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Abstract

In June 2013, a ground-based mobile lidar performed the ~10,000 km ride frentoRAAN-
Ude, near Lake Baikal, profiling for the first time aerosol agtproperties all the way from
Western Europe to central Siberia. The instrument was equippéd NyiRaman and
depolarization channels that enabled an optical speciation of aemgbés low and middle
troposphere. The extinction-to-backscatter ratio (also called latar or LR) and particle
depolarization ratio (PDR) at 355 nm have been retrieved. The LR ilovlee boundary
layer (300-700 m) was found to be 63 +17 sr in average during the campily a
distribution slightly skewed toward higher values that peaks betd@emd 55 sr. Although
the difference is small, PDR values observed in Russian (ii®%o, except after rain) are
systematically higher than the ones measured in Europe (<1 %), isipobbably an effect
of the lifting of terrigenous aerosols by traffic on roads. Bissnaurning layers from
grassland or/and forest fires in southern Russia exhibit LR vaarging from 65 to 107 sr
and from 3 to 4 % for the PDR. During the route, desert dust aeroggilsabng from the
Caspian and Aral seas regions were characterized for 8ietifire, with a LR (PDR) of
43 + 14 sr (23 = 2 %) for pure dust. The lidar observations also showed thdtishisvent
extended over 2300 km and lasted for ~6 days. Measurements from theatddglesolution
Imaging Spectrometer (MODIS) show that our results are cabfgain terms of aerosol
optical thickness (between 0.05 and 0.40 at 355 nm) with the meanldeansencountered

throughout our route.

1 Introduction

The quantification of the aerosol radiative forcing still suffel@n large uncertainties,
making aerosols the dominant contribution in uncertainties on the anthropogérence on
climate (IPCC, 2013). To improve the performance of climate mspddservations are
needed in order to provide better constraints from the regional tglabal scale. Large
observational networks such as the Aerosol Robotic Network (AERQMIEIben et al.,
1998), the Micropulse Lidar Network (MPLNET; Welton et al., 2001) orAémsol, Clouds
and Trace gases Research Infrastructure Network (ACTRI8nefty EARLINET;

Pappalardo et al., 2014) provide the long-term measurement serigednie build a

climatology of aerosol optical properties at the continental and globabkscal
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Complementarily, numerous large field experiments have taken plecethe past years to
monitor long-range transport of aerosols and cover areas that do nalehest observation
networks like oceans, South-East Asia, Africa or Arctic: fostance the Aerosol
Characterization Experiments (ACE-1, ACE-2, ACE-Asia; Bateal. 1998; Raes et al. 2000;
Huebert et al. 2003), the Indian Ocean Experiment (INDOEX, Ramamathal., 2001), the
African Monsoon Multidisciplinary Analysis (AMMA; Lebel et al., 2010r the Polar study
using Aircraft, Remote sensing, surface measurements and modé&$mate chemistry,
Aerosols and Transport project (POLARCAT; Law et al., 2014). Durimgsd field
campaigns, airborne measurements have been performed, which offer tiiiseaa larger

scale than fixed ground-based stations.

On a smaller, regional scale, field experiments took placelaege pollution hotspots like
Mexico City, with the Megacity Initiative: Local And Global s&arch Observations project
(MILAGRO, Molina et al., 2010), or Paris, with the Air Pollution Owbe Paris Region
project (ESQUIF, Vautard et al., 2003; Chazette et al., 2005),ittae pour la Surveillance
de I'Air (LISAIR, Raut and Chazette, 2007) and the Megacitiesis&ons, urban, regional
and Global Atmospheric Pollution and climate effects, and Integtatdd for assessment
and mitigation project (MEGAPOLI, http://megapoli.dmi.dk/; Royerakt 2011). Aerosol

optical properties have thus been extensively documented over WEsitenme and North
America. Besides, Asia has drawn a growing attention agegisn is becoming a larger

contributor to aerosol anthropogenic emissions.

Conversely, very few measurement programs exist over Russizh faniinstance hosts only
five stable AERONET stations while the country covers 11.5% of tidis dry lands and
contribute to aerosol emissions through large forest fires andas@atiution hotspots like
Moscow (12 million inhabitants) or large industrial cities. Somesmeanent stations exist
like the ZOTTO tower, located in the taiga 600 km North-West r@isKoyarsk, where CO,
particle concentration and aerosol optical properties are negasantinuously up to 300 m
a.g.l. (Above Ground Level) since 2006 (Heintzenberg et al., 2013). Veptioles of
particle concentration and extinction up to 5 km have been collectdtk imamsk region
during an intensive flight campaign in 1986-1988, and then from monthly flizgttgeen
1999 and 2007 (Panchenko et al., 2012). At a larger scale, CO and partidatimons
have been measured during transcontinental flights in the framewotkeofAirborne
Extensive Regional Observations in Siberia project (YAK-AER® SR aris et al., 2010).


http://megapoli.dmi.dk/
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However, most of the resulting observations took place in the spedphere, and the flight
plan was aimed towards the remote Northern Siberian regions tiaimethe industrial cities
of Southern Siberia.

For other regions, and particularly for the industrial citieSofithern Siberia, only space-
borne instruments offer a regular coverage, for instance the Medeesolution Imaging
Spectrometer (MODIS, e.g. King et al., 1992; Salomonson et al., 1988 dtaiarization
and Directionality of the Earth Reflectance / Polarizatiod Anisotropy of Reflectances for
Atmospheric Sciences coupled with Observations from a Lidar (P@LDEARASOL, e.g.
Deuzeé et al., 2001) or the Cloud-Aerosol Lidar and Infrared Pathfindeltit®aObservation
(CALIPSO, e.g. Winker et al., 2003 or Chazette et al., 2010). Howebservations are
limited by cloud coverage and by the satellite overpass tirnethat ground-based

observations are welcome to better document aerosols over Russia.

In June 2013, we performed the first road transect through EuropRussia for aerosol
profiling, with a N-Raman lidar instrument embedded on a van going all the wayReois
to Lake Baikal, where the season of forest fires had begun. Thigagamoffers a unique
shapshot of aerosol optical properties from Western Europe to fie&&issia, which can be
extrapolated in a broader climatological context through satalliservations. This article
aims at presenting the general variability of the aerosol natareunt and optical properties
along the journey. For this purpose, a systematic data processisgd, which precision is
limited by the need to apply it both to the nighttime and daytimeienalata. For this reason
a finer characterization of the optical properties of the dehgst and biomass burning
aerosols encountered in Russia is also presented, based on aséewtudiies using best
guality data.

Therefore, this paper is organized as follows. Section 2 presentmerary of the campaign,
the lidar instrument and the data processing methods used évedtte aerosol extinction,
extinction to backscatter ratio or Lidar Ratio (LR) and Plartidepolarization Ratio (PDR).
Then, Section 3 presents the variability of aerosols along the jotinegyarticle nature being
identified through the combination of the two intensives propertiesatkaihe LR and PDR.
Section 3 also analyzes the representativeness of the observatregsrds to longer time
series of space-borne measurements. Finally, Section 4 presewtsasé studies on which it
was possible to perform a finer characterization of the optroglepties (LR and PDR) of the
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dust and biomass burning particles encountered during the route, and theobrigose

particles is also discussed.

2 Experimental setup and method

2.1 ltinerary

The van carrying the lidar instrument departed from Paris on4u8613 and reached Lake
Baikal on June 28 The trip was performed during the summer as it correspondseto t
maximum of the wildfire season. After June™2&ixed location measurements were
performed on the shore of Lake Baikal, in Istomino village (52.128°N, 106.287\#&), a
mobile observations were recorded during round trips between Istomihblan-Ude city,

80 km South-East of the Lake. Ground-based mobile measurements, though limited y batter
power, could be conducted during most of the journey (during daytimegd Hocation
measurements took place during most of the stop-overs (during nightisme local power

supply. Intermissions were thus mainly due to rain showers and low-level clouds.

An overview of the van itinerary and of the lidar data availabday be found on Figure 1.
The journey went through a number of pollution hotspots: Paris, the Rhlley \Frankfurt),
Berlin, Warsaw, Moscow, and several large and industrial Russi@s such as Nizhniy-
Novgorod, Kazan, Ufa, Chelyabinsk, Omsk, Novosibirsk, Krasnoyarsk and Irkutsk
Regarding wildfires, three main vegetation types susceptiblerdduce biomass burning
aerosols were encountered: first, temperate forest (visiblekrgdeen on the MODIS image)
dominate in the Baltic countries and Western Russia, then theatiegdturns into grasslands
(lighter shades of green on the MODIS image) in the steppesuthé&@n Russia (i.e. from
Nizhniy-Novgorod to Omsk, except in the Ural Mountains) and finadiyedl forest occupies
all the eastern part of the journey (and the Ural Mountains betW&eand Chelyabinsk).
The map is extended down to 40°N in order to show the desert arbasGagpian and Aral

seas region where the dust particles observed during the campaign afiioake

2.2 Instrumentation

The lidar instrument used during the campaign is similar to thep@wously described by
Royer et al. (2011). It operates at 355 nm with 16 mJ pulse energyasanidrée acquisition
channels for elastic, perpendicularly-polarized aneREman backscatters. The signals were

recorded with an initial resolution of 25 s (500 laser shots) and 0.75 m,rbatialiog and

5
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photon-counting mode. During daytime, when the photodetectors are saturaieel sy
background light, only the analog mode is used, whereas during nighktien@nalog and
photon-counting signals are merged to optimize both dynamic rangegaadtto-noise ratio.
After correction for the platform inclination (measured using &@ens MTI-G
GPS/inclinometer attached to the optical head) and after clouenguge data are averaged
over 5 or 30 minutes and 7.5 m in altitude. The 30-minute averaging periodhassn
because it makes the signal from theR&man channel exploitable up to 700 m, even during
daytime, without mixing data recorded in too distant locatiors km given the speed

limits).

The overlap functions of the lidar channels were assessed bleétedpt using horizontal
profiles, when the lower atmosphere could be considered as homogat@aoyshe line of
sight. Once attached to the van, it was not possible to tilt diae 10 retrieve the overlap
function from a horizontal profile. It was instead checked usingl foteservations below fair
weather afternoon cumulus clouds (i.e. in a supposedly homogeneous boupegryTlae
overlap function retrieved at different points of the journey (Rigajtdk, Istomino) is
remarkably similar, which confirms the optical stability andidades the well-mixed

boundary layer hypothesis. Complete overlap is reached between 250 and 300 m a.g.l.

2.3 Retrieval of the aerosol extinction and lidar r atio

The signal from the NRaman channel is used to derive the aerosol optical depth profile
supposing a constant value of 1 for the Angstrom exponent (Angstrom, 1968d lrahly
sun-photometers provide Angstrom values in the UV wavelengths (MO@NSprovides the
Angstrom exponent between its 470 and 660 nm channels) and the van joureeyiassnto
only four AERONET stations over the 10,000 km. In the absence of expéaindata, using
an average value of 1 appears as a good compromise (the redliatixe encertainty was
calculated to be less than 3 % by Chazette et al., 2014). Alsecuteni diffusion is corrected
using extinction and backscatter profiles determined using a me&e@mospheric density
profile and a polynomial interpolation between the 40 levels of thisl@i@&bpyer et al., 2011
and references therein). Then, two data processing methods are yssdiirtge on whether

the Raman optical depth profile reaches an aerosol-free layer or not.
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2.3.1 Systematic data processing

To analyze the variability of aerosols along the journey, wé wasobtain a set of aerosol
optical thicknesses (AOT), lidar ratio (extinction-to-backscattio, LR), and particle
depolarization ratio (PDR) values using a systematic procepsifigrmed on the 30-minute
average profiles from the whole campaign (day- and night-time) eMenyvas the range of the
N2-Raman channel is limited by the sky background light duringrdaythis processing can
only rely on a partial AOT between 300 m (complete overlap) and 700.im(agge limit of
the N-Raman channel at noon). The partial AOT from the Raman channes ser@nstrain
the lidar ratio used in a standard Klett inversion (Klett, 1985), wisicchieved through a
convergent process described in Appendix A. When convergence is redehedirieved
value corresponds to the average lidar ratio in the 300-700 m aygrl. Tdne uncertainty on
this value is estimated by propagating the photon noise on thesigtal throughout the
inversion process using a Monte-Carlo algorithm. A profile is idensd as “fully
convergent”, and the retrieved lidar ratio is considered ag,\ailly when all the 200 profiles
in the Monte-Carlo distribution are convergent.

Unfortunately, the partial AOT produced by the Klett inversion isy v@nsitive to the
transmission by the upper layers, making convergence difficult \@hether aerosol type
with a different LR is present above the constraint layay. @ elevated dust or biomass
burning layer or more frequently, moist aerosols near the PBL tam)sequently, only a
small fraction of the profiles converge (see Sec. 3.1); for thesptités necessary to choose
an arbitrary LR value in order to compute the extinction profila) #8OT, and subsequently
the PDR. In order to avoid introducing discontinuities in the AOT and B&i&sets between
profiles that converged or not, the same LR value is used to in/gmoéles through a
standard Klett procedure. The chosen LR (58 sr) is the mean vathe @R distribution

obtained from the valid profiles (see Sec. 3.1).

2.3.2 Case study data processing

The case studies presented in Section 4 rely on fixed measureméhtdpnger time
averaging. Nighttime observations, added to this longer averaginkge tha N-Raman
channel exploitable up to a purely molecular layer (above 6 km dngthis case, a complete
lidar ratio profile can be retrieved using either the stahd®aman inversion method
described in Ansmann et al. (1990) or a constrained Klett methodrsimilae one used for
the systematic processing, but applied on a sliding window browtsenéull altitude range.

7
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More details about both inversion processes are given in Appendix &. tA# LR profile
has been retrieved from the average profile over the whole periedjsed to process more
frequent 5-minute average profiles and invert the time-dependent extinctioe prafilAOT.

2.4 Retrieval of the Particle Depolarization Ratio (  PDR)

The volumetric depolarization ratio (VDR) was determined followiregprocedure described
in Chazette et al. (2012). It uses the transmission and reflection coeffai¢néspolarization
separation plates as measured in the lab before departurewatlloribe gain ratio between
the total and perpendicular polarization channels. The gain ratio valsiealibrated using
measurements obtained next to Lake Baikal during one night whentrttosphere was
devoid of any elevated aerosol layer, featuring a purely molecular deptlami(with a value
known from the filters bandwidth). Several tests carried on other éay®r during the
campaign showed that the gain ratio varied by 5 % at most, sdhéhaalue obtained from
the Lake Baikal experiment was used during the whole campaipe. particulate
depolarization ratio (PDR) is then computed as in Chazette €0dl2). As the PDR is a
physical parameter without meaning when there are few aertisalalculation is performed
only for layers where the aerosol backscatter coefficient ieast 5 % of the molecular

backscatter (i.e. a scattering ratio above 1.05).

The error on the PDR is computed for each case presented istutlis The values and
dominant sources of error are discussed in Appendix B. Below 4 kmveedihd that, given
the chosen scattering ratio threshold of 1.05, the relative uncertainttye PDR is largely
constrained by the uncertainty on the lidar ratio (i.e. betweenm8%2@P6 — relative) for PDR
values of 5% and above. Because of the error on the gain ratio, |#tiger@incertainty is
always at least 7%. For very low PDR values, the absolute uintgrtaostly depends on
noise conditions, but remains above 0.2%. More details and about the validatives®f

values via Monte-Carlo simulation are given in Appendix B.

3 Variability of aerosols along the transect

All this section is based on the 30-minute average profiles iverseng the systematic
processing described in Section 2.3.1. First, the distribution of LR vadiesved in the
planetary boundary layer (PBL) is presented. Then, the spatiabdi®n of aerosols along
the journey, analyzed in terms of AOT and PDR, is discussetheA ¢lassification of the
particle types encountered during the campaign is also proposed, babtedLéth and PDR

8
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values retrieved in the PBL. Finally, the representativenetfeeafampaign period is assessed
by comparison with longer time series of space-borne observaimhground-based sun-
photometers.

3.1 Distribution of lidar ratios in the boundary la yer

Data recorded during the whole campaign produced 547 cloudless 30-minute averéege profi
Because of sometimes unsufficient aerosol load or due to the predeelevated aerosol
layers, only 106 profiles (~19 %) can be considered as “fully cgewnér i.e. they give the
best quality LR values (see Sec. 2.3.1). Among those 106 convergent p8&¥i(e28 %) are
located in Istomino village as several days of observations haverdemded there between
June 29 and July ¥ 2013. In order not to give the Baikal region an excessive weightRhe
distribution is computed on the 76 profiles recorded elsewhere st@miho village (Figure
2). LR values during the campaign range from 32 to 106 sr, with aagevand standard
deviation of 63 + 17 sr; the distribution is slightly skewed towards higlegalmedian LR is
61 sr and first / last quartiles are 51 / 74 sr). In Istominogéllghe distribution (not shown)
exhibits higher and more scattered values (average / standaratiatevof 70 + 20 sr)
associated with a generally low aerosol load observed near Raikal (the average AOT

was only 0.07 at 355 nm).

A sample of the lidar ratio observations available in the liteeafor different types of
aerosols is presented in Table 1 (desert dust), Table 2 (bidmassg) and Table 3
(anthropogenic pollution). It show that the LR distribution observed duringdnis-Baikal
journey is compatible with previous observations for pollution aerosgtsj amoke and
mixes with terrigenous particles (dust), which are the typesroal that can be expected in

such continental conditions.

In the following parts of Section 3, the 30-minute average praieprocessed using Klett's
inversion with a constant LR of 58 sr when considering the entmesgtheric column. For
specific study in the PBL, between 300 and 700 m, thR&man Chanel was used to assess
LR.

3.2 Classification of aerosols along the route

In order to discuss the distribution of aerosols along the transigetieF3 presents the

Aerosol Optical Thickness (AOT) and Particle DepolarizationdR@DR) inverted from all
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the 30-minute average profiles, plotted against longitude. Proéitesded within a radius of
15 km are grouped and replaced by their average, which leaves 128sproéldiscuss the
vertical distribution of aerosols, the partial AOT and the aveRIgR below and above a
fixed level are computed. An altitude of 1500 m a.g.l. was chosercas ke considered as
an average value for continental PBL or residual layer top, i.emidmamum altitude
influenced by the ground. Values of PDR above 1500 m a.g.l. are scamesdehis ratio
cannot be computed for profiles gathered around noon (the depolarization @ldRisl too

low) or when the aerosol load is too small in the free troposphere.

To obtain more insight into the type of aerosols encountered durimgutes the scatter plot
of PDR vs LR values in the PBL (300-700 m a.g.l.) is presentedgune=4. The uncertainty
on the LR values is the standard deviation of the LR distribution protigldte Monte-Carlo
algorithm. The uncertainty on the PDR value is computed followiagptocess described in
Appendix B. Dots are colored according to their geographic origin.uBsiR, profiles were
split between urban and background cases, the “urban” criterion besngiautie difference
smaller than 0.5° with the city center. Profiles were alsd bpliween the dust event zone
(longitude from 45 to 75°E) and the rest of the country. Cities in thezdust are Kazan,
Ufa, Chelyabinsk and Omsk (Ishim is not included because too smak); Russian cities
are Pskov, Moscow, Nizhniy-Novgorod, Novosibirsk, Irkutsk and Ulan-Ude (Nizhnsk is
not included because too small). Krasnoyarsk was analyzed separately.

European part of the route. Aerosols from Europe (longitude < 26°E, red dots in Figure 4)
are characterized by rather high LR and low PDR values (60-181#Isx1 %) indicating the
predominance of spherical carbonaceous particles (pollution aercEbis)is the case for
large cities such as Paris and Berlin. PDR values in theragi@ns of Central Germany are
slightly higher (< 2 %). Over Germany and Poland (particulaggr rFrankfurt, Berlin and
Warsaw), higher values of free tropospheric AOT show the pres#nekevated aerosols
layers with PDR values similar to those found in the PBL, sstggethat this is probably
pollution lifted up and transported from another part of Europe.

Russian part of the route. In Russian cities (black and orange dots in Figure 4), the urban
PBL is generally characterized by slightly higher PDRigal(2-4 %) as compared to Europe,
which indicates that the particle composition results from aumaxof traffic and industrial
emissions with terrigenous aerosols. Russian cities East ofoMaggpear much dustier than

European cities due to bad road tarmac and lack of vegetation anislatids, which results

10
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in a lot of terrigenous aerosols being lifted up by the wind ane#&y traffic and injected in
the urban PBL. The large dispersion of LR values may be alwee dtrong variability of
aerosol types. Krasnoyarsk is the only one city where PDR valteesomparable with
European cities (yellow dots in Figure 4) but this is probably nottalwsedifference in the
aerosol sources. Indeed, heavy rain had fallen during the night bleéovan went through
the city and the ground was still wet, proving that the terrigenexassal had all been washed
down. Between Krasnoyarsk and Nizhneudinsk, AOT values up to 0.28 have beemeadbse
(Figure 3), with a large fraction located in the free tropospfigreto 47 %). As they are
associated with very low values of PDR (<1 %), both below and above 15@0lmitacould
either be pollution aerosols transported from the industrial city rasioyarsk, or more
probably part of a forest fire plume.

Desert dust in Russia. The values of PDR > 10 % (Figure 3) between Kazan and Ufa
(~52°E) correspond to a desert dust event, with first, an elevatedRYR ~35 %) and then,
mixing of the dust into the PBL (PDR ~17 %). The highest AOT valugsto 0.40,
associated with up to 70 % of the AOT above 1500 m a.g.l.) were obsertieer faast,
between Ishim and Omsk (~71°E). However, the PDR values (5-9 %6atedhat a mixing
has occurred with combustion aerosols, most probably of biomass bongirg since the
region is very isolated. Indeed, combustion aerosols from pollution or $somaning are
found with PDR values below 5 % at 355 nm while aerosol mixes dominatedistike
particles usually have PDR values above 10 % and pure desert dust 2b%ve(see

references in Table 1, Table 2 and Table 3).

The PDR values of ~35 % found between Kazan and Ufa (Figure 3, lowel) pae very
high for dust but they were derived using the campaign averdge the PBL, not with a
dust optimized LR value, which results in large uncertainties.dBssivalues of 38 % have
already been observed at 355 nm in volcanic ash plumes (Ansmann 2§114)., Russian
cities located in the area where elevated layers of dust eleerved (orange dots in Figure
4) do not show a different distribution of LR and PDR compared to other Russianktéas (
dots). This indicates that the mixing of the elevated dust lagemrds the PBL was low, or
that its effects were limited as the LR values wereadlyeaffected by terrigenous aerosols

from local sources lifted in the PBL.

Background aerosols. In unpopulated areas of Russia, aerosols are probably a mix betwee

aged particles from biomass burning and secondary organic aerasdlsatsvery low

11
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depolarization can be expected when no dust is present (PDR < 186). ukider local
terrigenous aerosol source-free conditions, the dust plume has aansitdes effect on the
PDR than in town. LR values in remote areas are rather low (32:-50®@wvever, in the
absence of dust, the AOT values used as constraint are smadisaitdmnm large uncertainties
on the LR values. Note that the smallest AOT values (below 0.1 atrB5%igure 3) were
derived between Pskov and Smolensk (West of Moscow) and in SiberieebeBmesk and
Novosibirsk, and close to Istomino village, on the shore of Lake Bgbkailveen Irkutsk and

Ulan-Ude). They correspond to periods interspersed with rain.

3.3 Temporal representativeness of the observations

The lidar-derived AOT values presented in Section 3.1 were compatbdtived AOT
measured by MODIS Terra. A multi-year average was cordpinten the monthly 1°x1°
gridded product (MODO08_M3) using the months of June from years 2000 to 2013 ¢anty
2001, 2003 and 2012 were removed because, due to intense fire events, tisoge\tea far
from the conditions encountered during the campaign). MODIS data frengrid pixel
where the lidar was located were extracted without anyaspaterpolation. For the four
AERONET stations located close to the transect (Palaiddaunz, Moscow and Irkutsk),
monthly averages were computed from the daily averages inclutdiegst 4 observations,
then the multi-year June average was computed from years 2006 t¢tl2®1i8ne period is
shorter than for MODIS because Mainz and Irkutsk records stari08). The AOT values
were all converted to 355 nm using the Angstrom coefficients provideM®RIS and
AERONET. The resulting AOT values for the lidar, MODIS and AR, are presented in
Figure 5. (top panel).

The lidar-derived AOT stays within adlinterval around the MODIS multi-annual June
average during most of the journey. The largest deviation from [ d@bérage was observed
between Ishim and Omsk, due to the mixed dust and biomass burning eveifieddent
Section 3.2. The pure dust layers observed near Kazan, as well fag thr pollution layers
observed near Nizhneudinsk are associated with moderate AOT walhuels remain close to
the MODIS average. However, the MODIS daily 1°x1° product (not sholsplays AOT
values larger than the lidar observations (up to 0.6), suggesting that wetdsample the
heart of the plumes. Elsewhere, AOT values standing clearbywblODIS highlight the
areas where we observed background aerosols, i.e. between Pskov anasISi38°E,
West of Moscow), between Omsk and Novosibirsk (~80°E) and in Centnada@gr(Leipzig
12
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area). This AOT comparison shows that our observations are reptasemf the aerosol
load existing above Europe and Russia in June, in the absence of extdpgooadust

events.

In middle and bottom panels of Figure 5. , the blue curves (green duts$est respectively

the 470-660 (440-675) nm Angstrom coefficient and the 550 (500) nm AOT fine mode
fraction from MODIS Terra (AERONET). The average and stahamviation have been
computed the same way as the AOT. The drop in MODIS AOT ar@3i8 (Poland-
Lithuania border) is correlated with an increase of the Angstimefficient and of the fine
mode fraction, indicating that the aerosol mix in Russia containe small particles than in
Europe, which is in apparent contradiction with the observations of ourhiglalighting the
presence of a larger fraction of coarse terrigenous particles over Russia.

However, this discrepancy probably results from the differences in the obsescdles. The
LR and PDR values observed by the lidar indicate the presencersé ¢eaigenous aerosols
in the lower PBL (300-700 m a.g.l.) and nearby the road followetidyan, which is one of
the busiest of Russia with heavy truck traffic. On the other har@DI® represents an
average over the whole atmospheric column and a large land surface@4 Kk at 55°N)
So it is more representative of the free troposphere and adiiidleareas of Russia, where the
aerosol mixture is dominated by biomass burning particles. Opgtow, where the city is
large enough to occupy a significant part of the 1°x1° pixel, MORI#bds a drop of the
fine mode fraction down to European values. Those changes in thedngsiefficient and
in the fine mode fraction are not visible on the sun-photometers datdente to a

difference between the aerosol models used in AERONET and MODIS regrieval

4  Characterization of dust and biomass burning aero sols events

This section presents case studies of dust or biomass burningl gguoses during which a
finer characterization of the optical properties of these¢iges was possible through the
retrieval of their lidar ratio using a Raman or multi-layenstrained Klett inversion. The
origin of the patrticles is also studied for each aerosol plumellyFimge discuss our results

taking into account the observations made in other regions of the world.

13
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4.1 Case studies

4.1.1 Dust and biomass burning aerosols observed West of Kazan

The first significant observation of dust layers occurred neaaK (49°E, 56°N) on June'18

2013. The LR and PDR profiles are computed on a 55-minute average profifded just

after sunset. Figure 6 presents the results from the Ramanianvansl from the multi-layer

constrained Klett inversion, along with the uncertainties computedghrthe Monte-Carlo

process. The two inversions result in a very good agreement ab@fivém a.m.s.l.; below
this altitude, the constrained Klett procedure did not converge duee tlow aerosol load,

meaning the high LR values provided in this layer by the Raman iomease not significant

either. The uncertainties on the lidar ratio profiles are velgtiarge and come from the low
signal-to-noise ratio (~20) due to an averaging time limited by cloud cover.

According to the particle depolarization (PDR) profile (Figuradght), the dust layer extends
from 2.05 to 3.45km a.m.s.| (average PDR of 19 +2 %). Compared to the referenc
summarized in Table 1, the lidar ratios retrieved in the uppeopéne layer (2.85-3.45 km
a.m.s.l.) are typical of pure dust: 48 + 16 sr (43 + 14 sr) for the Ramarsiove(resp.
constrained Klett inversion). In the lower part of the layer (2.054#18%.m.s.l.), the lidar
ratio values are 78 +12 sr (75+9 sr) for the Raman inversion (resp. atoedtrKlett
inversion), which suggests a mix between dust and biomass burninglsenahin the
atmospheric column. Indeed, below the dust layer, the PDR drops downiés val0 % that
are typical for smoke (see references in Table 2). The tatars in this layer also point
toward combustion patrticles, though the values are higher than whapasgted in the

literature, with 107 + 14 sr for both inversion methods (1.05-2.05 km a.m.s.l. average).

The temporal evolution of this event is studied using 5-minute averagies. The inversion
is performed using the LR profile derived from the constrainett Ktecedure. The resulting
AOT, aerosol backscatter coefficient and PDR are presented are HFigThe AOT is slightly
lower than the values provided by MODIS Aqua (~0.5), but the satelerpass took place
at 9:20 UTC, i.e. 8 to 9 hours before the lidar observations. Moreovemaheof MODIS
AOT (not shown) indicates that we sampled the eastern edge opluhee, which is

confirmed by the decreasing AOT values observed as the van moves eastwards.

The backscatter and PDR time-height cross-sections show trdughi&ayer became thinner
from 17:30 UTC and moved upwards (Figure 7, middle and bottom paneltheAsofile
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used for LR retrieval is an average between 17:29 and 18:24 UT@xpil&ns why the LR
values below 2.85 km a.m.s.l. correspond to a dust-smoke mix. On the cotfteatyne-
height cross-sections show that dust remains present above 2.85 km aath&onfam that
the LR of 43 £ 14 sr retrieved in this layer can be attributed to pure ThestPDR reaches
values of ~23 + 2 % in the heart of the layer (average from 17:15 to T@%nd between
2.05 and 2.85 km a.m.s.l.), which is close to other observations at 355 nm for pufeatlest
1; Grol3 et al., 2011; Mdller et al., 2012). In the biomass burning layé&-{14km a.m.s.l.),
the PDR is ~4 £ 2 % on average while it is ~13 + 3 % in the dust-smokéafter 18 UTC,
2-2.8 km a.m.s.l.).

4.1.2 Dust and biomass burning aerosols observed above Omsk

Omsk is one of Russia’s largest industrial centers and a 1.16mmifihabitant city located
2300 km East of Moscow (55°N, 73°E). Several oil and gas fields areitexpphorth of the
city, whose industry is dominated by hydrocarbon production. The van atametl in the

center of the city, near the Irtysh River, during the night from Juffe@23,

Observations show the successive overpass of a dust layer and ashhommasg layer over
the van. To retrieve the lidar ratio, two average profiles weneputed: one that samples the
dust layer (16:44-19:12 UTC) and one during the overpass of the biomassgblayer
(19:12-21:42 UTC). Figure 8 presents the LR profiles computed using thenRaweasion
and the multi-layer constrained Klett inversion. In the heart ofltist layer (left profile, 2.5-
3.5km a.g.l.), the average LR is 50 + 11 sr (54 £ 11 sr) according to thenRaweasion
(resp. constrained Klett inversion), which is close to the layeerebd near Kazan and
typical of pure desert dust aerosol (references in Table 1). lmdheass burning layer (right
profile, 1.5-2.5 km a.g.l.), both inversion methods lead to an average LR of 76 + 1@lsie a

that is compatible with the literature (references in Table 2).

In the residual layer (0.5-1.0 km a.g.l.), LR values increase duringighé& for the Raman
inversion, the average LR before 19 UTC (profile #1) is 67 + 12 sr whigaches 92 + 18 sr
after 19 UTC (profile #2). The values provided by the constrained ikletrsion are higher
(79 = 8 sr, then 101 + 4 sr) and show less agreement with the literafeeeifices in Table
3), the highest reported values being ~83 sr (Raut and Chazette, 20@r;eRay., 2010,
2011). This increase in LR is possibly due to a change in the aemxsdlinmg the night: as
the large terrigenous particles lifted from the road tarmaaguhe day return progressively

15
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to the ground, highly absorbing pollution aerosols become dominant. Such aweleaiso

observed in Irkutsk (not shown).

The LR profiles retrieved from the constrained Klett inversienused to invert the 5-minute
average profiles; the resulting AOT, backscatter coeffi@edtPDR are presented on Figure
9. The decrease of AOT from 15 to 19 UTC stems mainly from tbheedse of the particle
extinction (and backscatter) in the residual layer after sufdeiwing the disconnection
from fresh ground emissions. It goes along with a slight decdabe average PDR below
1.2 km a.g.l. (from 4 £1 % before sunset to 3+1 % after 18 UTC) also sugptre
terrigenous fallout hypothesis. Those depolarization values are cohernémt the
classification of Burton et al. (2012), who reported 532 nm PDR values 3rom8 % for
pollution aerosols, and with the observations of Miiller et al. (2007), whayalabserved

PDR values lower than 5 % for urban haze.

The backscatter and PDR time-height cross-sections show theneriof a second, thinner
smoke plume moving upward just above the dust plume, which could explairnthehy
average PDR is only 17 + 2 % is the dust plume (16:45-19 UTC and 2.5-3 km aghsg. |
biomass burning plume, the average PDR is 4 £ 2 % (after 19:30 UTC and 1.6-2.6.Km
with a zone where it drops to 2 £ 1 % (19:45-21 UTC and 1.5-2 km a.g.l.). Thelalea
isolating the smoke plume from the residual layer is assdciath a sharp wind shear
visible on the reanalyzes from the European Center for Medinger&/eather Forecast (not
shown). MODIS observations show that, again, the lidar sampled only theftigeplume
as the 355 nm AOT reached ~0.7 on Jun¥ Birning (Terra/Aqua, ~7:00 UTC) but only
~0.2 remained on June '23norning (Terra, 6:10 UTC), a value in agreement with the lidar
AOT measured 5 hours earlier.

4.1.3 Additional cases

Two additional cases that cannot be detailed extensively aréy lahgefcribed in this section;
results are summarized in Table 1 and Table 2. One day bRo@msk case study (night
from June 2% to 229, similar observations were recorded near the town of Ishim (65,000
inhabitants, 56°N, 69°E), with a dust layer after sunset (though too thimopgerly determine

an average LR and PDR) and a biomass burning layer during the gecboéithe night (LR

of 65 + 6 sr, PDR of 3 + 1 %). Then, during the night from Jufet@®26", the van halted in

the small city of Nizhneudinsk (55°N, 99°E, 37,000 inhabitants). No deyeeslaf aerosols

were visible but a diffuse background reached up to 3.5 km a.g.l., witheaaga LR of

16
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63 £ 15 sr and an average PDR ~1 %. Dust plumes were also visible while the vardtravelle
between cities although daytime observations do not allow the quaatidi@termination of
the LR and PDR for elevated layers. Those cases will thereforeébe included in the

discussion.

4.2 Origin of the elevated layers

To identify the dust sources, Figure 10 presents 7-day backward trajectoriesiarttie dust
layer observed West of Kazan (Sec. 4.1.1). The trajectories havech&ulated using the

Hybrid Single Particle Lagrangian Integrated Trajectory Mod@HYSPLIT 4,

http://ready.arl.noaa.qov/HYSPLIT.php) under the isentropic mode fovetteal velocity.

We used HYSPLIT in the ensemble mode, which is designed to atsedsajectory
uncertainty by shifting the wind field at the ending point by ond gaint in each of the 3

directions, giving 27 back-trajectories.

The fact that 20 of the back-trajectories do not enter the PBagltireir journey shows that
the air mass was mostly of free tropospheric origin, which isungrising as MODIS already
showed that the lidar sampled only the edge of the plume. Among theammeg back-
trajectories, ground contact occurred in the North-Western and ceatralof Kazakhstan, in
the Volga mouth region (North-West bank of the Caspian Sea) ahe iar¢éa between the
Caspian and Aral seas. MODIS true color reflectance (Figdreackground) shows that the
Caspian-Aral region is a desert area, and geological mapakdedrom the European Soill

Portal (http://eusoils.jrc.ec.europa.eu/library/esdac/index.htmljrootiat large sandy areas

stand at the South and East of the Aral Sea (Kyzylkum and Kara&sents), and to a lesser
extent at the North-West of the Caspian Sea. In the area Ioetheedral and Caspian seas,
and also in large parts of central Kazakhstan, soils areanfiy type, even including clay
deserts like in the Sahel (“takyr”) or salt deserts (“sdhakt). Conditions for dust lifting are

thus gathered in this region.

To identify the origin of the biomass burning particles observed alathgthe dust, MODIS
fire hot-spots are also indicated on Figure 10 (MCD14ML product filmenUniversity of
Maryland; Giglio et al., 2006). Fires coinciding with the back-tt@mees are located in the
steppes near the western Russian-Kazakh border and to the nortbfwiket Aral Sea.

Regarding the possibility of those particles to actually be anthropogenic qu|lite cities of

Saratov (51.5°N, 46°E, ~840,000 inhabitants) and Volgograd (49°N, 44°E, ~1 million
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inhabitants) could have contributed. However, only a more detailed batldisyersion

study could confirm this and meanwhile, a wildfire burning origin remains much rkeke |

Figure 11 displays a similar ensemble of HYSPLIT 7-day bagkdtories, but ending in the
dust layer observed above Omsk. Those trajectories confirm tieg the same origin as the
dust layer observed near Kazan 5 days eatrlier, i.e. the saodwyy Isoils of south-western
Kazakhstan. Incidentally, from Moscow (Juné™l@ Omsk (June 29), the van travelled

eastwards at the same pace as a high pressure systere Asnts curled around the

anticyclone, air masses which had passed over the Caspian-Aral vegre continuously

brought up to the North, producing dust outbreaks over 2,300 km, from 38°E to 73°E. The

weak and changing winds prevailing near the center of the anticycloalsarmesponsible for
the erratic shape of the early part of the trajectories.

The back-trajectories (not shown) ending in the biomass burning layewvedsabove Omsk

a few hours later are very similar to those presented ond-ifur MODIS highlights three
fire areas located in the steppes of north-western Kazakhstan $82E\N-50°N-56°E and
48°N-57°E) that had significant fire power (90 to 120 MW) and were osseohat low
altitude by the back-trajectories. Fires hot-spots wereddserved by MODIS in the wooded
area located under the latest part of the back-trajectorie®2(®0 69-73°E). However, their
fire radiative power is low (max. 38 MW) so that it is doubtful tih@ smoke was injected as
high as the back-trajectories (~2 km a.g.l.). However, larges firight have escaped the eyes

of MODIS as the back-trajectories travelled along the southern edge of a citernh.sy

Back-trajectories ending above Nizhneudinsk (not shown) indicate thatirttneass came
from the forests areas of the Far North but a dense cloud caveedIMODIS and prevented
the identification of the aerosol sources.

4.3 Discussion

To summarize, LR and PDR values from the different case statkescalled in the lower
part of Table 1 (desert dust) and Table 2 (biomass burning), alohgheitreferences they
can be compared with.

4.3.1 Desert dust aerosols

Particle depolarization ratio. The 23 £ 2 % PDR retrieved in the Kazan dust layer confirms
it was pure desert dust. Indeed, it falls in between the two vedpested in the literature for
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PDR at 355 nm which are ~20 % for Gobi desert dust advected over Tokyaydmha et al.,
2004) and 25 + 6 % in Saharan dust layers advected over Morocco and Capeivard the
Saharan Mineral dust experiments (SAMUM; Grol3 et al., 2011; Métleal., 2012). For
mixes of desert dust with biomass burning (“dusty mixes”), the salekeieved near Kazan
(13 + 3 %) and above Omsk (17 + 2 %) are difficult to compare as the P@igly depends
on the proportions of the aerosol mix. Values of 18 £3 % have been reported durin
SAMUM (GroR3 et al., 2011; Mduller et al., 2012), whereas Chazette g&04.4) found 16 to
19 % in Saharan dust layers advected over the Balearic Islands th&ikkydrological cycle
in Mediterranean Experiment (HyMeX) campaign. Simultaneous oligersaat 355 and
532 nm during the SAMUM campaigns showed that the depolarization of dasederosols
increases with wavelength (Grol3 et al., 2011; Mdller et al., 201psthie 28 to 35 % PDR
values reported at 532 nm by Burton et al. (2012) and Mamouri et al. (28h8pt be

compared directly to our Russian observations.

Extinction-to-backscatter (lidar) ratio. The 355 nm LR values reported in the literature for
pure desert dust range from 38 +5 sr for Saudi Arabian dust advectethevielaldives
Islands during INDOEX (Mdller et al., 2007) to 58 £ 7 sr for westesthaBan dust during
SAMUM (Mdiller et al., 2012). The observations during SAMUM also shahght decrease
of the lidar ratio from 355 to 532 nm (Mdiller et al., 2012). Indeed, theerahgalues at this
wavelength is slightly lower, with 34 to 39 sr for Syrian dust adbekover Cyprus (Mamouri
et al., 2013) and 44 to 51 sr for an ensemble of airborne campaigns overANm@tica and
the Caribbean (Burton et al., 2012). The observations presented in thiapapeerefore in
good agreement, as we retrieved 43 + 14 sr for pure desert dust (Ksgarand 50 + 13 sr
for an aerosol mix containing a large fraction of dust, as indicatets 17 % PDR (Omsk
case). Schuster et al. (2012) showed that the lidar ratio of diestithas a strong geographic
dependency, following changes in the mineralogical composition of thepdrigtles. Our
observations correspond to the LR values retrieved in the Sahathugt&r et al. (2012).
Unfortunately we cannot relate it to the mineralogical commosiaf dust particles in the
Caspian-Aral region, as we could not find information on that point. rdiegadusty mixes,
the comparison is difficult as the LR, like the PDR, will strgrdgpend on the proportions of
dust in the mix; one can just note that the 75 £ 9 sr retrieved idutesmoke mix west of
Kazan are identical to the SAMUM observations (Grol3 et al., 2011).
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4.3.2 Biomass burning aerosols

Particle depolarization ratio. During this campaign, aged smoke plumes of two origins were
sampled: particles coming from fires in the steppes or for@stsorthern Kazakhstan /
southern Russia have PDR values of 3 to 4 %, whereas particles doomnfprest fires in

Far North Siberia have a very low PDR of ~1 % (Nizhneudinsk c#sethe literature,
depolarization ratios for aged smoke are 4-9 % (Burton et al., 2012), 5 @2sihe et al.,
2011) or <5 % (Mdller et al., 2007), for measurements that were &lrpexd at 532 nm. No
simultaneous observations of PDR at 355 and 532 nm exist for biomass bagnisgls,
although measurement of a mixed smoke and dust layer suggdetstetiRDR does not vary
much with wavelength (GroR3 et al., 2011). Therefore, the PDR valuésveetrfor smoke

coming from Kazakhstan / southern Russia are in good agreement with the éteratur

Particles from the Far North observed above Nizhneudinsk have a lopaanization ratio
than every observations reported. However, Nisantzi et al. (2014) shtvaedthe
depolarization of smoke layers strongly depends on their dust comigntyill itself depend
on the soil nature around the fire (as dust can be lifted byditiesecaused by the fire heat)
and on the plume age (as the coarse dust particles will quidkiyutx This might explain
why smoke from Kazakhstan, where the ground is semi-desert, exlabitsgher
depolarization than smoke from northern Siberia. Besides, the low ela&inction in this
plume indicates that the particle concentration is small, suggdsiat, rather than the plume
from a single large fire, this might result from a mix betwesmoke from several small
scattered fires and biogenic aerosols (secondary organicsgtedllall along the air mass
journey over the plains of northern Siberia.

Lidar ratio. Simultaneous observations at 355 and 532 nm showed a strong variabhigy of t
LR of biomass burning aerosols with wavelength (Mdller et al., 20@Bajhma et al., 2004;
Nicolae et al., 2013; Tesche et al., 2011) so our measurements volripared preferentially
with other observations at 355 nm. Amiridis et al. (2005) report a thspersion of 355 nm
LR values, from 39 to 94 sr, based on statistics over 4 years of smoke plumes fraraRaiss
Ukraine advected above Greece. Other observations generallgydigplvalues in the lower
range of this interval: ~40 sr in a Siberian plume advected overoT(yrayama et al.,
2004), 46 + 13 sr in Siberian and Canadian plumes advected over Germaisr @fdl.,
2005) and 32 to 48 sr in plumes from Ukraine and Russia (Nicolag @0aB). However,

87 £17 sr (~100 £25 sr) have also been retrieved in an African smoke pluimmg dur
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SAMUM (AMMA) by Tesche et al. (2011) (Chazette et al., 2007). &lofeour observations
are in good agreement with those references, i.e. the casedstiom (65 + 6 sr), Omsk
(76 = 10 sr) and Nizhneudinsk (63 £ 15 sr). The 107 + 14 sr observed west of Kazan is above
all other observations but not incompatible with Amiridis et al. (2009)esche et al. (2011)

given the large uncertainty.

5 Conclusions

For one full month, a mobile ARaman and depolarization lidar probed aerosols along the
10,000 km ride from Paris to Ulan-Ude (2 to 108°E, ~55°N). A systerdate:processing
was performed on the 30-minute average profiles: the Raman theamesed to constrain
the average extinction-to-backscatter ratio (i.e. lidar ratio or LR)d=t\800 and 700 m a.g.l.
The campaign average LR was found to be 63 + 17 sr along the jounth&P & 20 sr in the
isolated village of Istomino (Lake Baikal shore). The distributionth&f LR and patrticle
depolarization ratio (PDR) values shows that aerosols in Europgharacterized by higher
LR values (60-102 sr) and very low PDR (< 1 %) both in cities and incolmtryside,
indicating the dominance of pollution aerosols. In Russia, the LR vaheemore variable
(44-106 sr) and a clear distinction exists between the countrydife €PL % as in Europe),
and the cities (PDR > 2 %). The higher depolarization in Russii@s ¢ likely due to the
significant amount of terrigenous aerosols lifted by vehiclesyathe wind from the roads
and sidewalks that generally have a bad tarmac.

Fixed measurements were performed in the cities during the nigbg and enabled the
determination of LR profiles through a complete Raman inversion anudi-layer
constrained Klett inversion. Several events of biomass burning plueresracorded during
these nighttime observations, with LR values ranging from 63 tesil@nd PDR values of
from 1 to 4 %. Desert dust layers were also observed, with LRRYRBIues of 43 + 14 sr
(23 + 2 %) for pure dust and 75 + 9 sr (13 + 3 %) for a mixed dust and biomass bayeing
The back-trajectory analysis identifies the dust source ingtjierr of the Caspian and Aral
Seas (south-western Kazakhstan), an area whose dust emissionslieghrataracterized so
far. Moreover, dust layers were observed from Moscow to Omsk (37-7Z,BQ0-km),
demonstrating that the Caspian-Aral region can give birth te ldwgt events spreading over
wide areas of Russia and lasting for several days. Such an daentnot require special
conditions but a regular anticyclone moving eastwards over northerrkh&iza, meaning
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such dust spreading could happen regularly and contribute significaritly serosol budget

in southern Russia.

This ground-based mobile campaign provides a unique picture of suaemsols in areas
where observations are usually scarce. Although it is only alspiapad no climatology,
these observations hold more representativeness for two reassnghérlidar instrument
involved in this campaign enabled the determination of two intensive riegp®f the
particles (LR and PDR) that do not depend on aerosol amounts. And secthrally,
comparison with a multi-annual average of MODIS Terra observasioowed that the AOT
values observed during the campaign are representative of theolale@ds existing over
Europe and Russia in the absence of exceptional fire events. @narda where the dust
event took place stands out from MODIS multi-annual average, howeveffeied the

opportunity to characterize the unstudied desert dust from the Caspian-Aral region.

Appendix A: details on the lidar ratio retrieval pr ocesses

Raman inversion. To differentiate the optical depth profile provided by the Ramanraia
we use a low-pass derivative filter which kernel is basetheriirst derivative of a Gaussian
curve (ter Haar Romeny et al., 1993) as it allows a much bejemtion of high frequencies,
I.e. short-scale fluctuations in the extinction profile, than the rconemonly used Savitzky-
Golay filters or sliding window linear fit (the difference aound 30 dB). To take into
account the decrease of the signal-to-noise ratio (SNR) witkeasiong altitude, the filter
width o is increased following a saturating exponential functo) =a+b- (1 —
exp(—z/1.5)) with z the altitude above ground level (a.g.l.) in km. The effective \&rtic
resolution of the retrieved extinction profile is defined as thergsevef the spatial cut-off
frequency (i.e. the frequency at which the filter responsehesdg/e of its maximum
amplitude). Witha = 3 andb = 7 (our standard set of parameters), the effective vertical
resolution tends towards 200 m at 5 km a.g.l., while theapairl andb = 24 (which we use

in low SNR conditions) produces a coarser resolution profile (~500 m).

Single layer constrained Klett inversion. The Raman channel is used to determine the
partial AOT between 300 m (complete overlap) and 700 m a.g.l. (femigewhich is then
used to constrain the LR used in the Klett inversion. The principleeisame as described in

Royer et al. (2011), except that the convergence is not dealtusitiy a dichotomy
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algorithm. Indeed, due to the transmission by the upper layers, the parfiat ARGt always a
monotonic function of the LR. Instead, the extinction profile is invkrsg#ng 13 LR values
distributed from 10 to 130 sr, a range covering LR values obsenvtt iliterature for the
main types of aerosols (Table 1, Table 2 and Table 3). Then, thealritenarrowed between
the two LR values that produce the best partial AOT and the ggaseepeated. After three
iterations, the LR value giving the best agreement with theaRaconstraint is chosen, the
LR is known by 0.1 sr and the agreement is better th&nifl@ solution exists. According to
the sensitivity study carried out by Royer et al. (2011), thie s@urce of uncertainty on the
LR value is the random detection processes. It leads to aeetator on the LR ranging
between 4 and 18 % (16 to 100 %) during nighttime (daytime) for »&des ranging from
0.1 to 0.5 and with a signal to noise ratio of 35 (10). For the lidar-deri@ed the relative
uncertainty stands between 4 and 16 % (12 to 40 %) during nighttinten{dpjor the same
SNR values.

Multi-layer constrained Klett inversion. When the Raman channel has a longer detection
range than 700 m a.g.l. (during nighttime), the process described pnethieus section can
be applied over several successive layers. At first, the caortstraie is located just below the
normalization zone, or just below the limit range of the Raman ehahne LR value giving
the best agreement between the partial AOT from the Ramamalhand from Klett's
inversion is determined and attributed to this layer. Then, the aornskone is translated
downwards and the process is repeated until reaching the groundUayets where the
aerosol load is too small (average extinction coefficient Idatam 0.02 krit) are ignored and
the LR from the layer located directly above them is kept. The constraintvzdithels chosen
between 200 to 900 m, depending on the aerosol load. The case studmah bieapresented
in Section 4 show that this method gives similar results agldéheative Raman inversion,
with the advantage of producing a smoother LR profile (no fluctuatiotiseitayers with a

low aerosol load).
Appendix B: uncertainties on the depolarization

Apart from measurement noise, the sources of error on the veetri€articulate
Depolarization Ratio (PDR) aré the uncertainty on the lidar ratiai)(the uncertainty on the
gain ratio andi{i) the error on the cross-talk between the total and perpendpnlé&ization

channels. The impact of the former is estimated using thetamtgron the lidar ratio when

it is known (i.e. for case studies) or by varying LR by dnteary + 10 sr as in Freudenthaler

23



o O B~ W DN PP

o ~

10
11
12
13
14
15
16
17
18
19
20

21

22

23
24
25
26
27
28
29
30

et al. (2009), which corresponds to a 48-68 sr interval, for the systepnatessing. The
second and third terms are assessed by varying both the gaifyateobserved variability)
and the coefficients of the separating plates (measured in the lalh &y ¥When considering
the average PDR in a layer, like in Section 4.1, the atmospheribiligridmeasured as the
vertical standard deviation) in the layer is added as ahlf@airce of error. The contributions

are then combined through a quadratic sum.

The error on PDR estimated by the process explained above mitsahby a Monte-Carlo
simulation of dummy lidar profiles with thin layers (scattgrmtio between 1.02 and 1.2) in
the noise conditions of each study (i.e. systematic processingimggletise study 50-minute
average and 5-minute average).As an example, Figure B1 shovestiits of this simulation
conducted in the conditions of the Kazan case study (50-minute avéragdusk), for a
layer with a homogenous PDR of 1 or 5%, a scattering ratio from 1102,tand error on LR
varying from 2 to 10 sr. The error on the gain ratio and on the ciegift$ of the polarization
separation plates is fixed at 5% each. Note that because omtie mumber of average
profiles and the remaining sunlight after dusk, the noise conditiondesad here represent a
worst case for nighttime observations. We find that, given the ohesattering ratio
threshold of 1.05, the relative uncertainty on the PDR is largelyreamst by the one on the
lidar ratio for PDR values of 5% and above and below 4 km a.gtause of the error on the
gain ratio, this relative uncertainty is always at least Far. very low PDR values, the

absolute uncertainty mostly depends on noise conditions, but remains above 0.2%.
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Table 1. Values of the extinction-to-backscatter ratio (alstectdidar ratio or LR) and

1
2
3
4

Particle Depolarization Ratio (PDR) reported in the literatand observed in this study for

desert dust aerosols, pure or mixed with biomass burning or pollutiorBufton et al.
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Table 2. Same as Table 1 but for biomass burning aerosols, eitsidy feenitted or aged.
When the Backscatter to Extinction Ratio (BER) and the Paidieflarization Ratio (PDR)
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Table 3. Same as Table 1 and Table 2 but for pollution aerosols.
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Figure 1. Itinerary of the campaign plotted over MODIS trukec&ince image. White and
red dots show respectively the main cities or night stops ofahgand the location of lidar

measurements.
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Figure 2. Distribution of the Lidar Ratio (LR) values obtained donstraining Klett's
inversion with the partial aerosol optical thickness provided byNh&aman channel
between 0.3 and 0.7 km above ground level. The only profiles included are the TiGu88-m
average profiles for which the agreement was better thargat@ this for all the 200 profiles
generated by the Monte-Carlo algorithm). Profiles from Istorwibage (Lake Baikal shore)
have also been removed. The red (resp. green) lines represent #verage value anddl.-

standard deviation (resp. the median and quatrtiles).
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Figure 3. Partial Aerosol Optical Thickness (AOT, top) and aeeRarticle Depolarization
Ratio (PDR, bottom) along the route, computed below (in blue) and dlowed) 1500 m
a.g.l. All values are inverted from the 30-minute average prafgexy Klett's inversion with
a fixed lidar ratio of 58 sr. The average PDR is computed only wieiscattering ratio is
greater than 1.05.
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Figure 4. Scatter plot of the Particle Depolarization RatidRPvs Lidar Ratio (LR) values
retrieved in the constraint zone (300-700 m averages) for the 76 camv&@eninute
average profiles from Figure 2. Profiles are sorted into 6 typasnospheric and geographic

conditions.
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Figure 5. (top) Aerosol Optical Thickness (AOT) at 355 nm from liti@r (red), from
MODIS Terra (blue) and from the AERONET stations along thaskct (green). (middle)
Angstréom coefficients from MODIS Terra (470- 660 nm) and from OERET (440-
675 nm). (bottom) AOT small mode fraction from MODIS Terra (550 ranyl from
AERONET (500 nm). For MODIS (MODO08_M3 product), the 1°x1° pixels includimgvan
position were extracted and the months of June from years 2000 to 20&pt(gears 2001,
2003 and 2012 due to intense fire events) were used to compute MODI§eaaedastandard
deviation (blue line and shading). For AERONET, only data since 2@0é used since only

Palaiseau (2.5°E) has data prior to this year.

41



0o N o 0o~ W N P

Scattering Ratio VDR (%)
1 1.06 1.12 1.18 04081216 2

pure
=

Ik
dust

w

N

—

Altitude a.m.s.l. (km)

ploceiie ioiioi Jbeiiihianeinn o P -
0 04 08 1215 45 75105 O 5 10 15 20
Backscat. (Mm 1.sr’') LR(sr) PDR (%)

Figure 6. Vertical profiles of aerosol backscatter and Litatio (LR) determined from the
55-minute average profile on June™8013, using either the low-pass derivative filter
inversion (blue) or the constrained Klett procedure on a sliding 200 m wi(réojv Shaded
areas represent the uncertainties from the Monte-Carlo prodéess these mobile
observations, the altitude is above mean sea level (a.m.s.l.);dilnedgaverage altitude was

around 0.1 km a.m.s.l.
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Figure 7. Aerosol Optical Thickness (AOT, top), backscatterddia) and Particle
Depolarization Ratio (PDR, bottom) observed West of Kazan on J4h2018 twilight as a
function of UTC time and altitude above mean sea level (a.m.s.tr)ef®d was made using a
Klett inversion with the backscatter to extinction ratio profiteni the sliding-window

constrained Klett procedut€igure 6 middle panel)
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Figure 8. Profiles of Lidar Ratio (LR) retrieved above Omsk @h June 22 2013 from two
different processes: (red) profiles from the sliding-window tairsed Klett process, (blue)
profiles from the low-pass derivative filter inversion (Raman iisiom). Shaded areas

represent the uncertainties from the Monte-Carlo process.
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Figure 9. Aerosol Optical Thickness (AOT, top), backscatterddie) and Particle
Depolarization Ratio (bottom) retrieved above Omsk during the night flune 2% to 23¢
2013 as a function of UTC time and altitude above ground level (aRgtdeval was made
using a Klett inversion with the lidar ratio profiles from Figure 8.
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Figure 10. Seven-day back-trajectories ending in the dust layerveblswest of Kazan city

on June 182013, computed using HYSPLIT Lagrangian model in single (bold line) and
ensemble mode (thin lines). Trajectories are colored followingltliede above ground level
(a.g.l.): red parts correspond to ground contact. Ticks are spgc@d hours. Pink stars

represent MODIS fire hot-spots detected during the trajectoriepenned.
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Figure 11. Same as Figure Figure 10, but with trajectories @mdlithe dust layer observed
above Omsk city on June "#2013.
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Figure B1. Monte-Carlo simulation of error on PDRasurements in the noise conditions of
the Kazan case study; a) mean retrieval for dumbB®i Brofile of 5% from 0 to 4 km a.gl., b)
effects of error parameters and Monte-Carlo sinedlaRoot-Mean-Squared Error for a

scattering ratio of 1.05 and an error on LR of ,5c¥rand d) Same for PDR = 1% from O to 4
km.
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