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Fine and coarse dust separation with polarization lidar
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Abstract. The polarization-lidar photometer networking
(POLIPHON) method for separating dust and non—dust
aerosol backscatter and extinction, volume, and mass con-
centration is extended to allow for a height-resolved separa-
tion of fine-mode and coarse—mode dust properties in ad-
dition. The method is applied to a period with complex
aerosol layering of fine—-mode background dust from Turkey
and Arabian desert dust from Syria. The observation was
performed at the combined Europaen Aerosol Research Li-
dar Network (EARLINET) and Aerosol Robotic Network
(AERONET) site of Limassol (34.7°N, 33°E), Cyprus, in
September 2011. The dust profiling methodology and case
studies are presented. Consistency between the column—
integrated optical properties obtained with sun/sky photome-
ter and the respective results derived by means of the new
lidar—based method corroborate the applicability of the ex-
tended POLIPHON version.

1 Introduction
g e

Mineral dust bc}eﬂgs—ta-the major components of the at-
mospheric aerosol systemiaﬂﬂ senmweLy.mﬂuences%hmauc
and environmental conditions. The deserts in northern Africa
and in the Middle East (western Asia) are major dust sources
and have a strong impact on air quality and aerosol condi-
tions in southern and eastern Europe. Large amounts of min-
eral dust can be advected over long distances in the lower
free troposphere from th&Geserts to remote areas within Tew
days (Ansmann et al., 2003; Papayannis et al., 2008; Baars et
al., 2011). Turbulent exchange processes at the interface be-
tween the free troposphere and the planetary boundary layer
leads to efficient downard mixing of dust towards the surface.
Emissions from arid (non—desert) and semi—arid regions and
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areas with strong agricultural activities also con ﬂbute to the
dust load over Europe. /

For a proper consideration of mineral dus}-in climate mod-
elling and air quality monitoring efforts, vertical profiling
of dust with the potential to distinguish between fine-mode
and coarse—mode dust is F‘éﬁﬁé’étg(’i_. Kok, 2011; Zhang et al.,
2013). Fine and coarse dust parficles influence the Earth’s
radiation budget, cloud processes, and environmental con-
ditions in a different way”(Nabat et al., 2012; Mahowald
et al., 2014). The optical properties dﬂd radiative impact
are wuiely cont:g@ |_by coarse—rg{_)_@ dust particles. How-
ever; 20%-25%of the dust-related optical depth is caused
by fine—mode dust according to Aerosol Robotic Network
(AERONET) sun/sky photometer oberservations (see sec-
tion 3). Regarding the influence on cloud processes, coarse
dust particles belong to the most favorable cloud condensa-
tion and ice nuclei (DeMott et al., 2010). Fine—mode dust
particles, on the other hand side, can have=a signilicantly im-
pact en air quality, defined in PM (particulate matter) aerosol
levels and even may sometimes dominate PM; o (particles
with diameters - 1.0 pwm) observation at sites close to deserts
such as Cyprus. As an example, on [ April 2013 the 500 nm
aerosol particle optical thickness (AOT) increased from 1 to
4 between 0800 and 1200 UTC over Cyprus during a rather
strong Saharan dust outbreak. These large AOT values indi-
cate fine—mode dust mass concentrations of 35-140 ug/m? in
the tropospheric column up to 4-5 km height which is 10%—
15% of the total dust mass concentration.

In this contribution, we present to-our-knowledge the first
attempt to use empirical knowledge on the light depolariz-
ing properties of fine—mode and coarse—mode dust (Sakai
et al.,, 2010) in the interpretation of polarization lidar ob-
servations, with the goal to separate fine-mode dust, coarse
mode dust, and remaining non—dust aerosol components. So
far, polarization lidars are used to identify dust and to sepa-
rate backscatter and extinction coefficients of dust and non—
dust aerosol (e.g., Sugimoto and Lee, 2006; Nishizawa et
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al., 2007; Tesche et al., 2009, 2011; GroB et al., 2011; Ans-
mann et al., 2011a, 2012)). The most important parameter
in these studies is the so—called particle linear depolarization
Tattes7Theaser transmits linearly polarized leser pulses,and
the receiving unit detects the parallel- and cross-polarized
signal components with respect to the plane of laser polar-
ization. The ratio of calibrated cross—polarized to parallel-
polarized signal yields the volume linear depolarization ratio
from which the particle depolarization ratio can be computed
(e.g., Tesche et al., 2009).

Our attempt to develop a method for fine and coarse dust

s separation was motivated by observations of enhanced fev- 1as

) W ‘\el_s_—gf__f_@itrgpomheric depolarization ratios of 107-20%
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i e b e
with the Europaen Aerosol Research Lidar Network (EAR-

LINET) polarization lidar over Limassol (34.7°N, 33 E),c,,
\_/ypﬁ?'{ndlcatlﬁg the presence of dust, and/t the same'fime, &=

AERONET sun/sky photometer measurements mdxcat&% the
absence of continental coarse-mode dust particles, These
enhanced depolarization ratios were thus most likely exclu-
sively caused by fine-mode dust particles. According to lab-
oratory studies of Sakai et al. (2010),for a laser wavelength
of 532 nm, dust pa.mcle size distributions dominated by fine-
mode pamcles\( ostly with diameters - s 1 _jumi) cause particle
depolarization ratios around 0.15+0.05, whereas particle de-
polarization ratios of 0.39+0.04 were observed in the pres-
ence of a high number of desert dust particles in the super mi-
crometer range (coarse—mode particles). These findings are
supported by modelling studies for irregularly shaped par-
ticles (Gasteiger ct al., 2011) and also consistent with ficld
observations close to the Sahara (Freudenthaler et al., 2009;
GrobB et al., 2011). In these field studies, pure dust depolar-
ization ratio ranged from 30%-35¢ at 532 nm. These values
can be reproduced with fine and coarse dust depolarization
ratios of 16% and 39% when assuming a fine—-mode con-

tribution to the total dust particle backscatler coefficient of

about 25%, -a-similar-pefcentage as mentioned above for the
fine=mode-AOT-confribution o the total AOT.
Presently, several new dust profiling methods are tested,
whieh built on existing AERONET and EARLINET in-
“frastructures in Europe. Two fundamentally different
lidar/photometer—based retrieval concepts are applied, the
Lidar/Radiometer Inversion Code (LIRIC) (Chaikovsky et
al.. 2012) and Generalized Aerosol Retrieval from Radiome-
ter and Lidar Combined Data (GARRLiC) methods (Lopatin
etal., 2013) aad\/is an alternative technique, the Polarization
Lidar Photometer Nétworkmg(POLIPHON) approach (Ans-
mann et al., 2012)/LIRIC uses profiles of elastic—backscatter

~lidarretur’s mgnals’jﬁt 355, 532, and 1064 nm and, as a pri-

__OFi- dSSmOHS. AERONET phetometer retrieval products
(column—integrated particle size distributions, composition,
complex refractive index, and particle shdpc)}ht:*mcthod‘m
based on a particle shape model. The irregularly shaped dust
particles are assumed to be spheroidal dust particles. This ap-
proach works well in the case of the analysis of the sun/sky
photometer data (Dubovik et al., 2006). However, it is shown
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by Wagner et al. (2013) that this particle shape model intro-
duces significant uncertainties in the aerosol products when
applied to lidar backscatter retums,(lc to light scattering
information for a scattering angle of exactly 180 9. Prod-
ucts of the LIRIC data analysis are height profiles of parti-
cle backscatter and extinction coefficients at the three wave-
lengths, and particle volume and mass concen[ratlonﬁﬁﬁles
separately for fine—mode and coarse—mode pamc]es GAR-
RLiC is an extended version of LIRIC and pursuce lan even
deeper synergy of lidar and radiometer data in the retrievals.
To apply the LIRIC and GARRLIC methods, lidar and pho-
tometer observation have to be performed simultaneously.
Thus, cloudfree conditions are required.

In contrast, the POLIPHON approach is designed to ex-
plicitly avoid the use of a particles shape model and also a
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strong dependence on photometer observations. POLIPHON
is applicable even a{ cloudy conditions, which often occur
during dust outbreaks. The technique is based on measured
180° light—depolarization characteristics for dust aerosol
particles. This approach, originally developed for the sep-
aration of non—dust and dust fractions (here denoted as one—
step POLIPHON method) is extended to allow even a sepa-
ration of fine—mode dust from coarse-mode dust (two-step
POLIPHON technique). The comparably simple and robust
method for the retrieval of optical properties, volume, and
mass concentrations is outlined in Section 4. POLIPHON
belongs to the family of wellestablished lidar acrosol-typing
methods which built on empirically gathered optical aerosol
properties. Examples of observations and applications are
presen’tcd by Grof8 et al. (2013) and Burton et al. (2014).

In Section 2, the lidar and photometer instruments are
briefly described. Section 3 presents an overview of typi-
cal optical properties of desert dust in terms of fine-mode
and coarse—mode dust characteristics to emphasis corrobo-
rate the need for the development of more sophisticated fine
and coarse dust separation techniques. The extended two—
step POLIPHON methodology is outlined in Section 4. The
new retrieval scheme is then applied to an episode with com-
plex aerosol layeringg with background fine-mode dust as
well as desert dust (coarse and fine dust) during a strong dust
outbreak in September 2011 (Section 5). Summarizing and
concluding remarks are given in Section 6.
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2 Instrumentation

2.1 Polarization lidar e

The lidar station of the Cyprus University of Technology
(CUT) at Limassol (34:7°N. 33°E-50'mrabove sea levelasl)
is located about 150 km south of Turkey and 400 km west
of Syria (Mamouri et al., 2013). The lidar has four channels
for the measurement of elastic—backscatter signals at 532 and
1064 nm, the nitrogen Raman signal at 607 nm. The lidar
transmits linearly polarized laser pulses at 532 nm and de-
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tects the parallel- and cross-polarized signal components at
this wavelength. Calibration of the polarization channels is
performed by rotating the box with the polarization sensi-
tive channels following the methodology of Freudenthaler et
al. (2009). The transmission properties of the receiver (for
parallel and perpendicularly polarized light) required for an
accurate determination of the particle linear depolarization

\r:no are kmgwn from measurements.
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The full overlap of the laser beam with the receiver field
of view of the 20 cm Cassegrain telescope is obtained at
heights around 300 m above sea level (asl). The overlap char-
acteristics was checked by Raman lidar observations at 532
and 607 nm (nitrogen Raman channel; {Wandinger and Ans-
mann, 2002}]) at clear sky conditions at Limassol. The mea-
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sured volume depolarization ratio is reliable to about 50 m?*

above ground. Overlap effects widely cancel here because
the depolarization ratio is calculated from the ratio of the
cross—polarized to the parallel-polarized signal component
(Freudenthaler et al., 2009).

In this paper, we will make use of the determined parti-z"5

cle backscatter coefficient and tlie particle depolarization ra-
tio at 532 nm. The determination of the particle backscat-
ter cocfficient is described by Mamouri ct al. (2013). For
the calibration of the profile of the measured 532 nm elastic

backscatter signal, pure Rayleigh signals are simulated based ™’

on actual temperature and pressure profiles from numerical
weather forecast data or actual nearby radiosonde observa-
tions. The measured 532 nm signals arc then fitted to the
Rayleigh signal profile in the aerosol-free middle to upper

troposphere. The corresponding reference particle backscat- ="

ter coefficient was set to zero at heights above 4-5 km in
the particle backscatter retrieval, after Sasano et al. (1985).
The particle depolarization ratio is computed from the vol-
ume depolarization ratio by means of the determined particle
backscatter coefficient (Freudenthaler et al., 2009). Uncer-
tainties in the retrieval products are discussed by Mamouri et
al. (2013) and are typically of the order of 10%.

2.2 Sun/sky photometer

The lidar is collocated with a sun/sky photometer of the
Aerosol Robotic Network (AERONET, CUT-TEPAK site,
Limassol. Cyprus, http://aeronet.gsfc.nasa.gov) (Holben et
al., 1998). The CUT AERONET photometer allows the re-
trieval of the aerosol optical thickness (AOT) at eight wave-
lengths from 339 to 1638 nm. Sky radiance observations
at four wavelengths complete the AERONET observations.
From the spectral AOT distribution, the Angstrém exponent
AE (Angstrom, 1964), the fine mode (raction FMF (fraction
of fine—mode AOT 1o total AOT) (O’Neill et al., 2003), the
sphericty parameter SMF (fraction of spherical particle vol-
ume concentration to total particle volume concentration),
and the column lidar ratio S, are retrieved. AOT errors are
of the order of 0.01-0.02.
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3 Fine- and coarse-mode optical properties of mineral
dust observed with AERONET photometers

Before presenting the new two—step POLIPHON approach,
we want to discuss the fine—mode dust impact on the over-
all dust optical and microphyiscal properties,and to provide
inthissway convincing arguments that the development of li-
dar methods wibieh allow #'discriminaté ﬁne,du:.t and coarse
dust profiles is & useful attempt and deliwers
for atmospheric and evnvironmental researct}. The first ex-
ample, shown in Figs. 1, is a major Saharan dust outbreak
reaching Cyprus on | April 2013. 013. According to to Fig. 2, the

estm'g*dk&t{l s

T

T
(500 nm AOT iricreased from 1—4 within four hours (0800— ~-~"%

1200 UTC). Disregarding the rather strong AOT increase, the
fine—mode frd&con remained almost constant. About 25% of
the 500 nm @pllt:al depth was caused by fine-mode dust. .

= Figure 3 gives an overview of the dust observations m-th— 3 O

an AERONET photometer during the Saharan Mineral Dust
Experiment 1 (SADIYI}JM 1) (Heintzenberg, 2009; Ansmann
et al., 2011b),in- “terms-of 500 nm AOT, AE, FMEF, and FVE.
The SAMUM-1 field site of Ouarzazate, Morocco, is very
close to-thie Sahara,with a minimum impact of non—dust
aerosol components on the photometer observations. Two
pronounced dust outbreaks from Algeria are indicated in
Fig. 3. Fig. 4 shows two dust particle size distributions mea-
sured within the two SAMUM-1 dust outbreak periods. Dur-
ing these specific periods the FMF values are 0.24-0.35 and
again indicate a significant influence of fine-mode dust on
the measured optical properties..The fine-mode volume frac-
tion ranges from 10% to 15%7 These two observational cases
corroborate that a lidar—based separation of fine and coarse
dust profiles in terms of optical and microphysical properties
is a useful addition to atmospheric profiling techmques o3

I the discussion and interpretation of our observ.atlom
in Section 4, we need characteristic values for the dust
Angstrom exponent, separately for fine mode and coarse
mode. As can be seen from Figs. 3 and 4, fine-mode
dust AE is about 1.540.1, and coarse—mode AE is close
to - 0.2-+0.05. In addition, we need particle extinction—to—
volume conversion factors to translate lidar—derived profiles
of the dust extinction coefficient into volume and mass con-
centrations. In Fig. 4, these conversion factors (vi/AOTT,
ve/AQTc) are computed from the retrieved AERONET val-
ues of the column-integrated particle volume concentrations
(vf, ve) for fine-mode dust and coarse-mode dust, respec-
tively, and corresponding particle optical depths (500 nm
AOTT, AOTc). The SAMUM-I1 conversion factors in Fig. 4
are in good agreement with simulations of Barnaba and
Gobbi (2004). Based on several thousands of realistic
combinations of particle number concentration, size dis-
tribution, and refractive index characteristics, the volume—
to—extinction ratio for dust size distributions dominated
by supermicron dust particles typically ranges from 0.6—
0.9x10"%m for 532 nm wavelength. The maximum value
is 1.0x 10~%m for very large dust particles. For submicron—
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dust—dominated particle ensembles, the conversion factors ss
are between 0.25x 107 %m and 0.4x 10~ %m.

4 Two-step POLIPHON method

330

4.1 Theoretical background

The new two—step POLIPHON method uses the same sepa-
ration technique as the one—step approach. The latter method
is described in detail by Tesche et al. (2009) for a two-
aerosol component mixture of desert dust and biomass burn- **
ing smoke. We briefly introduce the one—step approach and
use the notation of Tesche et al. (2009).

The procedure to separate dust-related and smoke-related
(or more general non—dust-related) profiles of backscattering
starts from the equation for the particle depolarization ratio

5#& 3= -‘3;'

Il Il 0
’;nd + Brl

P

B+ and 8! are so—called cross and parallel-polarized par-+°
ticle backscatter coefficients which can in prinicple be com-
puted from the lidar return signals detected with the cross—
polarized and parallel—polarized signal channels. The indices
d and nd denote dust and non—dust aerosol components, re-
spectively. The sum of all four backscatter contributions in

ig.(1) yields the total particle backscatter coefficient 3;,. The .
overall particle backscatter coefficient 3, is calculated in the
way described in section 2.1.

As shown by Tesche et al. (2009) the particle depolariza-

tion ratio can be expressed by

- Bnddnd (l T Jd) + /5(‘16:'1(1 + o-ru'l)
b !3nd(1 +0a)+Bq(1+0na)

(2) 350

&/\ e w:th the @Mﬂp;d_ust depolanzatxon rdnos (}d dnd\;‘(ﬁ

respectively. After substituting B,q by S’WIVE the
resulting equations to obtain a solution for J4:

( _nd)(l‘i‘ad)

de 16[)( d_ nd){l_‘_a ) Q))E'.L‘ (3)
Ba =0 for §;

355

for 5p o 3,
ncl < HBU‘J *‘f\’{" (4)

The non—dust particle backscatter coefficient is then obtained e
from 8, — Ba.

In the computation after Egs.(1)—(3) we need to estimate
the non—dust depolarization ratio d,q and the dust depolar-
ization ratio d4. The particle depolarization ratio for Saharan
dust of 64 =0.31£0.03 (Freudenthaler et al., 2009; Grol} et zs
al., 2011) is in good agreement with the one for Asian dust
(Sugimoto et al., 2003; Shimizu et al., 2004). The non—dust—
related depolarization ratio d,q may vary from 0.015-0.15
according to the literature. The values accumulate around
0.05 according to published values (Murayama et al., 1999, 20
2004; Fiebig et al., 2002; Sugimoto et al., 2003; Miiller et
al., 2005; Sugimoto and Lee. 2006; Chen et al., 2007; Heese

and Wiegner, 2008% Fig. 5. the one—step and the two—step

methods are illustréted.
_ In our two-step approach we now introduce three types of

aerosols: non-dust particles causing a particle linear depo-
larization ratio of d,q4 =0.05, fine—mode dust causing a de-
polarization ratio of d4r =0.16. and coarse-mode desert dust
causing a particle depolarization ratio of dq. =0.39. Our fo-
cus is on lofted free tropospheric aerosol. We assume the
absence of coarse marine particles here so that spherical par-
ticles exclusively belong to the fine mode particle fraction.
The basic equation of our two—step retrieval scheme is

5. = iLd+ﬁ(:lLf+"3(t‘ j \kl_‘- ,? (5)
P 0 T B s ag
ﬁ}ld+s8:|-lf+d<t‘llc ULL’D\’ -{»W NS(L\ i

In each of the@@igfeﬁ“. two kinds of aerosols are separated
(see Fig. 5). In the first round we start from

L+ 84

(5;; p[ dc‘ ) (6)
’ljp[ + ;3

Index pf indicates fine—modc particles as a wholc,(i.c., spher-

ical as well as non—spherical sub-micrometer particles with

radii of <2500 nm. Analog to the step from Eg.(1) to Eq.(3),

here we obtain for the coarse dust backscatter coefficient

ﬁd i ’3 (O pf max)(1+odr)
¢ E (dd(‘ - dpf.m;mx)(l +‘5p)
Bae =0 for ‘5;1 = (5pf‘max-

for 6, > dpr max, @)

(8)

We assume dp1 max = 0.12 and 4. = 0.39 in Eq.(7) to deter-
mine the coarse—mode contribution 34, to 3. Such a fine—
mode characterizing depolarization ratio of dpp,max = 0.12
instead of 0.16 for fine dust after Sakai et al. (2010) assumes
that the fine—-mode always includes a certain fraction (here
about 25%) of anthropogenic haze and/or biomass burning
smoke. All 4, values between dpf max = 0.12 and dg, = 0.39
indicate mixtwures of coarse dust and fine (spherical and non—
sphericial) particles (see Fig. 5).

We recommend to generally assume a 25% contribution
of finc spherical particle to the overall fine—modce fraction
(in the polluted northern hemisphere) when pronounced dust
layers are detected and the two-step method is going to
be applied. Even for strong desert dust outbreak plumes,
Opt.max = 0.16 (assuming that only pure fine dust contributes
to FMF) in the first round is probably too large. During sit-
uations with traces of soil or desert dust in lofted aerosol
layers, indicated by low depolarization ratios of about 0.05—
0.10, the two—step method will only deliver backscatter co-
efficients for fine—-mode particles when using d,¢ max = 0.12.
Then, the solutions of the one—step and two—step methods
may be compared. The range ol fine and coarse dust profiles
obtained with the two methods may be used as the range of
possible solutions in terms of fine and coarse dust backscatter
coefficients.

Before we can start the secendsround>r€ e separation
of fine spherical [rom fine non—spherical parlic]essjwe have



375

380

385

350

385

405

415

(‘,L_;\_,._u“\ R \\_,\4\\?)(.)‘(.,& G& s u&_}—:us.\/ue_«w &\JX\.M\ s, ﬂai‘i:"\‘?.»f’\—".-:ﬁ_(

| W ess o A rﬁj\ir‘\-:u—-t.)-&/). Eoediaoa Ve B0 ocilf. \*gw\_lu\ U 4_)\

e

to remove the optical effects of coarse—mode dust from the
total particle backscatter coefficient and the particle depolar-
ization ratio. The profile of the fine-mode-related backscat-

ter coefficient is given by 420

.Bpf = ﬁp — Bdc- (9)

Regarding the removal of the coarse—mode depolarization ef-
fect, one may use Eq. (11) of Tesche et al. (2009), here in the
form of

o— s ﬁdc(ap_édc) +3p[(5p(1 +ddc)
L3 ﬁdc(ddr_ép)+5p[(l+6dv) ’

(10)

42
However, it can be shown that solving of Eq. (10) is equiva-

lent to the simple setting according to
dpr = 8, for 8, <0.12, P
dpr = 0,12 for d,>0.12

(1D

in our case with d,r max = 0.12. The profile for &, after
Egs.(11) and (12) corresponds to the fine-mode backscat-
ter profile after Eq.(%). An example for the coarse—dust—
corrected profiles of the particle backscatter coefficient and
depolarization ratio is shown in Section 4.

In the second round, we set the maximum (ine—mode dust **

depolarization ratio (upper boundary of possible fine—mode
depolarization ratios) to dq¢ = 0.16 as suggested by Sakai et
al. (2010). Since the maximum depolarization value is still
assumed to be 0.12, the assumption implies again that the

fine—mode dust [raction is ol the order of 75% and the resid-
440

ual part consists of haze and smoke particles.
The second round starts from
1 i
: Boa+0
Bpr = —4—1t. (13)
Bra + Bar

445

Analog to the step from Eq.(6) to Eq.(7). now we obtain

Bdf — ,6 r(élyf_(j:lci){1+d(lf)
) P (‘df—dllti)(1+'§])f)

Bar=0 for 6p = 6nd}

which can be solved by assuming that the non—dust depolar-
ization ratio is dnq =0.05 and the pure fine-mode dust de-
polarization ratio is dqr =0.16 (see Fig. 5). Finally, we ob-
tain the fine—mode backscatter coefficient for the remaining

for é, > dna. (14)

spherical particles, “5

.Bnd = 3|)f —rﬁrlf-

By using characteristic lidar ratios Sg¢, Sqe, and Spq in
Table 1 (for the Cyprus area in this study), we can convert
the retrieved backscatter profiles Bar, Jge. and 4. into re-
spective particle extinction coefficient profiles for the three

(16)

resolved aerosol components. 460

In the final step of the two—step POLIPHON retrieval, the
set of particle backscatter and extinction coefficients are con-
verted into particle volume and mass concentrations. The

(12) 439
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mass concentrations mqr, mqe, and myq for fine dust, coarse
dust, and non-dust particles, respectively, can be obtained
from the backscatter coefficients Bar., Bac, and 3nq by using
the following relationships (Ansmann et al., 2011a, 2012):

mar = pa{vdr/Tar) Bas Sar, (17)
Mele = Pd (de/Tdc)ﬁdCSdc- (18)
Mnd = Pnd ('“ud/'rnd) qnd 5’(nd . (19)

The particle densities} pa and pyq4 are assumed to be 2.6 g/m3
and 1.5 g/m®, respectively (Ansrann et al., 2012). The con-
version factors)ifm/'r,mwith column particle volume con-
centration v, jand corresponding optical thickness, 7., for
aerosol component, m, are obtained from photometer obser-
vations as shown in‘Section 3. An extended discussion on the
range of observed conversion factors is given by Ansmann
et al. (2012). As mentioned in Section 3, typical conver-
sion factors are 0.6-0.9 x 10~%m for supermicron dust, 0.25—
0.4x10~%m for submicron dust, and around 0.18x10~%m
for anthropogenic fine—-mode aerosol.

4.2 Consistency check: POLIPHON versus AERONET
results

Because of the numerous assumptions and thus high degree
of freedom in this two-step retrieval, we use AERONET
observations as constraints to check the quality of the
POLIPHON backscatter proﬁlcsg;é((;al is to check to what
extenz our results and theers are imsconsis-
tcn@y with the column Valuss of acroso optical properties as
retrieved from accompanying sun/sky photometer observa-
tions.*é"

The AERONET parameters useful for comparison are the

aerosol particle optical thickness AQOT 4, the Angstrﬁm_ex;:)"""“f,_,_w

ponent AE 4, and fine-mode fraction FMFy4. The respective
lidar—derived quantities quantities AOTy,, AE;, , and FMF,,
which are calculated from the backscatter coefficient profiles
in the planetary boundary layer (PBL) and th& free tropo-
sphere (FT) and the parameters listed in Table 1. We dis-
tinguish local PBL aerosol particles and FT particles after
long-range transport.

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

2 top
s BB f Bm(2)dz. 20)

2. bot

Table 1 provides an overview of all input parameters. Lidar
ratios for the PBL (lowest 300450 m of the troposphere)
are found around 30 st because of the marine influence and
around 60-80 sr in the FT from the CUT-AERONET long—
term observations (2010-2014).
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»I}'J‘gi U_"-"J Because we compare in&:ction 4 solutions obtained withsw
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the one-step approach (nd: m =1, d: m =2 after Tesche et

2009) and the two—step method we introduce the param-
eter M with M =2 in the case of the one-step method and
M =3 in the case of the two—step method. Now the total par-
ticle optical depth AOT|, derived from the lidar observations
can be written as:

M 2
TL=§ E Tm.l-

m=11l=1

2D

The lidar—derived column Angstrém exponent AE, is
given by

M 2
an:l i=1 Qo 1T 1
M 2
2t ot T
with characteristic Angstrom exponents in Table 1.

Typical Angstrom exponents in Table 1 for the free tro-
posphere and boundary layer acrosol over Cyprus are ob-

G = (22)

515

520

526

tained from the long—term AERONET-EARLINET studies .

(2010-2014). The pure dust Angstrom exponents are from
the SAMUM-1 campaign.
The fine—mode fraction FMFy, is computed from the lidar
data as follows:
M—12
2om=1 2= Tmil

EAT 2 =
m=121=1Tm.l

4.3 Retieval uncertainties

fr= (23)

Uncertainties in the separation of the backscatter coefficients
of spherical particles and fine and ceoarse dust particles are
caused by four sources: a) uncertainties in the computation
of the basic products, i.e., of the particle depolarization ratios
and back%attcr coelficients, b) umerlamuce in the assump-
tions T ‘Characteristic depolarization ratios- foF fine dust and
coarse dust, c) uncertainties in the assumption of the contri-
bution of haze and smoke particles to the free tropospheric
aerosol, and 4) uncertainties in the input parameters in Ta-
ble 1. According to the error discussions by Tesche et al.
(2009) and Mamouri et al. (2013) the overall uncertainty in
the separation of the backscatter coefficients for the differ-
ent aerosol types is of the order 20%-40%. The uncertainty
in the retrieved mass concentration profiles may be of the
order of 50%. However, as the good agreement and consis-
tency between the lidar and AERONET photometer observa-
tions in the next section indicate. the retrieval uncertainties
are usuﬁ‘;ﬁuch lower (of the order of 25% or even less)_ﬁn
(s first feasibility study on the pntentml of polarization lidar
lo provide detailed insight into (ine—mode and coarse-mode
dust optical and microphysical properties we avoid to present
error bars in the next section to keep the’ figures simple and
to facilitate the discussion. =

Another error Source arises from a potential mterfcrenLe

——e
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by other non-spherical aerosol types. The lidar/photometer seo

data analysis and interpretation must be always accompanied
by extended backward trajectory analysis and atmospheric
transport model simulations to be sure that soil or desert dust
is the only acrosol component that significantly depolarises
backscattered laser light. In 2010, volcanic dust emitted by
the Islandic volcano Eyjafjallajokull and Saharan dust oc-
cured simultaneously over wide areas of southeastern Europe
and complicated the aerosol lidar data analysis (Papayannis
et al.. 2012). Also, dried marine particles. e.g.. sea salt par-
ticles after advection over land at relative humidities below
50%-70¢%, may disturb the polarization observations at Ii-
dar sites on islands and coastal areas. Sakai et al. (2010)
demonstrated that dry, irregularly shaped sea salt particles
can causc a depolarization ratio of 9% (fine-mode). One can
conclude from studies of Murayama et al. (1999) that dry
coarse sea salt acrosol may lead to particle depolarization ra-
tios of 20%-25%. However, the long-term observations at
Cyprus indicate that marine particles are usuvally spherical
and show low depolarization ratios -23% as-typicalforTma-
rine-enviromments (GroB et al., 2011). In addition, marine
particles are widely confined to the lowermost 500-800 m
{(marine boundary layer) of the atmopshere and-have-a-minor
impaet-on-free-tropospherie-aerosol-properties.

5 Results: 26-30 September 2011 case study
5.1 Overview

The following case study serves as a testbed for the appli-
cability of the new two—step POLIPHON method. Both,
the one—step and the two—step method are used to analyse
a period with background fine soil dust and desert dust from
Syria. Layers of soil dust particles are frequently advected
to Cyprus from areas of central and eastern Turkey and other
arid regions further north of Turkey during the summer sea-
son. These layers occur as lofted, vertically homogeneous
plumes, mostly in the height range of 1-3 km above sea
level. As a unique feature, this background soil dust mainly
consists of submicron particles, as high AE, values indi-
cate. A coarse-mode fraction is not,or almost not,visible
in the photometer observations. The reason for the absence
of coarse dust particles is not clear. Particle sedimentation,
removal of predominately large particles by cloud processes
and washout effects, and depletion of the source region with
respect to coarse material may have contributed to the ob-
served low amount of coarse dust particles. Episodically,
desert dust outbreaks with a pronounced number concentra-
tion of supermicron particles from deserts in the Middle East
and northern Africa reach Limassol and partly mix with this
fine—mode soil dust [rom the north, One of such events is
discussed in this section.
Figure 6 shows the arrival of an extended desert dust layer

over Limassol in the late morning of 28 September 2011.

Bcfore a northerly airfllow [rom Turkey prevailed according
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to the backward trajectories in Fig. 7. The air mass trans-
port changed from northerly advection on 26-27 September
2011 to more complex features in the regional aerosol trans-
port resulting from a major Arabian dust outbreak on 28-29
September 2011.

The particle size distributions in Figase 8 (taken from
the AERONET data base, level 2.0 data) show a bimodal
shape with a strong increase of the coarse—modg:g fraction
when the dust outbreak arrived. The weak coarse mode on
26-27 September 2011 (blue lines in Fig. 8) consists most
likely of marine particles;as Fig. 9 suggests. In this fig-
ure, pure marine size distributions as observed over Barba-
dos with AERONET photometers during a field campaign
(see AERONET site of Barbados—SALTRACE, located at the
west coast of Barbados, at the Caribbean Institute for Mete-
orology and Hydrology, CIMH) and at Ragged Point (east
coast of Barbados) are compared with the observations over "
Limassol on 26-27 September 2011. As can be seen, the
coarse modes over Limassol and Barbados are rather similar.
Thus, the marine aerosol impact may fully explain the occur-
rence of the coarse mode in the volume size distributions of
the Cyprus AERONET site on 26-27 September 2011. Ma- o
rine particles are confined to heights of 300-450 m during
the period studied here.

Typical marine AOTs are of the order of 0.04-0.06 at
500 nm with a fine-mode contribution of 40%-50%as can
be seen in Fig. 9 for the Barbados cases. If we subtract a”™°
potential fine—mode marine contribution of 0.025-0.03 and
a similar urban-haze contribution from the observed fine—
mode AOT of 0.172, about 0.1-0.12 is left for the fine—mode
aerosol in the free troposphere on 26-27 September 2011.
The depolarization ratio profile in Fig. 10 shows that this®s
fine—mode aerosol produces significantly enhanced depolar-
ization ratios around 1095-15%. A considerable fraction of
the [ree tropospheric fine—mode aerosol must therelore be
dust. Since the aerosol crosses populated and industrialized
areas in Turkey and further to the north, we must assume °
that a mixture of fine dust and other (spherical) aerosol com-
ponents (urban haze, fire smoke) was present and lowered
the overall particle depolarization ratio. As can be seen in
Fig. 10, the depolarization ratio went up to almost 0.35 on 28
September 2011, when the Arabian dust arrived.

An overview of the AERONET photometer observations
from 26-30 September is presented in Figage 11. The 500 nm
AQT 5 increased to values around 0.7 during the desert dust
outbreak in the morning of 29 September 2011, At the same
time, the 500 nm FMF, droped to values of 0.25. During eso
the fine—mode dust days (26-27 September), FMF, was high
with values >»0.9. Later on the values from 0.4 and 0.7 in-
dicated mixed aerosols. The Angstrom exponent AE, was
around 1.8 during the fine-mode dust days and dropped to
values of 0.5-1.0 when the major dust outbreak dominated sss
the aerosol conditions over Limassol. The minimum value of
AEa =0.25 was observed in the early morning of 29 Septem-
ber 2011.
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5.2 Retrieval of fine-mode and coarse-mode backscat-
ter coefficients

Figures 12-15 show examples of application of the new two—
step method in terms of the basic quantities, the backscatter
coefficients. For comparison, the particle backscatter coeffi-
cients obtained with the one—step method are shown in the
central panels of these figures, assuming typical depolariza-
tion ratios of 0.05 and 0.31 for dust and non—dust particles
(see Fig. 5). In the case of the two—step method, the charac-
teristic particle depolarization ratios are 0.05, 0.16, and 0.39
for spherical particles, fine dust, and coarse dust, respec-
tively, As outlined inSection 4, it is assumed that roughly
25% of the fine particles in the free troposphere are of an-
thropogenic origin (urban haze and biomass burning smoke).

The aerosol conditions as observed before the arrival of the
major dust storm are given in Fig. 12. The free tropospheric
aerosol layer extended from about 350 to 3500 m height. The
particle depolarization ratio ranges from 0.1-0.14 in the main
aerosol layer up to 2500 m. The slightly ‘enhanced depo-
larization ratio values in the boundary layer (2300 m) are
probably caused by road dust and ‘surface<near local dust
transport from arid regions on Cyprus. The colored numbers
in Fig. 12 are the lidar—derived AOT), values (after Eq.(20))
for the different aerosol components. In addition, the lidar—
derived Angstrom exponent AE;, (Eq. (22)) and fine—mode
fraction FMF), (Eq. (23)) are presented and compared with
respective AERONET values (FMF 4, AEA) given in the left
pancls of the figures.

As can be seen in Fig. 12, the one-step method leads to
a comparably large coarse-mode particle backscatter frac-
tion for depolarization ratios of 0.1-0.14. Accordingly,
FMF}, is much lower with 0.71 at these specific background
fine—mode dust conditions than the AERONET value of
FMF,4 =0.92. As a consequence, a significant disagree-
ment is also found in terms of the Angstrom exponent
(AEA =1.68, AE;, =1.42). A much better agreement is ob-
tained when using the two—step method. The fine—-mode frac-
tion now consists of spherical particles and fine—-mode dust.
This leads to an increase in FMF, and AE;, values.

Figure 13 shows the aerosol conditions after the arrival
of desert dust. A pronounced dust layer was found be-
tween 1 and 2 km height, and high depolarization ratios of
>-0.3 were observed in this layer indicating a strong con-
tribution of coarse dust particles to light backscattering (see
Fig. 10). The AERONET values of AEs and FMF, signif-
icantly decreased compared to the values observed the day
before (Fig.11). Both, the application of the one—step and the
two-step method, reveal large coarse—dust-related backscat-
ter coefficients between 1 and 2 km height and a mixture of
fine-mode and coarse-mode particles below and above the
main desert dust layer. As can be seen in the right panels of
Fig. 13, a considerable part of the fine-mode backscatter co-
efficient is caused by dust. By resolving fine and coarse dust
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again a better agreement of the AERONET and lidar—derived
AE and FMF values is obtained.

Figure 14 provides more insight into the two-step data
analysis (same case as in Fig. 13, top panels). By usingrs

prevailing westerly winds, both methods are no longer in
good agrrement with the AERONET results because of the
undefined conditions on mixing of marine, urban smoke, and
dust aerosolstHue brew o Ao oo tla

Sl

LSS AL, b Rt .
5.4 Particle extinction and mass concentration pmhles 1’-—‘—L‘—L~L

the depolarization limits of 0.12 and 0.39 we determine the
contributions of fine—-mode particles and coarse dust parti-
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cles (see F1g 5, first step of the two—step method). Before
we can appy the second step we have to remove the coarse
dust impact on the backscatter cocfficient by means of Eg. (9)
and on the particle depolarization ratio by means of Eq. (10)
or Egs. (11)~(12). These resulting coarse—dust—corrected 72
backscatter and depolarization ratio profiles are shown in
Figtise 14 as blue dashed lines. They are the mput profiles
for the second round of the two—step mcthod"% reveal the
backscatter coefficient profiles for fine-mode spherical par-
ticles and fine—mode dust. Since we assumed a fixed ratio7s
of fine spherical particles and fine dust ratio (assuming about
75% fine dust in the fine mode) in the two—step data analy-
sis, the ratio of obtained particle backscatter coefficients for
fine spherical particle to fine dust may give a rough hint how
justified this assumption is. As shown in the figure. the ratio 7
of the blue and orange backscatter profiles is about 0.5-0.66
throughout the lowest 2 km of the troposphere which is close
the assumed value of around 0.75.

Figure 15 shows the situation on 29 September 2011,
when the desert dust plume influenced the entire tropospheric 7as
column up to 2.5 km height and covered large parts of the
eastern Mediterranean. The 500 nm AOT was close to 0.43
with a strong coarse dust contribution of 0.235 (two-step
method). Both, the one-step and the two-step method. re-
veal a total dust AOT close to 0.35. Again the two—step
method results (AEy,, FMF|,) are in better agreement with the
AERONET products (AEa. FMF 4 )than the values obtained 750
with the one—step approach. The one-step method yields a
rather low fine—mode fraction of 0.19 which is similar to the
spherical mode fraction of SMFy, = (.18 in the case of the
two—step method.

5.3 Consistency check with AERONET results 755
Figures 16 and 17 provide an overview of the AERONET and
lidar—derived AE and FMF values for the entire observational
period from 26-30 September 201 1. The AE,, values depend
on many assumptions regarding the spectral dependence of 760
backscattering and extinction of a variety of aerosol types
(according to Table 1). Therefore, the comparison with the
AE 4 values may only provide hints on the quality of the AE,
values. The FMF values. on the other hand, are not largely
influenced by assumptions so that the good agreement with 7ss
FMF, is a clear sign that our two—step approach worked suc-
cessful. Especially for 26-29 September period a very good
agreemenh'a’f the AERONET and thg two—step—method rex

_sults-is obtained. At the end of our observational period (30

September 2011). when the backward trajectories (not pre- 77
sented) showed a complex air mass transport structure with

Finaby-Fig. 18 provides an example for the computation of
the particle extinction coefficients and mass concentrations
from the particle backscatter coefficients. These retrievals
complete the POLIPHON data analysis. For each aerosol
component (fine spherical, fine dust, coarse dust), extinction
and mass profiles are presented. The results for the lower-
most 300 m have to be interpreted with caution because all
profiles rely on the assumption of a height—independent parti-
cle depolarization ratio and a linear increase of the backscat-
ter coefficient from 300 m towards the ground.

As can be seen in Fig. 18, fine—mode dust significantly
contributes to the total particle extinction coefficient in the
free troposphere as demonstrated in section 3. Extinction
values for fine-mode dust are of the order of 30-50 Mm™! —
<_The mass concentration profiles show that coarse dust
mostly contributes to particle mass in the free troposphere.
Maximum values of close to 1000 pg/m® are found at 1.2 km
height. Fine dust mass concentrations are around 40 pg/m?
in the free troposphere and 50-100 pug/m® close to the
ground. The fine sphercial particles show much less mass
concentrations of 15-20 pg/m? in the PBL and 10-15 pg/m?®
in the free troposphere. Thus, fine dust can dominate PM; g
levels at ground during dust outbreak situations.

6 Conclusions

The separation of profiles of fine dust and coarse dust opti-
cal properties by means of the polarization lidar technique
has been proposed for the first time. The presented new li-
dar method is an extension of the traditional method applied
to distinguish non—sphercial and spherical particles. Now,
fine-mode and coarse-mode dust profiles in terms of parti-
cle backscatter and extinction coefficients, volume and mass
@ccntratlosn -can be derived. A feasibility study based
on corrjplex aerosol observations with EARLINET lidar and
AERONET sun/sky photometer observations over Limassol,
Cyprus, demonstrated the applicability and usefulness of the
new two-step POLIPHON method. Good agreement with
AERONET column aerosol observations was found. Such
a step forward in the application of polarization lidar tech-
nique provides important new insight into dust properties for
atmospheric and environmental research.

It should be emphasiszed that the developed one—
wavelength polarization method @s presented here is only one
of several potential ways to retrieve fine and coarse mode
dust profiles. The new retrieval technique requires a consid-
BTaTE number of assumptions. Nevertheless, the advantage

ja
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@f simple lidars is that they are usually robust and favorable
for long—term monitoring efforts.

In the next step, multiwavelength polarization lidars, pro-
viding depolarization ratios at two wavelengths (Sugimoto
and Lee, 2006; GroB et al., 2011; Kanitz et al., 2014) or
even three wavelengths (Ansmann et al., 2014; Miiller et al.,
2014), with additional Raman or high-spectral-resolution .
channels for extinction and backscattering profiling, are best
candidates for an almost unambiguous separation of fine and
coarse dust profiles. Based on the measured wavelength de-
pendence of light depolarization, backscattering and extine- sz
tion coefficients, three to four aerosol types (marine, haze
and smoke, fine dust, coarse dust) which all have different
characteritsics in terms of particlé depolarization ratio and
wavelength dependence of backscattering and extinction, can
then be discriminated.

It should also be mentioned that the LIRIC and GARRLIC
methods are able to separate fine—-mode and coarse-mode
dust. According to the theoretical backround these methods
distinguish fine-mode spherical, fine-mode non-spherical, g5
coarse—mode spherical, and coarse-mode non—spherical par-
ticle types. Also the [‘E%hj\iguf presented by David et al.
(2013) is capable f&-‘ﬁmvide separate information on fine
and coarse dust profiles. However, these techniques are all
based on a particle shape models (assuming dust particles to **°
be spheroids). This assumption causes considerable uncer-
tainties.

As a final remark we would like to emphasis that further
laboratory studies (for the laser wavelength of 355, 532, and
1064 nm) and efforts of modelling of the dust optical proper-
ties such as the particle depolarization ratio and liudar ratio,
separalely [or irregularly shaped [ine dust and coarse dust
are required. We used the best available information for our
separation method, but studies explicitely focussing on the g0
depolarizing effects of realistic fine mode and coarse dust
ensembles are not available.
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