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Abstract. Lidar and in situ observations performed during further monitoring in-depth properties of the aerosol layers
the Polar Study using Aircraft, Remote Sensing, Surfaceover Arctic using infrared and depolarization observations.
Measurements and Models, Climate, Chemistry, AerosolsThe CALIOP April 2008 global distribution of the aerosol
and Transport (POLARCAT) campaign are reported herebackscatter reveal two regions with large backscatter below
in terms of statistics to characterize aerosol properties oveR km: the northern Atlantic between Greenland and Norway,
northern Europe using daily airborne measurements conand northern Siberia. The aerosol colour ratio increases be-
ducted between Svalbard and Scandinavia from 30 Marchween the source regions and the observations at latitudes
to 11 April 2008. It is shown that during this period a rather above 70N are consistent with a growth of the aerosol size
large number of aerosol layers was observed in the tropoence transported to the Arctic. The distribution of the aerosol
sphere, with a backscatter ratio at 532 nm of 1.2 (1.5 belowoptical properties in the mid-troposphere supports the known
2km, 1.2 between 5 and 7 km and a minimum in between).main transport pathways between the mid-latitudes and the
Their sources were identified using multispectral backscatteArctic.

and depolarization airborne lidar measurements after care-
ful calibration analysis. Transport analysis and comparisons

between in situ and airborne lidar observations are also

provided to assess the quality of this identification. Com-1 Introduction

parison with level 1 backscatter observations of the space-

borne Cloud-Aerosol Lidar with Orthogonal Polarization It is recognized that long-range transport of anthropogenic
(CALIOP) were carried out to adjust CALIOP multispectral and biomass burning emissions from lower latitudes is the
observations to airborne observations on a statistical basigfimary source of aerosol in the ArctiQ(inn et al, 2008
Recalibration for CALIOP daytime 1064 nm signals leads to Warneke et al.2010. Frequent haze and cloud layers in
a decrease of their values by about 30 %, possibly related t§1e winter—spring period contribute to surface heating by
the use of the version 3.0 calibration procedure. No recalibratheir infrared emissiorGarrett and Zhad?00§. The relative

tion is made at 532 nm even though 532 nm scattering ratiodfluence of the different mid-latitude aerosol sources was
appear to be biased low-8 %) because there are also signif- initially discussed byRahn(1981) who concluded that the
icant differences in air mass sampling between airborne andrurasian transport pathway is important using meteorolog-
CALIOP observations. Recalibration of the 1064 nm signalical considerations and observatiohsaw and Stoh{(2007)

or correction of-5 % negative bias in the 532 nm signal both @lso stressed the seasonal change of air pollution transport
could improve the CALIOP aerosol colour ratio expected for into the Arctic with a faster winter circulation, implying a
this campaign. The first hypothesis was retained in this work Stronger influence of the southerly sources in the mid- and
Regional analyses in the European Arctic performed as a tedtPper troposphere.

emphasize the potential of the CALIOP spaceborne lidar for During the International Polar Year in 2008, these ques-
tions were addressed in the frame of the Polar Study using
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Aircraft, Remote Sensing, Surface Measurements and Mod
els, Climate, Chemistry, Aerosols and Transport (POLAR-
CAT) and the Arctic Research of the Composition of the Tro-

80y,

posphere from Aircraft and Satellites (ARCTAS) field exper- N

iments. Aircraft observations were conducted in spring 2008 &

over the European Arctic as part of POLARCAT-Frande ( XX \

Villiers et al, 201Q Quennehen et al2012 and over the oy 70w (ESENOXSHN N
North American Arctic, also called western Arctic in this ",0,0'o:o:o:ow:q:o’&,w
paper, as part of ARCTASJacob et a).2010. Several pa- '6%'.%500‘0‘0’0.0’0’0”’“&
pers have already been published on the characterization (e 65" "&”““&A““
aerosols over the western ArctiBrock et al, 2011 Rogers E0E 5 E 20°E°E we ©°F ¥& 10E 15 20 EE wE ®E

et al, 2012, Shinozuka et a].2011). Overall, they provide a

very useful data base to discuss the aerosol transport paﬂlf_igure 1. Aircraft tra_j(_ectories for the measurement days listed in
ways and the main processes driving their evolution WhenTabIell(Ieft) and positions of the CALIOP tracks from 27 March to
transported to the Arctic. Besides field experiments involving11 April (right).

aircraft measurements, no systematic information was pro-

vided until recently on regional Arctic aerosols by space ob- . , i
servations. The Cloud-Aerosol Lidar and Infrared Pathfinderf‘:'urements and air mass transport using FLEXPART (FLEX

. ) . ible PARTIcle dispersion model). The POLARCAT-Fran
Satellite Observation (CALIPSO) missioW{nker et al, ble cle dispersion model) e PO ¢ ance

2009 has proven to be very useful for addressing thesecampalgn was only described for some specific flights in

. X . previous papersdg Villiers et al, 2010 Quennehen et al.
q;gftloglltshgs |Irl]u;t|r gttsed :t}(/ar:?zl rﬁ;gnrfovtv?);k\e/?,meker|§:e§|' ot 2012. In Sect.3, comparison between airborne and space-
(Rece%n studlijegs usinl tr?e CIo:Jd—AerosoI Lidar Wﬁﬁ Orthoy O:borne data are addressed, looking to the statistical distribu-
nal Polarization (CA%IOP) level 2 products, namely the 5Igm tion and the spatial variability derived from all the aircraft
aerosol layer products (AL2) at 532 nm gridded for the Arctic flights available during POLARCAT-France, and coordinated

) — ) CALIOP observations. In sectiof, results obtained with
domain, allowed aerosol extinction and aerosol optical depth

. A . monthly averaged L1 CALIOP data in April 2008 are used to
EAr(?asD)of‘otrt;ense:r\t/gg [ﬁ:epfrrégcet ael;:or?l‘z}rlgefrgﬁlrtlr:gas:ea- analyse (i) the link between the meridional variability of the
slé)nal variabili?y ofI the verticlal \éivistrit;ution of aerosol, de- aerosol properties in relation to the air mass origin and (i) the
rived from AL2 version 3.0 products bevasthale et al, large scale horizontal variability in these aerosol properties

(2011). Observations by the CALIOP lidar provide the op- fo_r the whole Arctic domain. The latter is flr_lally dlscus_se_d

; ) ) with respect to the results obtained by previous analysis in-
tical properties of aerosol layers at two different wavelengthsvolving CALIOP AL2 products
(532nm, 1064 nm), but the infrared (IR) data have not been '
widely used due in large part to difficulties in the calibration
of the level 1 (L1) productsWu et al, 2011 Vaughan etal. 2 The POLARCAT spring campaign

2012. In our study we thus address this topic looking for

the usefulness of the additional information provided by the2.1  Campaign context and description

1064 nm channel and depolarization measurements.

In this work, we focus on the European Arctic sector in The French ATR-42 was equipped with remote sensing in-
spring 2008 using the data of the POLARCAT-France ex-struments (lidar, radar), in situ measuring probes of gases
periment. The purpose of this paper is thus to discuss howOs, CO), and aerosols (concentration, size distribution). The
CALIOP spaceborne lidar data can be compared to and comATR-42 deployment was often designed to collect data near
bined with aircraft data for the western Arctic area to pro- CALIOP satellite observations during daytime overpasses.
vide (i) a comparison of CALIOP observations with those The positions of the 12 scientific flights performed from 30
from airborne lidar at similar wavelengths in a region where March to 11 April 2008 (Figl) show that they are well suited
CALIOP data are very useful but not very well characterized,for an analysis of the meridional distribution neaf 20 The
(ii) tracks for bias correction and use of L1 CALIOP observa- meteorological context in the Arctic in April 2008 is dis-
tions at 1064 nm and in the depolarization channel to analyseussed inFuelberg et al(2010. The maps of the 700 hPa
behaviour of colour and depolarization ratios, respectively,equivalent potential temperaturé:) and winds are, how-
and (iii) an improved description of the spatial variability of ever, shown in Figs. S1 and S2 of the Supplement to iden-
aerosol sources and transport to the Arctic, and implicationgify the variability of the position of the Arctic front. This
for a regional and monthly mean characterization. front was near 7N until 2 April and moved to lower lat-

We begin Sect2 with a description of the aircraft cam- itudes near 68N after 2 April. It was observed that flights
paign lidar data and the meteorological context which alsowere frequently performed in the air masses strongly influ-
includes a characterization of the particles from in situ mea-enced by the southerly flow from Europe at the beginning of

Atmos. Chem. Phys., 14, 8238254 2014 www.atmos-chem-phys.net/14/8235/2014/
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the campaign, while large section of the flights were repre-Table 1. Time and positions of the B-LNG lidar vertical cross sec-

sentative of the Arctic pristine air at the end of the campaign.tions during the POLARCAT spring campaign.

After 9 April, the European Arctic at latitude above°0

became strongly influenced by advection of biomass burning Flight Date Start Time ~ Endtime  Start End

plumes advected from Asi&(ennehen et al2012. latitude latitude
The vertical structure of the aircraft flight plans were al- 24 2008/03/30  13:40UT  14:15UT 722 71.2

ways chosen to have several in situ and airborne lidar mea- 52 gggg;gi;gi 13{28 ﬂ ﬁfgg 31 ;i , %33’
surements in glmllar air masses in order to study the represen- 5008/04/03 0815UT 0915UT 68 71
tativeness of lidar products such as the attenuated backscat- 57 2008/04/03 0850UT 09:50UT 71 68
ter, the colour ratio and the depolarization ratio. 28 2008/04/06  12:30UT  13:30UT 69 727

During the aircraft campaign, the CALIOP spaceborne in- 29 2008/04/07  08:45UT  09:15UT  69.5 71

strument provided 80 satellite overpasses for the period 27 gg ;882;82;8; igfig 3$ Efig Si ZS o Zfé
Marchto 11 Aprilinthe area: 65-8WN, 5-35 E (Fig.1). !:or 31 2008/04/08 08-45UT  09-45UT 68 71
the area south of 72% which corresponds to the aircraft 31 2008/04/08 10:45UT  11:30UT 72 70
deployment, there are 45 CALIOP tracks leading to 433 ver- 32 2008/04/08  13:10UT  13:45UT 70 68
tical profiles with 80 km horizontal resolution. In this work 33 2008/04/09  09:10UT  09:50UT 68 70.5
different temporal or spatial averaging will be used to analyse 33 ~ 2008/04/09  11.00UT  12:10UT 715  67.8
he CALIOP d ither in the aircraft d inf C7 34 2008/04/10  10:20UT  11:20UT 68 72
the : .ata either in the aircraft domain for compari- 5, 2008/04/10 12:45UT 13:15UT 70 68
son with the airborne data (Se8}.or for the whole European 35 2008/04/11 10:00UT 11:30UT 72.2 71.2
Arctic area for all days in April 2008 (Seet). 35 2008/04/11  12:30UT  12:55UT  69.2 68.2

2.2 Aircraft data

2.2.1 Airborne lidar measurements

dently using molecular reference and the ratio of the total
During the POLARCAT campaign, the airborne lidar Le- perpendicular- to the total parallel-polarized signals. How-
andre Nouvelle Generation, provided measurements in itever, due to a reduced field of view at 355 nm, the overlap
backscatter configuration (hereafter simplified as B-LNG) of the emitted beam with the receiver field of view limits our
of total attenuated backscatter vertical profiles at threeability to calibrate independently the total 355 nm lidar sig-
wavelengths: 355, 532 and 1064 nm. An additional chan-nal in the areas near the aircraft selected at the other wave-
nel recorded the perpendicular attenuated backscatter vertici#ngths. Therefore, and as CALIOP is operating at 532 nm,
profile at 355 nm. The B-LNG lidar is already describedé&n  the measurements at 355 nm are only used for the depolar-
Villiers et al. (2010 (ADV2010) where a single flight on 11 ization ratio analysis, which is less dependent on the geo-
April 2008 was analysed. The methodology to calibrate themetrical factor. The B-LNG 355 nm ratio is only a proxy for
attenuated backscatter is also fully described in ADV2010 sahe CALIOP one, as some differences are expected to occur
it is only briefly described here. due to wavelength differenc&ieudenthaler et al2009.

In this paper, aerosol layers are identified for the 12 flights The aerosol parameters discussed in this paper and the
using 20 s averages of lidar profiles (i.e. a 1.5 to 2km hor-way to calculate them are fully described in ADV2010.
izontal resolution). Only downward-pointing lidar observa- They are the same for airborne and spaceborne observa-
tions have been included in this work. The B-LNG data aretions (although depending on the wavelength for depolar-
first corrected for energy variations. Calibration factors areization). They are namely (i) the attenuated backscatter ra-
then determined for each wavelength and for each flight bytios R(z) at 532 nm and 1064 nm using the CALIOP atmo-
searching for areas with very low aerosol content and by asspheric density model to calculate the Rayleigh backscat-
suming that the Rayleigh contribution controls the lidar sig- ter vertical profiles, (ii) the ratio of the total perpendicular
nal. These areas are chosen, as far as possible, in the ufp the total parallel plus perpendicular polarized backscat-
per altitude range close to the aircraft where bias due to theer coefficient (or pseudo-depolarization ratio (PBRY) at
aerosol transmission does not play a significant role. Thehe measurement wavelength, 355 or 532 nm, respectively,
consistency of the calibration factor is checked using differ-(iii) the pseudo-colour ratio defined as the ratio of the to-
ent aerosol free areas and several flights, whenever possibleal backscatter coefficients at 1064 and 532 nm (BCR
This is the major source of error in the calculationr), R1064(z)/[16R532(z)] and (iv) the colour ratio defined as
and the uncertainty (error and bias, but mostly due to bias}the ratio of the aerosol backscatter coefficients at 1064 and
was found to be less than 15 % at 532 nm and less than 30 %32 nm (CR(z) = (R1064(z) —1)/[16(R532(z) — 1)]). The
at 1064 nm. These numbers were derived from a sensitivityaerosol colour ratio can be also written as GR=27F,
study using different possible calibration factors and differ- wherek is an exponent depending on the aerosol microphys-
ent flights. The two 355 nm channels are calibrated indepenical properties Cattrall et al, 2005.

www.atmos-chem-phys.net/14/8235/2014/ Atmos. Chem. Phys., 14, 88%54 2014
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Figure 2. Distribution and cumulative probability (blue) of the 532 nm (top left) and 1064 nm (top right) backscatter ratios measured by the B-
LNG lidar from 30 March to 11 April. Mean, standard deviation, median and 90th percentile are given for each distribution. The distribution
of the aerosol colour ratio GRx 16 (bottom) is compared to the lines for gR 0.125 ¢ = 3), CRy=0.25 k =2) and CR =05 (k = 1).

The vertical and latitudinal aircraft cross sections are listedthe high left tail shows that air masses wikgs> > 1.4 and
in Table 1 and the correspondingss, sections are shown Rigpssq > 2.8 are also frequently found (probability 75 %).
in Fig. S3 of the Supplement. Clouds are removed from theThe uncertainty of the mean valu®sz, and R1ge4 can be
lidar signals using a threshold both in scattering ratio andevaluated assuming 100 independent samples for the 18 cross
depolarization. sections shown in Fig. S3 of the Supplement, (i.e. three
This data set composed of 18 lidar meridional cross secvertical layers and two horizontal layers) and errors of 0.1
tions is a representative sample of the European Arctic sprin@nd 0.5 forRs32 and Rios4, respectively, in a single layer.
aerosol distribution, as it includes different kinds of aerosol The distribution of the aerosol colour ratio shows a mean
load in the lower troposphere and several cases of aeros@R, near 0.3H-0.12, corresponding to a rather large wave-
layers detected in the troposphere above 2 km. The probabilength dependence and thus to small particle dize 2). A
ity density function (PDF) of the retrieveRl(z) are shown in  small mode is seen to occur near 0.5 corresponding to much
Fig.2to check that the lidar data processing does not producemaller wavelength dependende={ 1) and thus to larger
outliers for some flights. The homogeneity of the results be-particles. We also obtain a value a8+ 0.04 for the colour
tween the different flights has also been verified by dividing ratio CRY = ﬁ%-l calculated using the mean values of

i i : i - . 32~ .
the lidar data into three subsets: one corresponding to the beR(Z) (Fig. 2). Larsger values near 0.5 are explained by the fact

gri]nnin% of ;the ;a:mpTign ébifori.zApriE’ the seﬁond one tothat at least 20 % of the 532 nm observations with moderate
the end (after p_”) and the third to the overall campaign Rs32 values near 1.2 contribute to the tail of tRepg distri-
(see Tablel). The differences between the three subsets areg

Il when looki h q dard deviati ution with values more than 2.4. The gfalues from the
small when looking at the means and standard deviations op | N are smaller than the range 0.4-1 (dust excepted) de-

the _distributions m_ea_ning that the error related to t_he Ca"'rived from the Aerosol Robotic Network (AERONET) using
bration procc_adure is independent of the selected flight (notsun photometers at 26 sites across the gl@ttall et al,
shown). In Fig.2, the Rs3x(z) values do not exceed 2 (90th 2005. However, similar values have been reported for polar
percentile=1.45) with a mean value of 1.2, as expected for air masses using lidar measurements in Alaska and Canada

the Arctic troposphere where there are a lot of air masse?Bur,[on et al, 2012 and for a smoke layer over Ny-Alesund
with low aerosol load Rodriguez et a).2012. Both the IR (Stock et al, 2017)

and the green distribution show a high left tail in the his-
togram. Although most of the aerosol scattering ratios ar
found near the median valueRBdz, = 1.15 andR10s4= 1.9),

Since the backscatter ratio distributions points toward a
esignificant contribution of aerosol particles with small sizes

Atmos. Chem. Phys., 14, 8238254 2014 www.atmos-chem-phys.net/14/8235/2014/



G. Ancellet et al.: Transport of aerosol to the Arctic: analysis of CALIOP and aircraft data 8239
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Figure 3. Left — comparison of B-LNG lidar attenuated backscatter averaged 120 to 200 m below the airc#aft 025 km—1 sr=1 with

in situ measurements of CO (red) in ppbv and condensation particle counter (CPC) aerosol concentration (blackjdn b flight 35.
The green curve is the aircraft altitude in 5 m unit. Right — B-LNG lidar colour ratios (PCR agli€B for 10 aerosol layers where in situ
and lidar data can be compared (see T&phersus the scanning mobility particle sizer (SMPS) aerosol mean diameter.

Table 2. Comparison of mean aerosol layer pseudo-(PCR) and aerosg) (ORur ratio measured by the B-LNG lidar and in situ measure-
ments: CO mixing ratio, GRIMM integral and CPC concentrations and the mean aerosol diameigirdm the SMPS+GRIMM spectrum.
Layers data in italic or bold are respectively for low or high value colour ratios.

Date Time (UT) lat,dg alt. CO PCR B-LNG GMB-LNG CPC GRIMM  Dmean

km  ppbv cmr3 cm—3 Hm
30/03/08 13:45 720N 2.2 166 17.5:1.5% 38+6% 500 300 0.22
07/04/08 09:05 708N 45 153 8. H2% 39+ 64 % 450 50 0.07
08/04/08 11:20 70N 5.0 140 14.52.3% 62+ 44 % 330 25 0.13
08/04/08 13:12 699N 1.0 153 10.6t1.5% 19+-6% 800 25 0.07
08/04/08 13:17 697N 45 200 14.41.6% 27+ 6% 800 70 0.16
08/04/08 13:50 684N 4.0 220 17.0t1.5% 28+ 4% 1000 150 0.18
09/04/08 11:30 699N 45 210 10.6t1.8% 26+ 16 % 2500 74 0.07
07/04/08 10:15 690N 4.0 210 11.661.4% 1945% 1000 50 0.12
07/04/08 10:35 696N 3.5 230 18.41.5% 31+4% 900 300 0.22
07/04/08 11:05 716N 3.5 200 17.0:1.6% 42+ 6% 700 250 0.18

(Fig. 2), we thus looked at in situ measurements where com-and the GRIMM data to compute the aerosol mean geomet-

parisons are possible. rical diameter with the 150 s time resolution. Comparisons
of the CPC concentrations with the integrated concentrations

2.2.2 Comparison of airborne lidar with in situ of the eight size bins of the GRIMM between 0.3 and 3 um,
measurements provide estimates of the relative fractions of coarse aerosol.

For flights with frequent vertical motion of the aircratft, it is

Aerosol and carbon monoxide (CO) in situ measurementsasy to verify the comparability of lidar and in situ data. Such
available on the ATR-42 aircraft are describeQnennehen a comparison involves looking at in situ measurements only
etal.(2012 and ADV2010. For the aerosols, a condensationduring aircraft ascents or descents crossing aerosol layers
particle counter (CPC-3010) measured the number of submithat the lidar detects later or earlier, respectively. An exam-
cronic particles, while the aerosol concentrations in differentple of a comparison of the lidar attenuated backscatter mea-
size bins were measured by a Passive Cavity Aerosol Specssured 150 m below the aircraft with CO and the CPC con-
trometer Probe (PCASP SPP-200), a GRIMM (model 1.108) centrations is shown in Fi@ for the last flight on 11 April

and a scanning mobility particle sizer (SMPS) with a lower 2008, where rather large aerosol scattering ratios were mea-
time resolution (150 ). In this paper we have used the SMPSured (see Fig. S3 of the Supplement). No delay correction

www.atmos-chem-phys.net/14/8235/2014/ Atmos. Chem. Phys., 14, 88%54 2014
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is performed for this figure to compensate for aircraft speed
and lidar measurement distance (this is not detectable at this
scale), but a high correlation (0.55 with significance better
than 99 %) is nevertheless observed between lidar backscat-
ter ratio and aerosol particle concentration.

Ten independent aerosol layers seen at nearly the same
time by the lidar and the other instruments on board can be
used for a meaningful comparison of the lidar parameters
(colour and depolarization ratios) with the aerosol concen-
tration and size spectrum (Tab®. The CO mixing ratios
are well correlated with the CPC data implying that combus-
tion aerosols were often encountered with the largest concen-
trations at the end of the campaign. Changes in the pseudo-
colour ratio PCR measured by the airborne lidar correspond
quite well to the variations in the aerosol mean diameter be-
causeRs3o variations are small enough for these 10 layers
to ensure a weak dependency with the aerosol concentration

(Fig. 3). The increase of CiRrom 0.2 to 0.35 is also in good - 4. Mab of th _ lected dv the oridin of the ai
agreement with the variation in the aerosol mean geometri:'94ré 4. Map of the regions selected to study the origin of the air
X . . masses in the FLEXPART analysis. The red, green and blue boxes

cal diameter if we exclude the cases with the largest error v :
CR. Th . in th | . lculated correspond to our definition of the European, North American and

on F‘%‘ e uncertainty in t e_ colour ratlps are calculated g, aqjan regions. The two black boxes are called western and east-

assuming a 30 and 15 % relative uncertainty for the IR andy Arctic regions.

green scattering ratio, respectively. According to Tahlde

largest colour ratios also correspond to the largest integrated

GRIMM concentrations which are high for layers with coarse

aerosol. The PCR and GRalues calculated by the airborne tude level for three areas with continental emissions shown in

lidar can be then considered as valuable proxies for evaluatFig. 4 (Europe, Eurasia, North America). We have also calcu-

ing the contribution of the coarse aerosol fraction, and to firstlated the fraction of particles present at latitudes aboVeN70

order (not considering speciation and size) the lidar backscatin the troposphere above the eastern Arctic and western Arc-

ter ratio is a good indicator of aerosol content. tic (black boxes in Fig4). The use of the eastern Arctic frac-
tion is necessary to identify the role of the Eurasian sources
2.3 Characterization of air mass transport because with our limited simulation time (6 days), we un-

derestimate the role of aged air masses related to Eurasian
The origin of the air masses sampled during the aircraftemissions (ADV2010).
campaign by the B-LNG lidar and by CALIOP was stud-  The results first show negligible influence of the transport
ied using the FLEXPART model version 8.28t6hl et al, from the lower troposphere above North America and are
2002 driven by 6-hourly European Centre for Medium- not considered further here. The fraction of air mass origins
Range Weather Forecasts (ECMWF) analyses (T213L91) infor the other regions is shown for different latitude bins in
terleaved with operational forecasts every 3 h. At a given lo-Fig. 5. The meridional distribution and the relative influence
cation, the model was run to perform domain filling calcu- of the different regions are rather similar for the CALIPSO
lations in 13 boxes from 1 to 7.5km altitude with a hori- tracks and the airborne lidar flights in the lower atmosphere.
zontal dimension of1x 1°. The transport from the different However, in the mid-troposphere, the increase of the rela-
regions are considered for two altitude range8km and tive influence of the eastern Arctic air versus European air
between 3 and 7 km in order to distinguish the two major masses is clearly shifted towards higher latitudes$ for
transport pathways to the Arctic: low-level flow over cold CALIOP (no contribution in the 71-?N latitude band as
surfaces and upper level advection by an uplifting along theseen for the airborne data). For both data sets, the transport
tilted isentropesKuelberg et a).201Q Stohl et al, 20086. of air masses from the eastern Arctic show a clear latitudi-
This was done along the 18 aircraft cross sections and theal increase in the lower altitude range just north of the po-
80 CALIPSO tracks in the European Arctic domain shown lar front. For latitudes above 78I, seen only by CALIOP,
in Fig. 1. For each box, 2000 particles were released overthe overall influence of all the selected source regions on
60 min and the dispersion computed for 6 days backward ira time scale shorter than 6 days remains, however, smaller
time. Longer simulations lead to larger uncertainties in thethan 40 %, implying that a large fraction of air masses had
source attribution and are not considered in this work. Westayed for more than 6 days in the European Arctic sector
have introduced in the FLEXPART model the calculation located between-15°W and 30 E. Dilution, mixing and
of the fraction of particles originating below the 3km alti- decay of the aged mid-latitude sources are to be expected
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Figure 5. Latitudinal distribution of the fraction of observations corresponding to different air mass origins calculated with FLEXPART for
the airborne lidar (left column) and CALIOP observations (right column) at altitud@g&m (bottom row) and between 3 and 7 km (top
row).

at these latitudes. The main differences between CALIOPainties in the AL2 colour ratio and the depolarization ratio
and the airborne lidar sampling are (i) a significant contri- are often very large and they are mainly used for a qualitative
bution from Eurasian sources at low latitudes for the aircraftanalysis of the aerosol composition and evolution Gewr
data and (i) a weaker contribution of the eastern Arctic sec-et al. (2009 for interpretation of the colour ratio and the de-
tor in the mid-troposphere for CALIOP, especially around polarization ratio for aerosol classification). Most of the er-
70-72 N. For the airborne lidar, the Eurasian sources wereror in the colour ratio finds its origin in the signal calibration.
not only transported into the Arctic above the Pacific westernMore recently, analyses have been conducted to improve the
coast but also by a low-level southerly flow over eastern Eu-calibration in version 4.0Maughan et a.2012), which con-
rope from 6 to 9 April 2008. These differences are most prob-firmed a bias in the 1064 nm channel and to a small extent
ably due to the much larger longitude band selected for thehe one in the 532 nm daytime channel. We thus considered
analysis of the CALIOP data set (5 to°3®) Despite these a comparison between airborne and spaceborne CALIOP L1
differences, the overall similarity of the transport regime for observations as a first step.
both data sets is a good indication that the small number of In ADV2010, the AL2 CALIOP products were analysed
aircraft flights is fairly representative of the influence of the for one particular flight of the POLARCAT campaign us-
different source regions, and the data gathered may be usddg layers detected at 80 km horizontal resolution and with
to compare retrieved aerosol properties in the campaign area 3 % threshold value for the layer optical depth at 532 nm.
Comparisons between the CALIOP AL2 and airborne lidar
) ) ) PCR then showed larger values for CALIOP in the aerosol
3 Analysis of CALIOP data during the aircraft layers of the 11 April flight. Considering the large uncer-
campaign tainty in the weak aerosol layers detected in the AL2 product
over the Arctic, averaging of the L1 version 3.01 CALIOP
data is used in this paper to analyse the 45 CALIPSO tracks

A detailed description of the CALIOP operational processing2vailable in the aircraft campaign domain. The comparison
can be found in a series of pape¥agghan et a).2009 Liu of the aerosol parameter PDF obtained for the campaign pe-

et al, 2009 Omar et al, 2009 Powell et al, 2009. Uncer- riod and the campaign area is considered as more appropriate

3.1 Methodology of the CALIOP data processing
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to validate the satellite aerosol data than relying on optimized longitude between 5 and 3g&, from 27 March to 11
collocations of aircraft and satellite data, which would give April 2008

a very small number of cases. Gridded latitudinal distribu-

tions with a 1.28 resolution in the campaign area are used to  — a latitudinal cross section in the same campaign area

check the coherency of the two data sets. where 80km, 150 m averaged profiles are gridded into
The CALIOP L1 attenuated backscatter coefficigfiigss 5x 14 boxes with a 1.25latitude and 500 m vertical
andBs32 are available with 333 m horizontal resolution up to resolution.

the 8.2 km vertical level and with 1 km resolution at higher
altitude. Before making any horizontal or vertical averaging3.2 Impact of the 1064 nm CALIOP calibration on the
of these data, it is necessary to apply a cloud mask on the L1 aerosol colour ratio
data set. This cloud mask is based on the cloud mask features
available in the level 2 version 3.01 CALIOP cloud (CL2) Two Rs32(z) mean profiles out of the 1.2%ridded data set
data products for the 5km horizontal resolution. Additional are compared with the correspondiRghsa(z) mean profiles
checks have, however, been added to verify that cloud layin Fig. 6. The R1064(z) is scaled toRs32(z) to facilitate the
ers are not misclassified. First, ice cloud layers, detected iromparison, assuming two extreme values of the expected
the 80 km horizontal resolution profile, must have a pseudo-aerosol colour ratio CR0.5 and 1), the range of values pro-
colour ratio> 0.6 and a layer depolarization ratio0.3. If posed byCattrall et al.(2005. This corresponds to factors
this is not the case, the three brightness temperatlifggm of 8 and 16, respectively, in the scaling Bfpsa(z) — 1. For
T1opm and Tgum, measured by the IR imaging radiometer both latitude bins, a good consistency is obtained between
(IIR) installed on the same platfornGérnier et al. 2012 the aerosol vertical structures at both wavelengths showing
are used as an additional test to classify the layer as a clouthat the proposed averaging reduces the noise sufficiently to
layer or as an aerosol layer. Based on simulations, the critedetect the mean aerosol layering at 1064 nm. The layer at
rion to keep a layer as a cloud layer is that the differencesB km can be used to identify the appropriate aerosol colour
TgpunrT12um and TiopunT12um Must be positiveubuisson  ratio because the spectral variation of the aerosol attenua-
et al, 2008. Second, if the cloud layer is also detected in tion of the signal above the layer is not very important. With
the 333 m resolution CL2 data products, it is always kept aghe lidar 1064 nm calibration factor used in the version 3.0
a cloud as explained ihiu et al. (2009. Only very dense  CALIOP L1 data products (see top figures in Faj. the ra-
aerosol layers (scattering ratio3) are misclassified when tio betweenRss3(z) — 1 andR1oe4(z) — 1 in this upper layer
adding these two conditions. leads to CR near 1 for both examples. This would mean that
The B1064 and Bs32 data are then removed below the high- large dust-like aerosols contribute in both cases to the tro-
est cloud top altitude for each vertical profile, when the op-pospheric aerosol in the European Arctic sector no matter
tical depth (OD) of the cloud is larger than 1. For semi- which latitude band is chosen, which does not seem to be
transparent clouds with smaller ODs (.9), a transmission credible. Furthermore, depolarization remains leng(%).
correction is performed. The data are also excluded in the The 1064 calibration in the version 3.0 CALIOP data set
100 m layer just above the cloud top to avoid any error inis based on the assumption that for a specific set of cir-
the cloud top estimate. The cloud filtering is then very con-rus clouds, the cloud colour ratio is equal to 1 allowing the
servative in order to exclude a possible bias in the aerosob32 nm calibration to be transferred to the 1064 channel. This
parameters measured below clouds when the spectral varids detailed in a large number of publicationg&g@ghan et aJ.
tion of the overlaying cloud attenuation has to be taken into201Q 2012 Reagan et gl.2002 Winker et al, 2013. The
account. cirrus cloud selection in version 3.0 implies an altitude range
The cloud-filtered 333 m attenuated backscatter verticabetween 8 and 17 km and a minimum scattering ratiéQ).
profiles are then over 80 km and vertically over 150 m with a The number of cirrus clouds with these characteristics is too
low pass second-order polynomial filter second-order poly-small (< 11) for the campaign domain and period and no ad-
nomial filter to improve the signal-to-noise ratio. The 80 km ditional check was performed to verify the cirrus colour ratio.
mean attenuated backscatter rakigzo(z) and R1064(z), the To reconcile the aerosol colour ratio with the expected
mean aerosol colour ratio and the mean 532 nm volume devalue, three options are available: to decrease the 1064 to-
polarization ratio are finally calculated using the moleculartal backscatter, to increase the 532 nm total backscatter or
density and ozone vertical profiles available at 33 standardo change both parameters. Considering the uncertainty of

altitudes in the CALIOP data products. the 1064 nm channeMaughan et a).2012 and the diffi-
As explained before, two different methods are used forculty of estimating the respective impact of sampling dif-
comparison with airborne lidar observations: ferences and calibration error of the 532 nm CALIOP data

(see Sect3.3), the 532 nm total backscatter values were not
— PDF of aerosol parameters using all the 80 km, 150 madjusted to the airborne data. The choice was to apply in-
averaged profiles available in the aircraft campaign areastead an a priori fixed multiplicative factor on the 1064 nm
i.e. with 0< z < 7 km, latitude between 65 and 7218, total backscatter, assuming a 40 and 30 % overestimate for
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Figure 6. Mean attenuated backscatter ratio for the 532 nm (green) and 1064 nm filtered level 1 CALIOP (blue and red). The 1064 nm values
are scaled to the 532 nm values using expected lowegtOR5 (red) and largest GR= 1 (blue). The top and bottom row respectively are
for uncorrected and calibration corrected IR data.

daytime and night-time conditions, respectively. For daytimetributions, the noise in the IR channel is only 1.2 times larger
this is estimated from the B-LNG mean scattering ratios (seghan the 532 nm noise value when correcting the IR data.
Fig. 2). A reduced value was considered for night-time, asSuch a ratio is comparable to the analysis\af et al.(2011)
linked to the ratio in the daytime and night-time scale fac- at 16 km for all the daytime CALIOP data. No correction
tors in version 3.0 CALIOP data as mentioned in previousof the IR would mean a ratio of 1.7 between the 532 and
analyses\(Wu et al, 2011, Vaughan et a).2012. The ratio = 1064 nm signal noise level. The overestimate of the 1064 nm
betweenRs3y(z) — 1 andR1064(z) — 1 then becomes more re- backscatter is even more likely when looking at the scatter
alistic since it leads to CRintermediate between 0.5 and 1 plot for the altitude range 0—7 km. The slope of the regression
for the upper layer near 8 km, and also for the layers in theline is indeed too small for the uncorrected IR data since it
lower troposphere. corresponds to many GRalues larger than 1. The frequency
To verify that large CRfor uncorrected IR data is not re- of clean air masseR(= 1) is also more consistent between
lated to a bias introduced by the averaging of many profileshe 532 nm and the 1064 nm observations after the correction
before the calculation of the colour ratio, we have looked atof the IR overestimation provided that the 532 nm scattering
the Rs32(z) versusRioe4(z) scatter plot using all the 80 km ratio is correct.
resolution CALIOP-filtered data for the altitude ranges, O— The impact on the cirrus colour ratio was not evaluated for
7 and 13-15km. The scatter plots are presented in Fig. the small number of occurrences in our domain but it would
for the uncorrected and corrected IR data using a frequencymply a positive bias of 40 % when using the version 3.0 cal-
contour plot. Since we expect a very weak aerosol con-bration. Such a bias is larger that the uncertaintyt@0—
tribution in the 13-15km altitude range, no specific cor- 30% proposed for the 1064 nm calibration procedita (
relation are found betweeRs3y(z) versus Rips4(z). The et al, 201% Vaughan et a).2012. We must recall, however,
noise of the 532 nm attenuated backscatter is of the order athat a 40 % bias can be also accounted for if we assume a
0.15x molecular backscatter while the noise of the 1064 nmnegative bias of 5% for the 532 nm scattering ratio. As ex-
attenuated backscatter is 3 and solecular backscatter plained in Sect3.3 this hypothesis was not considered in
with and without the correction of IR data, respectively. Ac- this work and the recalibration of the 1064 nm signal was
counting for the factor of 16 between the two molecular con-chosen. It will be interesting to test this hypothesis using the
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Figure 7. Correlation between the 532 and 1064 nm filtered level 1 CALIOP backscatter ratio from 27 March to 11 April 2008, at altitudes
from 0 to 7 km (top row) and 13 to 15 km (bottom row) using either uncorrected (left) or corrected (right) IR backscatter data. Regression
line is the dashed-dotted blue line. The likes —1, 0, 1 are for tropospheric aerosol distributions withGR2, 1, 0.5m, respectively.

new version 4 level 1 CALIOP data which will be available. Rjgg4 distribution is 1.7 times larger than the airborne lidar
In the new version 4.0, the cirrus cloud selection for the 1064corresponding value. The same ratio is observed between the
calibration (i.e. with a cloud colour ratio of 1) has been up- airborne and CALIOPRs3, standard deviation. Therefore,
dated (cloud temperature instead of altitude selection, use dhis confirms the validity of the estimated correction factor
the cloud depolarization ratio) providing more cirrus clouds although with a large statistical error (about 30 % on the co-
and better altitude selection for the Arctidaughan et a).  efficients) for the 1064 nm CALIOP profiles selected in our

2012. study of the Arctic region.
Contrary to the airborne lidar distribution, the CALIOP
3.3 Comparison of airborne lidar and CALIOP Rs32 distribution in the troposphere below 7km does not
show many layers with elevated aerosol concentrations as
3.3.1 Analysis of the statistical distribution shown by a lower value of the 90th percentile (1.34 for

CALIOP instead of 1.45 for the airborne lidar). The larger
Using the data set averaged over the campaign pestandard deviation (0.34 instead of 0.2) is related to the
riod/domain, the distributions of the CALIOP corrected POOrer signal-to-noise ratio of the satellite data set. The lower
Ri0s4and Rsa, are shown in Fig8 for the range 07 km and  value for the 532nm mean (1.13 instead of 1.21) is larger
13-15km. The latter corresponds to very low aerosol conlthan the expected uncertainty of the mean of the CALIOP
centrations. It has a mean and a median with a difference les@istribution which is of the order of 0.01. This uncertainty of
than 0.02 at 532 nm and 0.3 at 1064 nm from the expecte(ﬂhe mean is calculated assuming an error of 0.4 for a single
scattering ratio of 1. The large standard deviations of 0.3 a-ALIOP measurement (i.e. the width of the distribution for
532nm and 4 at 1064 nm are expected at this altitude levein® negative values) and assuming 1700 independent layers
where the molecular backscatter decreases significantly. Ut of 28 872 data points available in the 0 and 7 km altitude
The R10s4 Mean (2.3) is close to the airborne lidar value ange above the campaign domain (i.e. considering a 1km
(2.1) considering an error of the mean of the order of o.1vertical sampling instead of the 60 m vertical resolution to
and even though the standard deviation of the noisy CALIOPENSure independence). Since we compare patchy data, it is
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Figure 8. Distribution of the 532 nm (top left) and 1064 nm (top right) filtered level 1 CALIOP backscatter ratios at altitudes from 0 to 7 km
(green) and 13 to 15 km (red) from 27 March to 11 April in the aircraft flight area. Mean, standard deviation, median and 90th percentile are
given for each distribution. The distribution of the aerosol colour ratiee TR, (bottom) is compared to the lines for gR 0.125 ¢ = 3),
CRa=0.25(k=2)and CR=0.5 (k =1).

also important to assess how the averaging of aerosol layfact that we obtain a very small value @ %) of the 532 nm
ers with observed clear air scenes may explain this differ-mean aerosol scattering ratio in the 13-15km range when
ence. For example, the difference between the airborne andsing the version 3.0 calibration.

CALIOP Rs3, averages can be explained if there are twice The averageCR, is 0.44+ 0.8 for CALIOP which is not

as many layers with low aerosol loa@s3, < 1.05) in the  very far from the airborne lidar value (0.310.12) consid-
CALIOP data set. This may be related to the fact that in ourering the factor of 6 between the two standard deviations of
CALIOP data processing we remove all the total backscattethis parameter (Fig8). For the noisy satellite data, a better
values below clouds. It is also necessary to check whetheproxy iSCR, = 0.65+ 0.1, i.e. the mean colour ratio calcu-
this difference may also be due to (1) an overestimate of thdated with (Rs32 — 1) and R10s4— 1), which is then 2 times
532nm CALIOP calibration factor (2) an underestimate of larger than the similar ratio for the airborne lidar. This can
the airborne lidar calibration factor. Positive differences duebe explained by the 10 % bias Rs3, which is always less

to 532 nm daytime calibration uncertainty were also obtainedthan 1.35. Therefore, this difference cannot be interpreted as
by Rogers et al(2011) when comparing NASA High Spec- a stronger contribution of the coarse aerosol fraction in the
tral Resolution Lidar (HSRL) and CALIOP data for measure- satellite observations. Despite this bias in the order of mag-
ments at high latitudes in the Northern Hemisphere, but thenitude of CRY, it is important to verify if the relative spatial
mean difference is not higher than 3%. The remaining 5 %or temporal variability is detected by the satellite data.
uncertainty of the mean difference can be accounted for by

a systematic error in the airborne lidar calibration when as-3.3.2  Analysis of the latitudinal distribution

suming no aerosol in the altitude range which corresponds to

the smallest attenuated backscatter coefficient. Comparisonhe |atitudinal variability of the aerosol properties is stud-
with other observations confirmed that 532 nm CALIOP dataied using the CALIOP latitudinal gnd data set described ear-
could be underestimated by about 5%, due to the occurrencger, j.e. considering 5 successive 124&titude bins and 14

of residual stratospheric aerosols at the normalization altivertical layers of 500 m. The airborne lidar data are analysed
tude {/ernier et al, 2009. This would be supported by the only for layers where the aerosol content is high enough to be
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Figure 9. Latitudinal distribution of 532 nm backscatter ratio (left), aerosol colour ratio (middle) and pseudo-depolarization ratio (right) for
the airborne lidar observations (top) and filtered level 1 CALIOP (bottom) at altitadzem during the aircraft campaign. The colours are
for different air mass origins estimated with FLEXPART (see text).

observed in the 1064 nm profiles. There are 90 well definedA decrease of the occurrence of elevated aerosol concentra-
and independent aerosol layers identified in the 18 lidar crossions is, however, observed by CALIOP at the lowest lati-
sections at latitudes less than 72\ For the campaign pe- tudes. This is especially true for the eastern Arctic aerosol
riod, we do not have many data below 1 km (see Fig. S3 in theype. The increase of cloudiness at southern latitudes may ex-
Supplement), so the comparison of the latitudinal variationsplain this evolution because of the lower probability of obser-
is made for the two following altitude ranges: 1-3 and 3- vations in the lowermost troposphere. The significant number
7 km. The latitudinal distributions aRs32, CRy andész2 (or of CALIOP Rs3» values below 1.1 identified in the statisti-
8355) are shown for both data sets in Fi§aand10. For each  cal analysis discussed in the previous section is seen at all
aerosol layer, the FLEXPART analysis was used to distin-latitudes. Although the range of GRire larger for CALIOP
guish between European or Eurasian air masses transport¢@.6—1.1 instead of 0.2—0.5 for the airborne lidar), the relative
by the southerly flow on one hand, and the Eurasian or NortHatitudinal variations are somewhat similar with a maximum
American sources advected in our domain through the polabetween 70 and PN, especially when focusing on the east-
dome on the other hand. The green and red data points coern Arctic air masses.

respond to eastern and western Arctic origins, respectively, The 8355 values measured by the airborne lidar are less
while the black points, labelled South in Figsand 10, in- than 1.5 % for no depolarization and exceed 2 % when depo-
dicate the influence of mid latitude sources directly advectedarization is present, while the uncertainty is of the order of
by the southerly flow. Each point in the airborne lidar plots 0.2 %. Values ofs3, measured by CALIOP are larger, rang-
corresponds to a single layer observed by the aircraft, whiléng from 3 to 11 %, because of a spectral variation of the
for CALIOP it corresponds to an average of several layers aterosol depolarization ratio. Assuming a backscatter ratio of
the same altitude in the selected latitude band. the order of 1.1 at 355nm and 1.3 at 532 nm, such a change
of PDR corresponds to a change of the aerosol depolarization
ratio from 5% at 355 nm to 10 % at 532 nm. Such a spectral
variation was observed bgross et al(2012) in a mixture of

For the lower troposphere (Fig), the airborne lidar does not  volcanic ash and marine aerosol when hygroscopic aerosol
show a clear latitudinal dependency of the aerosol scatteringvas present but at a size small enough to decrease only the
ratios for the eastern Arctic and European/Eurasian source$55 nm parallel backscatter. A similar kind of mixture could

Lower troposphere (< 3km)
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Figure 10. Latitudinal distribution of 532 nm backscatter ratio (left), aerosol colour ratio (middle) and pseudo-depolarization ratio (right) for
the airborne lidar observations (top) and filtered level 1 CALIOP (bottom) at altitudes between 3 and 7 km during the aircraft campaign. The
colours are for different air mass origins estimated with FLEXPART (see text).

exist in our European Arctic domain and was found in air- CALIOP and the B-LNG airborne lidar (Fid.1). For the al-

craft measurements over Alaska in April 20@8dck et al, titude ranges with the largest aerosol content (below 2 km

2011). Regarding the latitudinal increase of the depolariza-and above 4 km), the order of magnitude Ry3z is similar

tion ratio, it was observed for both data sets. and varies in the same direction when increasing the latitude
bin. The largest differences are in the 1.5 to 4 km altitude

Mid-troposphere (> 3km) range corresponding to the lowest valueskggo, where the

CALIOP data are frequently below 1.1. Therefore, the bias

For the mid-troposphere (Fid.0), the latitudinal decrease in Rs3, is not only related to calibration issues, but also to
of the backscatter ratio is observed in the airborne and thehe fact that the airborne lidar saw more air masses with sig-
CALIOP lidar data, especially for the southerly flow. The nificant aerosol content in the altitude range of 1.5 to 4 km.
CALIOP observations are never strongly related to the eastThis may be related to the specific targeting of the aircraft
ern Arctic at latitudes less than 78 for altitudes above flights to sample such layers and also to the fact that many
3km as discussed in Se@.3. Thus, the comparison is only of these layers are observed below 4 km in the frontal zone
meaningful when considering the air masses advected by th@&here overlying clouds (see Supplement) make the detection
southerly flow. For both data set, the latitudinal variations areby the CALIOP overpasses more difficult. The wider longi-
consistent: a small increase of &R decrease of the pseudo- tude range chosen for the CALIOP data set do not compen-
depolarization ratio. sate for this difference in the observed air masses. Since the

To conclude, there are significant differences in the mag-difference in the magnitude of the 532 nm backscatter ratio is
nitude of CR, (mainly related to differences in the magni- not only related to a calibration uncertainty in one instrument
tude of Rs32) and in the magnitude of the depolarization ra- or both, but also to differences in the number of observations
tio (related to the expected spectral variation between 532yith low aerosol content in the altitude range 1.5 to 4 km, we
and 355nm), but the spatial variations are rather similarchoose not to apply any correction to the 532 nm CALIOP
for both data sets considering the limited coverage of thedata set.
airborne data. The comparison of tiRgs, 1.25 averaged
vertical profiles is also useful to discuss the relative influ-
ence of calibration error and sampling differences between
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Figure 11.B-LNG lidar (left) and CALIOP (right) vertical profiles of the 532 nm backscatter averaged overalat6de band and for the
aircraft period.

4 CALIOP characterization of the aerosol layer aerosol ageing in air masses transported from Adesgling
properties in April 2008 et al, 2007).
4.1 Latitudinal variability in the European Arctic Mid-troposphere (5—7 km)

In this section, the CALIOP data are now analysed for 30In the mid-troposphere (5-7 km), there is a general decrease
days in April 2008 to improve further the signal-to-noise ra- in Rs3, with latitude for the European air masses, while it
tio. The latitudinal distribution of aerosol properties in the increases for air masses with an eastern Arctic origin. So in
European Arctic is still derived using average CALIOP ver- contrast to the PBL there is a minimum of aerosol contri-
tical profiles for 1.28 latitude bins, but over a larger domain bution near 72N. This can be explained if one assumes a
between 65 and 8IN. Two specific altitude ranges (0—2 km significant wet removal of particles during upward vertical
and 5-7 km) have been selected because they correspond tiansport within the Arctic front. As observed for the lower
the largest aerosol load identified in the mean vertical profiletroposphere, CRvalues are lower for European air masses

over the European Arctic (Fid.1). (near 0.5) than for Asian Arctic origin (near 0.8). We do
not see the large depolarization values related to the possi-
Lower troposphere (0—2 km) ble presence of ice crystals above 5km, since they are not

transported out of the PBL. However, the meridional distri-
In the lower troposphere, the meridional cross section ofbution of the depolarization shows a clear decrease at the
Rs3, reveals that the largest aerosol scattering in the planhighest latitudes. The latitudinal increase of {&sociated
etary boundary layer (PBL) is for air masses with an easterrwith a decrease in depolarization could be explained by the
Arctic origin and mainly in the Arctic frontal zone between increasing importance of aged anthropogenic aerosol and not
69 and 78N (Fig. 12). The large error bars correspond- to a strong influence of dust particles. The in situ analysis of
ing to small aerosol loads encountered in the Arctic limit the size distribution made iQuennehen et a{2012 indeed
the quantitative analysis of the GRneridional distribution. ~ showed that Asian anthropogenic aerosol contributed signif-
The slight increase of CRwith latitude is mainly related to  icantly to the accumulation mode.
the variation of CR with the air mass origin. The eastern
Arctic aerosol layers show GR- 1 while air masses with 4.2 Large scale distribution in the Arctic domain
a European origin correspond to @R 0.7. Thedsso cross
section shows significant depolarization (near 10 % for theApril monthly averages foRs3, CRy and ds32 have been
monthly average) within the 70-78l latitude range. Con- calculated for the complete Arctic domain (latitusgé0® N)
sidering the high scattering ratios, the significant fraction ofin horizontal boxes of 300 km 300 km. The CRvalues are
coarse aerosol (GRhear 1) and depolarization, a contribu- only given whenRs3z, > 1.25 to focus on the contribution of
tion of ice crystal formation in the frontal zone is very likely significant aerosol plumes, and to avoid large errors i CR
in this latitude range. When excluding these specific casesjue to small scattering ratios. The fraction of CALIOP obser-
the European aerosol layers have larger depolarization thawations available (i.e. not below a cloud) in the selected alti-
eastern Arctic air masses. Larger and more spherical aerosotade range is also given to estimate the number of effective
for the eastern Arctic layers is not so surprising consideringCALIOP tracks in every box. According to Figja minimum
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Figure 12. Latitudinal distribution of 532 nm backscatter ratio (left), aerosol colour ratio (middle) and pseudo-depolarization ratio (right) for
filtered level 1 CALIOP in April 2008 at altitudes 2 km (bottom) and between 5 and 7 km (top). The origin of the layers are estimated with
FLEXPART (see text).

number of 10 overpasses is needed for the data to be représund that the sulfate contribution increases with latitude.
sentative of a monthly mean. This corresponds to a fractionThis is broadly consistent with the CALIOP observations.
of 50 % at 65 N and 20 % at 8ON. A local maximum in theRs3, map is also observed over
Siberia between 90 and 11B with a latitudinal extent up
to 70° N in the Taymyr peninsula. In spring 2008, this area
Lower troposphere (0-2 km) was known to have been influenced on one hand by local an-
thropogenic emissions from gas flaringtghl et al, 2013,
and on the other hand by early spring forest fires in Russia

In the lower troposphere (Fid.3), the Rs3; map shows the (Warneke et a).2010. The maximum in northern Siberia

exten_t c_)fa northern Atlantic aerosol contribution with values is also seen for the same area in the AOD analysis made by
remaining larger than 1.5 above°M. Sea salt and sulfate

. . inker et al(2013 using CALIOP data for the winter period
aerosol are known to contribute to the increase of aeroso

. N . efore the fire period, implying a significant contribution of
scatfcerlng over the North Atlantic in winter and early spring anthropogenic emissions. The gRalues< 0.7 are similar
(Smirnov et aL.2(_)OQ Yoon et al,_2007)_. The CR map indi- to those observed below BBl over the Atlantic Ocean. No
cates a gr_adual increase of ORith Iat'tUd? over the north- significant depolarization is observed in these two source re-
ern Atlantic: values< 0.7 occur near the mid-latitude sources gions implying very little impact from dust or volcano emis-
Iocated_belgw 65N b.UtCPa > 0.9 are frequent above YN'. sions in this altitude range. The difference of {fetween
The latitudinal gradient of _CBo_ver the ”O”herf‘ Atlan'ug the European Arctic and the source region in Russia implies
can be relate_d to the growmg_lnfluence of a d|ff_erent kind a growing of the aerosol particles during transport and age-
of aerosol, since the probability of aerosol particle trans-

o . . > ing if one assumes that most of the aerosol layers observed
port from the eastern Arctic is increasing as discussed i

. . " . n European Arctic originate from Eurasia (see previous sec-
the previous section. Aerosol composition analysis on boar ion)

the NOAA ship during the International Chemistry Exper-
iment in the Arctic Lower Troposphere (ICEALOT) cam-
paign Frossard et al2011) has shown that marine and sul-
fate aerosol represent 70 % of the submicronic aerosol com-
position in the northern Atlantic east of Iceland and they also
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Figure 13. Map of the 532 nm backscatter ratio (top left), aerosol colour ratio (top right), pseudo-depolarization ratio (bottom left) and
fraction of cloudless observations (bottom right) using the April 2008 filtered level 1 CALIOP data in the 0-2 km altitude range. Colour
scales are in relative units.

Mid-troposphere (5—7 km) been used here to calculate the cloud fraction at different al-
titudes during the month of April 2008 in 4 different latitude
bands from 60 to 80N (Fig. 15). The latitudes with large

different picture of the link between the Arctic aerosol dis- cloudiness in both the mid and upper troposphere show up-
tribution and the mid-latitude sources. There is, first, a broadV@rd frontal lifting by warm conveyor belts (WCB) near the

aerosol maximum from eastern Siberia to western Alaska aP€"ng Strait and the western coast of Greenland. The lat-
latitudes between 60 and 78 and, second, another maxi- ter shows the largest cloudiness at 5km. This may explain

mum over the Hudson bay. The eastern Arctic domain nortHne low aerosol concentration downwind of Greenland due
of 7CP N is not as clean as in the lower troposphere pe-to efficient removal of aerosol. One can also notice the good

ing consistent with an efficient transport pathway from mid- COrélation between the high values of the low-level cloud
latitudes along the tilted isentropic surfacefafrigan etal.  raction and the large aerosol load observed aboveN7
2011). The western Arctic and northern Atlantic are rela- the European Arctic. o
tively free of aerosol particles in the mid-troposphere. This _1he aerosol depolarization and colour ratio distributions
is somewhat contradictory with the known uplift of low-level SNOW little depolarization (except over the Hudson bay) in
North American air pollution over western Greenlaiti(- the large scale aerosol plumes seen in the mid-troposphere.

rigan et al, 2011 Ravetta et a).2007. The contrast between HOWEVer, as in the lower troposphere, theQRerease at lat-
the large aerosol concentrations found in the northern Attudes>70°Nis consistent with aerosol ageing when reach-
lantic lower troposphere and the low values above is alsd"d the highest latitudes.

consistent with the conclusions of several papéesyand

Stohl 2007 Harrigan et al.2011) about the transport path-
way of European emission being most efficient in the lower

troposphere. - . In this paper we have analysed aerosol airborne (B-LNG) and
The global cloud distribution can be obtained from the gnacehome (CALIOP) lidar data related to the transport of

DARDAR (raDAR/IIDAR) products, which are based on miq.jatitude sources into the Arctic. The main results are the
CloudSat and CALIOP data according to a variational fo|jowing:

scheme, on a 60 m vertical resolution and 1 km horizontal

In the mid-troposphere (Fid.4), the Rs32 map gives a very

5 Conclusions

resolution grid Delanoé and Hogar2008. The synergy be- — A campaign was held in April 2008 in the European
tween lidar and radar is indeed needed to have a detailed pic-  Arctic with 18 aircraft cross sections and 80 CALIPSO
ture of the cloud vertical profiledeccaldi et al.2013. It has tracks over 15 days improving our ability to identify the
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Figure 14. Map of the 532 nm backscatter ratio (top left), aerosol colour ratio (top right), pseudo-depolarization ratio (bottom left) and
fraction of cloudless observations (bottom right) using the April 2008 filtered level 1 CALIOP data in the 5-7 km altitude range. Colour
scales are in relative units.

DARMASK Simplified Categorization
05

0
Longitude

Figure 15.Zonal vertical cross sections of the cloud fraction derived from the DARDAR products for April 2008 in 4 latitude bands from 60
to 8C° N. The longitudinal resolution is°5and the vertical resolution is 60 m.

transport of aerosol layers to the Arctic, especially from the mean aerosol diameter, showing the importance of
the analysis of the satellite data. multi-wavelength analysis. It also emphasizes the need
for accurate lidar calibration.

— Analysis of the B-LNG backscatter ratRy32 and R1064
at two wavelengths for the calculation of the aerosol — Simulations with the FLEXPART model show that the
colour ratio (CR) has been successfully compared with limited number of airborne lidar cross sections are rep-
in situ aerosol measurements on board the aircraft. resentative of the main characteristics of the air mass
The CR, increase corresponds to a similar increase in transport in April 2008: increase with latitude of the

www.atmos-chem-phys.net/14/8235/2014/ Atmos. Chem. Phys., 14, 88254 2014



8252 G. Ancellet et al.: Transport of aerosol to the Arctic: analysis of CALIOP and aircraft data

aged air masses from the eastern Arctic region at alti- aerosol (low PDR) are expected in the air masses trans-
tudes below 3km, large influence of the mid-latitudes ported from the eastern Arctic both in the lower tropo-
sources directly transported by the southerly flow at al- sphere (0-2km) and in the mid-troposphere (5—7 km).
titudes above 3 km. Less aerosol is present in the mid-troposphere near the
arctic front (70—74N) while significantRs3, and depo-
— Comparisons are performed between B-LNG and |arization ratio are seen in the lower troposphere, possi-
CALIOP backscatter rati®s3»> and R1064 at two wave- bly related to the presence of ice crystals.

lengths, including the calculation of the aerosol colour

ratio and of the depolarization ratio (PDR) at 532 and — The global distribution of the CALIOP monthly anal-
355nm. Comparisons are based on the analysis of 15-  Ysis reveal two regions with large backscatter below
day averages and L1 CALIOP data processing instead ~ 2km: the northern Atlantic between Greenland and
of AL2 CALIOP operational products. Specific aver- Norway, and the Taymyr peninsula. The CiRcrease
aging methods can then be applied. The cloud screen-  between the source regions and the observations at lat-
ing, needed when using L1 lidar data, is based on itudes above 7ON implies a growth of the aerosol size
CL2 CALIOP data products and the IR CALIPSO ra- once transported to the Arctic. The distribution of the
diometer data. A recalibration of the CALIOR1gga aerosol optical properties in the mid-troposphere is con-
in the Arctic was chosen to reduce the positive bias of ~ sistent with the transport pathways proposedarri-

the CALIOP data with respect to airborne observations ~ gan etal(2011): (i) low-level advection in northern Eu-

of the colour ratio. A fixed factor was applied to the rope, (i) isentropic uplifting of pollution and biomass
1064 nm attenuated backscatter data, of 1.3 and 1.4, re-  burning aerosol in northern Siberia and eastern Asia and
spectively, for night-time and daytime orbits. This value (iii) aerosol washout by the North Atlantic warm con-
could be significantly smaller if a small negative bias of veyor belts.

the 532 nm CALIOP lidar signal is also corrected, but
this hypothesis was not applied in this work. The use of
the new version 4.0 data which will be available very
soon would certainly help to address this question.

The Supplement related to this article is available online
at doi:10.5194/acp-14-8235-2014-supplement
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