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Abstract. Four-year observations (2010-2014) with EAR- 1 Introduction
LINET polarization lidar and AERONET sun/sky photome-
ter at Limassol (347N, 33 E), Cyprus, were used to study Biomass burning smoke affects air quality, visibility, and
the soil dust content in lofted fire smoke plumes advectedclimate directly and indirectly. Hot fire smoke plumes eas-
from Turkey. This first systematic attempt to characterizeily reach the free troposphere (FTArqiridis et al, 2010
less than 3-day-old smoke plumes in terms of particle linear@nd can be transported from continent to continent within
depolarization ratio (PDR), measured with lidar, contributes1 week Fiebig et al, 2002 Mattis et al, 2003 Murayama
to the more general effort to properly describe the life cy- €t al, 2004 Muiller et al, 2005 Petzold et al.2007 Ans-
cle of free-tropospheric smoke—dust mixtures from the emis-mann et al.2009 Baars et al.2011) and around the globe
sion event to phases of long-range transperédays after ~ Within 2-3 weeksamoah et a) 2004. These plumes partly
emission). We found significant PDR differences with valuesreéach the upper tropospherildttis et al, 2008 Dahlkot-
from 9 to 18 % in lofted aerosol layers when Turkish fires ter et al, 2014. Fire smoke must be regarded as an impor-
contributed to the aerosol burden and of 3—13 % when Turk{ant source of the free-tropospheric background aerosol. It is
ish fires were absent. High Angstrom exponents of 1.4—2.2vell known that strong winds inside the combustion zones
during all these events with lofted smoke |ayer5’ Occurringcan raise considerable amounts of soil particles into the at-
between 1 and 3km height, suggest the absence of a prdnosphereRalmer 1981, Gaudichet et a).1995 Maenhaut
nounced particle coarse mode. When plotted vs. travel timeet al, 1996 Clements et a]2008 Chalbot et al.2013. Fires
(spatial distance between Limassol and last fire area), PDRround the world may thus also be significant sources of FT
decreased strongly from initial values around 16—18 % (1 daydust particles which influence climate directly and indirectly
travel) to 4-8 % after 4 days of travel caused by depositionas favorable cloud condensation and ice nudkeatt et al.
processes. This behavior was found to be in close agreemeg01% McCluskey et al.2014.
with findings described in the literature. Computation of par- For an adequate consideration of fire-related dust and
ticle extinction coefficient and mass concentrations, derivedsmoke particles in atmospheric models, it is desirable to
from the lidar observations, separately for fine-mode dustimprove our knowledge about the life cycle of fire smoke
coarse-mode dust, and non-dust aerosol components shaumes from the emission and regional transport during the
extinction-related dust fractions on the order of 10% (for first several days up to the long-range and intercontinental
PDR = 4%, travel times- 4 days) and 50 % (PDR: 15 %, transport and corresponding travel times of 7—20 days after
1 day travel time) and respective mass-related dust fractiongmission. From ground-based in situ aerosol field studies
of 25 % (PDR= 4 %) to 80 % (PDR= 15 %). Biomass burn- ~ close to fires, we know that soil dust particles form a pro-
ing should therefore be considered as another source of fre@ounced coarse mode in the beginning. AccordingGsu-
tropospheric soil dust. dichet et aI(1995 andMaenhaut et al(199©, 75-99 % of

the coarse particles were found to be dust in smoke of flam-

ing African savanna fires.
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In contrast, airborne in situ observations of fire smoke AERONET photometer observations showed high Angstrém
plumes originating from North American forest fires indicate exponents (mainly from 1.4 to 2.0) during all these events
that super micrometer particles (coarse-mode particles) araith lofted smoke layers suggesting the absence of a pro-
almost absent in aged smoke plumes after long-range transtounced particle coarse mode. Depolarization ratios of 10—
port of 4-6 days. However, the accumulation mode of thel5 % then point to fine-mode dust contributions on the order
particles in these plumes is enhanced and shifted to mode disf 50 % to the observed optical particle properties as will be
ameters of 200—400 nm compared to smoke-free backgroundiscussed in Sect. 3.
aerosol observation&iebig et al, 2002 Petzold et a].2007, The paper is organized as follows: in Sect. 2, the lidar and
Dahlkotter et al.2014). Particle linear depolarization ratios photometer instruments as well as the lidar data analysis are
of 6-8 % and sometimes up to 15 % in North American fire briefly described. Section 3 presents observational case stud-
smoke after long range transport observed with polarizatiories and statistical results of our aerosol observations, and in-
lidars Fiebig et al, 2002 Murayama et a).2004) point to  tegrates the findings into the broader context of published
fine-mode dust particles contributions of about 5-40 % to thelidar observations of aged smoke—dust plumes. A summary
observed particle optical properties of the aged smoke layersand concluding remarks are given in Sect. 4.

Polarization lidar observations of the particle linear depo-
larization ratio allow us to separate fine-mode and coarse-
mode dust and to distinguish dust from non-dust aerosol con2  |nstrumentation and data analysis tools
tributions to the measured particle mass concentration, op-
tical depth, and extinction coefficient$gsche et al.2009 2.1 EARLINET polarization lidar
Mamouri and Ansmanr2014. Only irregularly shaped par-
ticles such as mineral dust particles (soil, road, and deserThe lidar station of the Cyprus University of Technology
dust) cause strong depolarization of emitted linearly polar-(CUT) at Limassol (34.7N, 33 E; 50mas.l.) (Mamouri
ized laser light, whereas spherical or almost spherical paret al, 2013 is member of the European Aerosol Research
ticles such as anthropogenic haze, biomass-burning smokéjdar Network (EARLINET) Pappalardo et al2014. The
and marine particles do not produce strong depolarizatiorsite is located about 150 km south of Turkey and 250 km west
of backscattered lightTesche et al.201% Grol3 et al. of Syria. The lidar transmits linearly polarized laser pulses at
2011, 2013 Ansmann et aJ.2011, 2012. Our dust detec- 532nm and detects the parallel- and cross-polarized signal
tion method may be biased by light-depolarizing ash parti-components at this wavelength. From the calibrated ratio of
cles. However, these large particles are assumed to fall ouhe cross-to-parallel-polarized lidar signals, the volume lin-
quickly, within 1 day after injection. The observations, dis- ear depolarization ratio can directly be determinéc(den-
cussed in Sect. 3, at least do not indicate the presence of larghaler et al. 2009. Calibration of the polarization channels
particles during fire smoke events. is performed by rotating the box with the polarization sen-

To better characterize free-tropospheric fire smoke plumesitive channels following the methodology Bfeudenthaler
and mixtures of dust and smoke as well as changes in the miet al.(2009. The transmission properties of the receiver (for
crophysical and optical properties of these mixed aerosol layparallel and perpendicularly polarized light) required for an
ers with travel time, lidar measurements of the particle linearaccurate determination of the particle linear depolarization
depolarization ratio in fire smoke plumes especially duringratio are known from measurements. The uncertainty in the
the first 3 days after emission are required. A first systematiozolume linear depolarization ratio s 5 %. In the following,
attempt to fill this gap is undertaken in this paper. We ana-the linear depolarization ratio is simply denoted as depolar-
lyzed polarization lidar observations performed at the EAR-ization ratio.

LINET site of Limassol, Cyprus, from April 2010 to Febru-  The full overlap of the laser beam with the receiver field of
ary 2014. These results are presented in Sect. 3. In our studyjew of the 20 cm Cassegrain telescope is obtained at heights
we concentrated on air masses advected from Turkey and rearound 300 m&.I. (Mamouri et al, 2013. The measured
gions further north of the Black Sea area during the mainvolume depolarization ratio is reliable to about 50 m above
burning season (summer half year). We separated cases witiround. Overlap effects widely cancel out here because the
strong impact of smoke events (occurring over Turkey duringdepolarization ratios are calculated from signal ratios. How-
1-3days before arrival at Limassol) from observations withever, for this study we only analyzed data for heights above
more background-like aerosol signatures (not influenced by800 m and set the depolarization ratio below 300m to a
Turkish fire smoke). We found significant differences in the height-independent value (see discussion in Sect. 3).
depolarization characteristics of the backscattered laser light. Our study presented in Sect. 3 is based on height pro-
The particle linear depolarization ratio (the definition is given files of the particle backscatter coefficient and the parti-
in the Sect. 2) was typically 10—15 % when Turkish fires con-cle depolarization ratio at 532nm. The determination of
tributed to the aerosol burden in the free troposphere andhe particle backscatter coefficient is described in detail by
considerably lower with values of 3-8 % when fires over Mamouri et al.(2013. The particle depolarization ratio is
Turkey were absent while the air masses crossed this countrgomputed from the volume depolarization ratio by means
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to be small and mainly confined to the boundary layer (low-

Backscatter coefficient [Mm™'sr]
est 400 m).

6 05 10 15 20 2 4 6 8 o .
] ] Recently, a new polarization-lidar-based method was in-
5 —BC 3 —BC 1 troduced byMamouri and Ansmann(2014 that allows
'E —DV | —DV 1 us to separate spherical (marine and continental fine-mode
= 3 E and marine coarse-mode particles), fine-mode dust particles
= 3 . causing particle depolarization ratios around 163akai
2 3 3 3 etal, 2010, and coarse-mode dust particles causing particle
= [ ] ] depolarization ratios around 39 %4dkai et al.2010. The
D 2F - = fine mode includes all particles with ragii500 nm. We used
% - 3 . the new technigue to estimate the contribution of fine-mode
1 2 E E and coarse-mode dust to the mass concentrations and particle
0 Basdatind it d Bundidin, L L] extinction coefficients in the detected smoke—dust plumes in
2 4 6 8 2 4 6 8 Sect. 3.
Volume depolarization ratio [%] As described byMamouri and Ansmanif2014, a two-

step approach is applied to the measured 532 nm backscatter-
Figure 1. 532 nm particle backscatter coefficient (BC, green) and coefficient profiles. In our study, we explicitly assume that
volume linear depolarization ratio (DV, black) measured on 2 days qq tronospheric spherical particles cause depolarization ra-
Wlth QImqst partlcle-free condltlops above 2-3km helght. The ver-_. %. that the fine-mode aerosol mixture of smoke and
tical lines indicate DV = 1.3 %. This value was used in the data anal tios of 1%, tha . o . .
ysis as Rayleigh depolarization ratio (clear air DV). dus_t causes a particle depolarization ratio of 8 % (assuming
a mixture of roughly 50 % smoke and 50 % dust), and that, as
mentioned, the coarse-mode dust particles cause a depolar-
ization ratio of 39 %. According to the error discussions by
Mamouri et al.(2013 and Mamouri and Ansmanii2014),
of the determined particle backscatter coefficidfrie(iden-  the overall uncertainty in the separation of the backscatter
thaler et al. 2009. Uncertainties in the retrieval products and extinction coefficients for the different aerosol types is
(particle backscatter coefficient, particle depolarization ratio)on the order of 20—40 %, and the uncertainty in the retrieved
are discussed blylamouri et al.(2013 and are typically on  mass concentration profiles is about 50 %.
the order of< 10 %.
In the retrieval of the particle depolarization ratio, the 2.2 AERONET sun/sky photometer
Rayleigh depolarization ratio (i.e., the depolarization ratio
for particle-free air) must be known. The Rayleigh depolar- The lidar is collocated with a sun/sky photometer of
ization ratio is estimated from the volume depolarization ra-the Aerosol Robotic Network (AERONET, CUT-TEPAK
tio during clear days in aerosol-free air. Figdrpresentstwo  site, Limassol, Cyprudittp://aeronet.gsfc.nasa.gdqiHolben
examples. Although the shown volume linear depolarizationet al, 1998. The CUT AERONET photometer measures the
ratio is noisy at heights above the main aerosol layers reachaerosol optical thickness (AOT) at eight wavelengths from
ing up to about 2—-3 km height, one can see that the volume39 to 1638 nm. From the spectral AOT distribution, the
depolarization ratio assumes values around 1% at heightdngstrom exponent, AEAngstrém 1964, and the fine-
above 4km. The volume depolarization is equal to the de-mode fraction FMF (fraction of fine-mode AOT to total AOT)
polarization ratio for pure Rayleigh backscattering (in casegO’Neill et al., 2003 are retrieved. AOT errors are on the or-
with negligible particle backscattering). In the data analysis,der of 0.01-0.02 in the absence of unfiltered cloud contami-
discussed in Sect. 3, we used a fixed Rayleigh depolarizationation Chew et al.2012.
ratio of 1.3 % for all measurement cases. The uncertainty in-
troduced by a wrong Rayleigh value #fl % is on the order 2.3 Combined lidar/photometer data analysis
of 1-2 % in the particle depolarization ratio.
Figure 1 also shows that the volume depolarization ratio Mamouri et al. (2013 provide a detailed description of
in pronounced aerosol layers can be as low as about 2% ithe lidar data analysis to obtain height profiles of particle
cases with westerly winds (right panel) when maritime par-backscatter and extinction coefficients at 532 nm, which are
ticles and aged anthropogenic haze from western, southeriin good agreement with the column-integrated photometer
and central Europe dominate the aerosol conditions over thebservations of AOT. In this approach, the particle depolar-
eastern Mediterranean. Values around 2—-3 % are typical foization ratio is used to distinguish dust and non-dust contri-
maritime particlesGrofl3 et al. 2011, 2013. As mentioned  butions to the particle optical properties. Besides height pro-
above, road and soil dust emitted around Limassol and evefiles of the particle optical properties, essential products are
dried marine particles (dry sea salt) may contribute to thethe derived extinction-to-backscatter ratios (lidar ratios) for
measured light depolarization, but these effects are assumetie entire tropospheric colunmsy, for the free troposphere
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9 Aug 2012, 1030-1130 UTC, smoke-free case ANALYTICAL BACKTRAJECTORIES LIMASSOL
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Figure 3. Six-day HYSPLIT backward trajectories arriving at Li-

Figure 2. 532 nm particle backscatter coefficient (left, green) and massol, Cyprus, at different height levels (black, blue, light blue,
particle linear depolarization ratio (right, black) in the free tro- green, orange, yellow) on 9 August 2012, 12:00 UTC. Red crosses
posphere during northerly airflow. No fires occurred over Turkey indicate fire events which occurred during the time period from 2 to
(smoke-free case). The grey-shaded area indicates the identified August 2012 according to MODIS observations.
lofted aerosol layer. AE, AOTx, and FMR, in the left panel de-
note Angstrém exponent, aerosol particle optical thickness, and
f@ne-mode fraction derived frgm AERONET photometer observa- 2.5 MODIS fire products
tions (for the total tropospheric column). Retrieved lidar ratips
for the free troposphere arfito for the total column obtained af-

terMamour et al(2013 are given in the right panel. The boundary- In order to identify the areas where biomass burning aerosols

layer lidar ratioSpg|_ (for the lowest 400 m) is required as input in were gene.rated, MOD,IS (Moderate Resolution Imaging
this retrieval. In addition, the mean particle depolarization rétip Spectroradiometer) active fire products were useyn

for the grey-shaded lofted aerosol layer is given together with the€t al. 2002 Giglio et al, 2003. MODIS comprises a multi-
standard deviation. spectral sensor with 36 spectral bands and covers the wave-

length range from 0.4 to 14.2 um. Single fires are detected
with 1 km spatial resolution. MODIS is flown aboard the two
NASA Earth Observing System (EOS) satellites Terra and
Agqua. Both satellites are polar orbiting. Fires at the 1km
scale can be measured up to four times per day. The MODIS

vations at Limassol) for the lidar ratiSpg, of 20-35sr in algorithms (including the fire algorithm) are updated period-

: ically, leading to different versions, which are used to gen-
;hoeopllez)noetarﬁ i)r?u?dary Iaa/er_ (PBIL)’ €., rf]or tr;ﬁ IowerImOStferate a series of collections of the data products. The latest
- M ot he tropospheric column, Where the overiap (Collection 5) fire data were used in this study.
the laser beam with the receiver field of view is incomplete,

. . We show 7-day fire spots, i.e., all spots detected within
and for the non—du;t fre.e-trop.osphenc lidar r&ﬁ'@’SOf 40— week before the lidar observation. Data from University
60 sr are required in this retrieval as assumed input. Index

denotes fine-mode spherical particles in the free tropospherﬁ]c Hawail (http://modis.higp.hawail.edure taken. MODIS

h as fire smoke and anthr nic haz ticl ot spots are provided with a level of confidence. For the
such as fire Smoke and anthropogenic haze particies. retrievals here the confidence level of 80% was used, so

all values with lower confidence values were excluded. The
fire events were then combined with 6-day HYSPLIT back-
ward trajectories in order to estimate the presence and age of
smoke plumes detected with the EARLINET lidar.

In order to investigate the influence of fire activities on

the observed optical properties of the lofted aerosol plumes

crossing Cyprus, we studied the air mass transport by3 Results

means of backward trajectory analysis. The calculations

were performed with the HYSPLIT (HYbrid Single-Particle The focus of our study is the investigation of the potential of
Lagrangian Integrated Trajectory) Model. Access is pro-open fires (wild fires and controlled biomass burning) to trig-
vided via the NOAA ARL READY websitehttp://www.arl. ger injection of soil dust into the free troposphere. Another
noaa.gov/HYSPLIT.php HYSPLIT is described in detail in  goal was to concentrate on young smoke plumes (not older
Draxler and Hes§1997, 1998 andDraxler(1999. than 1-3days). Therefore, we only consider measurement

SeT, and lidar ratios for dusSet p in the free troposphere.
Climatological values (obtained from the long-term obser-

2.4 HYSPLIT backward trajectories

Atmos. Chem. Phys., 14, 1215832165 2014 www.atmos-chem-phys.net/14/12155/2014/
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23 Aug 2011, 0810-0854 UTC, fire-smoke case ANALYTICAL BACKTRAJECTORIES LIMASSOL
R L o s e EREREREREEREEREERRY NOAA HYSPLIT MODEL — GDAS Meteorological Data 09 UTC 2308 11
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Backscatter coef. [Mmsr"] Depolarization ratio [%] Figure 5. Same as Fig3, except for 23 August 2011. Red crosses

indicate fire events which occurred during the time period from 16
Figure 4. Same as FigR, except for 23 August 2011. A fire smoke to 23 August 2011.
case is shown (i.e., air masses crossed fire areas over Turkey before
reaching the lidar site). Retrieved values are given as numbers. Input
in the lidar ratio retrieval iSpg. = 35sr. 6 T T T

smoke free smoke
base height = 1.23+0.38 km base height = 1.33+0.40 km
top height = 2.61+0.83 km top height = 2.87+0.41 km

a1
T
1

cases of air mass transport from northerly directions crossing
Turkey. We observed 45 respective cases from April 2010 to

February 2014. In 24 out of the 45 cases presented here, thes 3r

backward trajectories together with the MODIS fire maps in- | “

dicated that the measured lidar profiles were influenced by . 2 ‘ H ‘ T

s.l. [km]
+

w

Height a

Turkish fire smoke.

We begin with two case studies. The measurement exam-
ples in Figs2 and4 together with Figs3 and5 (HYSPLIT L. ....... T T
backward trajectories and MODIS fire information) provide  1/2/2010 1/2/2011 1/2/2012 1/2/2013 1/212014
a contrasting impression of the differences in the observed Date [d/m/yyyy]

particle depolanzatlon.rauos when no fires Wgre observed b3f:igure 6. Lofted free-tropospheric aerosol layers (shown as verti-
MODIS over Turkey (Fig2) and when several fires over cen- 4| jines from bottom to top) observed during northerly air flows
tral Turkey influenced the lidar measurements over Limas-petween April 2010 and February 2014. In the case of the blue ver-
sol significantly (Fig4). In the smoke-free case, the particle tical lines (21 smoke-free cases) no fire events over Turkey occurred
depolarization ratio was less than 10 % throughout the enand influenced the lidar measurements. In the case of the red layers
tire free troposphere from 500 m to 4 km height. The aerosol(24 fire smoke cases), the air masses crossed fire areas over Turkey
plume was well mixed. The moderately enhanced particle debefore arriving at the lidar site at Limassol. The average bottom and
polarization ratios (compared to low values of 1—3 % for hazetop heights (plus one standard deviation) of all detected layers, sep-
pollution and fine-mode smoke) may indicate the influence@rately for smoke and smoke-free cases, are given in addition.
of soil dust from arid regions, from remote deserts, and dust
injected during fires at times 3—7 days before the arrival of
the air masses at Limassol from areas north of the Black Seaeight. The layer-mean particle depolarization ratio of almost
The Angstrém exponent of AE=1.67 and fine-mode 18 % is the highest depolarization value we observed dur-
fraction FMF, = 0.76 from the AERONET observations in- ing the 4 years of lidar measurements of northerly air flows.
dicate the dominance of fine-mode particles throughout theHowever most of the dust seems to be again fine-mode dust
entire troposphere. The particle optical depth of AGF because the Angstrom exponent of AE 1.45 and the fine-
0.31 and extinction-to-backscatter rati§sr of 37 sr in the  mode fraction FMIg = 0.792 are again comparably high. Li-
free troposphere indicate a high aerosol load of a mixturedar ratiosSet in the free troposphere of around 50 sr point
of aged, less absorbing anthropogenic haze, fire smoke, an a mixture of moderately absorbing smoke particles (60 sr)

background aerosols from rural areas. and less absorbing, non-spherical dust particles (35-45 sr).
Figure4 represents a measurement case with strong influ- Figure6 provides an overview of the geometrical proper-
ence of Turkish fire smoke (see also F&). Again, a well-  ties of 45 aerosol layers in the lower free troposphere ob-

mixed lofted layer of smoke and dust was found above 1 kmserved during the 4-year period from April 2010 to Febru-

www.atmos-chem-phys.net/14/12155/2014/ Atmos. Chem. Phys., 14, 12123965 2014
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Figure 7 presents the time series of derived layer-mean
particle depolarization ratios. Most values wetel0 %
when the air masses crossed fire areas over Turkey. Fdrigure 8. Range of observed values of the particle backscatter co-
cases free of Turkish smoke we observed values from 3 t&fficient (mean value of the lofted aerosol layers), free-tropospheric
13%. Depolarization ratios below4 % may indicate dust- aerosol particle optical thicknes§ AOT(FT), lidar raigFT) in _
free conditions in the free troposphere. The variability in thethe lofted aerosol layers, Angstrém exponent for the total vertical

d o . . column, and fine-mode fraction (regarding the total tropospheric
epolarization ratio may reflect the Influence of NUMETOUS5a4 nm AQT) for the Turkish fire-smoke cases (red circles) and the
dust sources aroun_d the eas_tern Med|t_erra_mean. A_seaso ses without smoke from Turkey (blue circles). All values (circles)
cycle in the depolarization ratio time series is not visible be-4re given as a function of layer-mean particle linear depolarization

cause most northerly flows occur during the summer seasonatio to better distinguish between fire-smoke and smoke-free cases.
In winter the release of soil dust may be generally reduced by

enhanced precipitation (increased wash out), wet soils (pro-

hibit dust emission), and the presence of snow covers (in the

Turkish mountains and further north and east). 75 Mm~1L. For the smoke-free cases, several large backscatter

An overview of the optical properties (range of values) coefficients> 3 Mm~1sr-1 were observed which may indi-

of all layers for northerly air mass advection is presented incate the influence of marine particles. Even during northerly
Fig. 8. Layers with comparably fresh fire smoke from Turkey airflows, sea breeze effects on the south coast of Turkey and
(red symbols, depolarization values from 9 to 18 %) showedthe north coast of Cyprus (including mountain-induced cir-
low backscatter coefficients aroune-D.5 Mm~1sr-1, Mul- culation effects over Cyprus) and corresponding injection
tiplication with a typical lidar ratio of 40-50 sr yields smoke— of marine particles into the lowermost 1-2 km of the atmo-
dust layer particle extinction coefficients on the order of 25—sphere can never be completely excluded when interpret-

Fine-mode fraction
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P e e T B e o o seen, the depolarization ratio drops from 14-18 % (day 1)
) @ smoke (north of Turkey) to about 5% (day 4). Several literature values are shown in
= 16 ; iﬂ”;z‘:: g:lfk%)m ] addition and corroborate the observed trend. Our fire smoke
-g Mueller et al.,, 2005 | data « 4-day-old smoke) together with literature values pro-
o 12 N g gugéyaf:“aletza()'622004 _ vide, for the first time, an impression of how fast the de-
5 A Dahliostter stal, 2014 | polarization ratio and thus the dust fraction decreases with
= time. The exponential fit curve in Figugandicates a 1/e de-

N 8 cay time of 4 days. Our data clearly fill an observational gap
8 and contribute to the effort to properly describe the life cycle
a 4 of free-tropospheric smoke—dust mixtures from the emission
8 event to phases of long-range transport.

0 Assuming mean wind speeds of 5-10m $n the lower

2 4 6 8 10 12 14 16

Travel time [days] free troposphere over Turkey and areas north of Turkey, the

air masses traveled 450-900 km per day. At greater heights
Figure 9. Decrease of the layer-mean particle linear depolarizationWind speeds of- 15 ms* are typical so that smoke plumes
ratio of smoke-influenced aerosol layers with increasing travel ime,may travel> 1350 km per day (as is the case for the shown
defined as the temporal distance between Limassol and the last filiterature cases in Fig@).
area which the observed air masses crossed before arriving at Li- The observed scatter in the data in Figcan be related
massol. Ten of the 21 blue circles (cases without Turkish smokeo many reasons. First of all, there are uncertainties in the
were influenced by smoke generated in areas north of the Blaclgssignment of the fire events (after MODIS) to our lidar ob-
Sea. The exponential fit indicates a 1/e decay time (dust decreasgkryations by using uncertain backward trajectories and fire
of 4 days. Grey symbols show observations as published in the giveR ¢ ation integrated over 7 days. Second, the soil charac-
Ilte.ratur.e. Vertical bars show the range of obser\(eq depolarlzatlorharis,[iCS and fire-induced dust injection efficiency may dif-
ratios (literature values) or show the standard deviation of the value? anifi v f . . for f bl id re-
determined within the individual layers (red and blue values). e,r significantly from site to .SIte, even for a\./ora” earnare
gions such as Turkey. The literature values in Bignclude
Siberian as well North American biomass-burning smoke
plumes. Third, free-tropospheric meteorological conditions
ing free-tropospheric lidar observations at Limassol. But ascan vary strongly along the transport path ways and thus also

shown, these events are rare. the aerosol mixing, diffusion, deposition, and patrticle growth
The 532 nm AOT for smoke—dust plumes was found to beprocesses. It was observed that (spherical) smoke particles

in the range from 0.05 to 0.25. According kattis et al.  increase their sizes during long-range transport because of

(2003, Murayama et al(2004 and Miiller et al. (2005, gas-to-particle conversion and water uptakéiiller et al,

AOT decreases to values of 0.02-0.05 after long-range trans2007). The increasing backscatter coefficient for spherical
port of 4-15days. Lidar ratios of the smoke—dust layersparticles then leads to a decrease of the observed particle de-
range from 25 to 60sr, and indicate at all less absorbingpolarization ratio. Fourth, flaming fires as well as smoldering
aerosol layers (red symbols in Fig.third panel). Low val-  fires can occur. Flaming fires may be more efficient regarding
ues of < 25sr can be caused by rural background aerosolghe mobilization of surface soil dust. Fifth, some plumes ob-
(Hanel et al. 2012 as well as by marine particle$s(ol3 served with lidar may have been influenced by many (flaming
et al, 2011). Angstrém exponents for the entire tropospheric and smoldering) fires, others by just one (flaming or smol-
column from 1.4 to 2.2 indicate that the smoke—dust plumesdering) burning event. Sixth, it can also not be excluded that
mainly consisted of fine-mode particles (Aitken mode, ac-large, irregularly shaped fire particles affected the lidar de-
cumulation mode). Coarse-mode dust particles were obvipolarization measurement, especially in very fresh smoke
ously removed quickly and efficiently. Similarly, fine-mode plumes. Finally, the nearby deserts in the Middle East and
fractions for the entire tropospheric column (including the North Africa may have also contributed to the free tropo-
marine boundary layer and thus coarse marine particles¥pheric dust load.
of 0.55-0.95 indicate the dominance of fine-mode particles In Figs.10and11two cases with high depolarization ratio
in the lofted smoke—dust aerosol mixturddarkham et al.  in the smoke plume (PDR 14 %, travel time< 2 days) and
(1997, O’'Neill et al. (2002 andMdller et al.(2007) also re-  low depolarization ratio (PDR: 4.6 %, travel time of 4 days)
ported Angstrém exponents1.4 during fire smoke events are shown to quantify the range of dust contributions to the
(within the first 2—-3 days after emission). observed optical properties in the free tropospheric layer. The
Figure 9 shows the dependence of the layer-mean parti-profiles of particle extinction coefficient were computed from
cle depolarization ratio on travel time (i.e., the spatial dis-the retrieved backscatter coefficients by using a lidar ratio
tance between Limassol and the last fire area upwind of the&Sgt s of 45 sr for fine-mode spherical particles, and the re-
lidar site). The travel time is calculated from the HYSPLIT trieved dust lidar ratioSSetp were close to 30sr in these
backward trajectories for the smoke layer centers. As can bspecific two cases. As mentioned in Sect. 2, the retrieval is
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Backsc. coef. [Mm'1sr'1] Ext. coef. [Mm'1] Figure 12.Particle mass concentration profiles (blue: spherical fine-
mode particles, orange: fine-mode dust, dark red: coarse-mode dust)
Figure 10. 532nm particle backscatter coefficient (green pro- estimated from the particle extinction profiles in Fig€ and 11
file, left panel), particle linear depolarization ratio (black profile, after the method oAnsmann et al(2012). Fine-mode and coarse-
left panel), and lidar-derived particle extinction coefficients (right mode dust mass retrieval is describedNdgmouri and Ansmann
panel) for spherical fine-mode particles (blue profile, index SF), (2014.
fine-mode dust particles (orange profile, index DF), and coarse-
mode dust particles (dark red profile, index DC). The extinction co-

efficient profiles are obtained by using the method/aimouri and 0 . . . .
Ansmann(2014. The respective free tropospheric AOTs (above 50 %. The fine-mode fraction (i.e., the ratio of the sum of the

300-400m height), the AERONET-derived Angstrom exponent AOTs of fine-mode dust and fine-mode spherical particles to

AE, and fine-mode fraction FME (for total tropospheric column),  the total AOT (at 500 nm)) was 0.7 for the total tropospheric

and the lidar-derived dust fraction PRwith respect to the free column (AERONET) and 0.77 in the FT on the basis of the

tropospheric 532 nm AOT) are given as numbers together with thdidar-derived profiles shown in Fig.0.

layer-mean depolarization ratio PpRnd standard deviations. The On 25 June 2012 (Figll) the FT aerosol layer was al-

measurement was taken on 25 August 2011. most smoke free. The mean extinction coefficients in the
lofted layer from 400 to 3000 m were 86.5 Mrhfor spher-

Depol. ratio [%]
0 5 10 15 20

Height a.s.l. [km]

25 June 2012
1729-1830 UTC

_lllllllllllll_
AOT, = 0.0002

{ AOT_=0.173

AE,=1.56 +0.05
FMF,= 0.79 +0.03 _|
DF = 0.12 E
PDR=4.6%0.1% ]

0
0 10 20
Backsc. coef. [Mm™'sr"] Ext. coef. [Mm™]

30 0

100 200 300

Figure 11. Same as FiglL0, except for 25 June 2012.

ical particles (probably mainly fine-mode urban haze) and
12.5Mnt ! for fine-mode dust. The dust fraction was in this
case DI = 12 %. The fine-mode fraction after AERONET
was 0.79, and 1 in the free troposphere according to the lidar
extinction profiles in Figll Angstrém exponents of 1.41
and 1.56 indicate the dominance of fine-mode patrticles in
both cases.

In terms of particle mass concentration, the dust fraction
in the mixed aerosol plumes is even higher. This is shown in
Fig. 12. Mass concentrations were determined from the ex-
tinction coefficient profiles afteAnsmann et al(2012 and
Mamouri and Ansmanif2014. In this estimation we used
particle densities of 2.6 and 1.55gtfor mineral dust
particles and non-dust fine-mode particles, respectively. For
the required particle volume-to-extinction conversion fac-
tors, we applied values of 020 %m, 0.3x10°%m, and
0.8x10~-®m for fine-mode spherical particles, fine dust, and
coarse dust, respectivelyl@mouri and Ansmanr2014).

As can be seen in Figl2, the layer mean parti-

cle mass concentrations were about 5.5 1§ rffine-mode
spherical smoke particles), 8 ugt(fine-mode dust), and
On 25 August 2011 (Fidl0), smoke layer mean extinction 16.5 pg nT3 (coarse-mode dust) for the smoke case observed
coefficients were 18 Mm* (fine-mode smoke), 10 Mmt on 25 August 2011. The dust fraction was about 80% on
(fine-mode dust), and 8 Mnt (coarse-mode dust). The dust this day. Even on 25 June 2012 (case with background-level
fraction (DF) of particle extinction and optical depth was thus smoke and dust) the dust mass fraction was 25 % for the ob-

explained in detail byMamouri et al.(2013 and Mamouiri
and Ansmantf2014).
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served case with the low PDR 4.6 %. We can conclude Northern Hemisphere as well as in large parts of the Southern
that dust mass fractions were on the order of 30—70% inHemisphere.
aged smoke—dust plumes observed over Limassol after travel
times of 2—4 daydMicCluskey et al(2014) also reported con-
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