1 height), where the impact of marine aerosol increased signif-
’ + icantly. At these conditionSipg+df,e= 0.08 would be more
1 1 1 1 1 1 1 1 1 1 1 1 1 apprOprIate.
00—g—5 8 9 10 8 o 10 11 9 10 11 12
26 27 235ep  29Sep 30 Sep 2011 6.4 Particle extinction and mass concentration profiles
T
ime [UTC]

Figure 17. Same as Figl6, except for the fine-mode fraction FOr completeness, we briefly present further products of the
(FMFa vs. FMR)). extended POLIPHON method. Figut& provides an exam-

ple of the computation of the particle extinction coefficients

and mass concentrations from the particle backscatter coeffi-
6.3 Consistency check with the AERONET results cients after Eqs.12—(14), for each aerosol component (fine

spherical, fine dust, coarse dust). The results for the lower-
Figures16 and 17 provide an overview of the AERONET- most 300 m have to be interpreted with caution, because all
and lidar-derived AE and FMF values for the entire obser-profiles rely on the assumption of a linear increase in the
vational period from 26 to 30 September 2011. The  AE backscatter coefficient from 300 m towards the ground. The
values depend on many assumptions regarding the spectrahcertainties in the extinction coefficients and mass concen-
dependence of backscattering and the extinction of a varitrations in the free troposphere are estimated to be on the
ety of aerosol types (according to Table 1). Therefore, theorder of 25-40 % and around 50 %, respectively.
comparison with the Ak values may only provide hints As can be seenin Fid.8, fine-mode dust significantly con-
of the quality of the AE values. The FMF values, on the tributes to the total particle extinction coefficient in the free
other hand, are not largely influenced by assumptions, sdroposphere as demonstrated in Sect. 3. Extinction values for
that the good agreement between FMBnd FMR (the  fine-mode dust are on the order of 30-50 Mm
two-step method) is a clear sign that our two-step approach The mass concentration profiles show that coarse dust
worked successfully. Especially for the 26—29 September pemostly contributes to particle mass in the free troposphere.
riod, a very good agreement between the AERONET valueMlaximum values of close to 1000 pgthare found at 1.2 km
and the lidar data is obtained. At the end of our observationaheight. Fine dust mass concentrations are around 403g m
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