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Abstract. A significant desert dust deposition event occurredthe approach adopted here enables other dust horizons in
on Mt. Elbrus, Caucasus Mountains, Russia on 5 May 2009the snowpack to be linked to specific dust transport events
where the deposited dust later appeared as a brown layeecorded in remote sensing and meteorological data archives.
in the snow pack. An examination of dust transportation
history and analysis of chemical and physical properties of

the deposited dust were used to develop a new approac |ntroduction

for high-resolution “provenancing” of dust deposition events

recorded in snow pack using multiple independent tech-mpacts of dust deposition on glaciated environments re-
nigues. A combination of SEVIRI red-green-blue compos- cently came to prominence in the light of accelerated retreat
ite imagery, MODIS atmospheric optical depth fields derived of glaciers worldwide. Dust deposited on glaciers originates
using the Deep Blue algorithm, air mass trajectories derivedrom different sources including long-travelled desert dust
with HYSPLIT model and analysis of meteorological data (LTD), locally-produced mineral dust (LPD) and products of
enabled identification of dust source regions with high tem-decay of biogenic material. Mineral dust changes reflectance
poral (hours) and spatial (ca. 100 km) resolution. Dust, de-of glacier surfaces, affecting energy balance and melt rates
posited on 5 May 2009, originated in the foothills of the of glaciers and seasonal snow and subsequently runoff (Fu-
Djebel Akhdar in eastern Libya where dust sources were aciita, 2007). Analysis of sensitivity of Vadret da Morteratsch
tivated by the intrusion of cold air from the Mediterranean Glacier’'s (Swiss Alps) melt to declining surface reflectance
Sea and Saharan low pressure system and transported to theas shown that a 10% decrease in glacier reflectance has
Caucasus along the eastern Mediterranean coast, Syria afide same impact as 1.7 K warming (Oerlemans et al., 2009).
Turkey. Particles with an average diameter below 8 um aciTD affects geochemical cycles of high-altitude environ-
counted for 90% of the measured particles in the samplements through the supply of iron and other nutrients to the
with a mean of 3.58 um, median 2.48 um. The chemical sig-aquatic systems nourished by snow and glacier runoff (Marx
nature of this long-travelled dust was significantly different et al., 2005). It serves as a vector for the transportation of
from the locally-produced dust and close to that of soils col-anthropogenic pollution leading to increasing concentrations
lected in a palaeolake in the source region, in concentraof metals in snow and ice (Hong et al., 1996; Marx et al.,
tions of hematite. Potential addition of dust from a secondary2005). Globally, about 30 % of the total land area is a poten-
source in northern Mesopotamia introduced uncertainty intial source of mineral dust for the atmosphere (Sokolik and
the “provenancing” of dust from this event. Nevertheless, Toon, 1996). This area is predicted to increase in response to
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human activities (Sheehy, 1992), leading to a growth in emis-thin crusts of ice, which form in late spring—early summer in
sions of mineral dust and their stronger impacts in distant reresponse to increasing insolation and serve as stratigraphic
gions. Desert dust is emitted from preferential source regionsnarkers, and application of isotopic analysis, allows one to
and its chemical composition and seasonality of mobilisationestablish in which month or season a dust deposition event
and transportation vary between regions (Schepanski et algccurred, but does not enable dating to a precision of spe-
2009). It is important to know dust provenance in order to cific days.

understand its potential geochemical impacts and effects on A very significant dust deposition event occurred in the
glacier melt, due to the variation in reflectance properties anctentral Greater Caucasus on 5 May 2009 between 05:00 and
timing of deposition in relation to the onset of melt season. 06:00 UTC (8-9 h local time). Following a red-brown snow-

A number of studies focused on provenance and chemistryall, a layer of dust formed on the snow pack of Mt. Elbrus
of LTD deposited in the European Alps (Schwikowski et al., (5642 m a.s.l.; location shown in Fig. 2) and the surround-
1995; Grousset et al., 2003; Sodemann et al., 2006), Neving mountains. This dust was subsequently covered by snow,
Zealand (Marx et al., 2005; McGowan et al., 2005), Cen-but this melted out at lower elevations in mid-summer and
tral Asia (Takeuchi and Li, 2008; Dong et al., 2009), the Hi- was clearly visible on an ASTER satellite image acquired on
malayas and Tibetan Plateau (Kang et al., 2010; Prasad et a4, August 2009 (not shown).

2009), and mountains of Japan (Osada et al., 2004). One of This paper has two objectives. The first objective is to ex-
the glacierized regions which is affected by LTD deposition amine pathways of the Saharan dust north-east of southern
but has so far evaded scrutiny is the Caucasus Mountains, leand central Europe and the eastern Mediterranean region and,
cated between the Black and the Caspian Seas. The Caucadios the first time examine physical and chemical properties
accommodates about 2000 glaciers covering approximatelpf desert dust deposited on the Caucasus glaciers. The sec-
1600 kn? whose retreat intensified since the 1980s with aond objective is to test a suite of “provenancing” techniques
combined glaciated area loss of 10 % between 1985 and 2000n the results of this event, which could be used to examine
(Stokes et al., 2006). Although there has been research on rend date other dust deposition events recorded in the snow
gional snow chemistry (e.g. Rototaeva et al., 1998, 1999)and ice, in order to construct dust deposition climatologies
characteristics of mineral dust, its provenance and effects oiincluding high-resolution “provenancing”) in the Caucasus
the Caucasus glaciers have not been studied. Mountains using shallow ice cores in the future. The pro-

Due to its elevation (over 5000 ma.s.l.), proximity to the posed combination of technigues includes a range of remote
deserts of the Middle East, Kazakhstan and Central Asia andensing products designed specifically for tracking dust mo-
location on the track of Saharan depressions, 25 % of whictbilisation and transportation events, as well as meteorologi-
migrate to the region (Hannachi et al., 2011), the Caucasus isal analysis and air trajectory modelling.

a perfect LTD trap. High elevations ensure solid precipitation

throughout the year and absence of significant seasonal melt

above approximately 4600 ma.s.l. Free tropospheric condi2 Data and methods

tions prevail over 4000 m in winter and spring and, conse-

quently, these elevations are not reached by local pollute@.1 Dust sample collection and analyses

air masses and aerosol deposition is associated with long-

range transport. The Caucasus glaciers can serve as archivéee LTD was sampled from the surface of the Garabashi
of LTD deposition events clearly identifiable as brown layers Glacier on the south-eastern slope of Mt. Elbrus
in snow and ice and these can be used to improve the curf43°1816.8" N, 42°27484"E) at 3856ma.s.l. The
rent knowledge of pathways of desert dust in the atmospheredust sample was collected with a plastic spatula from a
The source regions of LTD can be identified through detailedsnow-covered area of 1%rollowing the deposition event,
geochemical analyses (e.g. Marx et al., 2005). However, adstored in a clean plastic bottle and filtered using 0.2 um
ditional application of multiple independent techniques in- filters for particle size distribution and elemental composi-
cluding air trajectory models and examination of local me-tion analyses. Two sets of control samples (Table 1) were
teorological and synoptic conditions leading to dust mobili- used for comparison of elemental composition: (i) local
sation, transportation and deposition, provides more reliablesamples (LS) from Mt. Elbrus and (ii) Saharan soils (SS)
and detailed “provenancing”, especially if multiple source re- from the ElI Mechili region in Djebel Akhdar, one of the
gions are present (Grousset et al., 2003; Osada et al., 200&nown persistent sources of dust in eastern Libya, and which
Sodeman et al., 2006). One limitation of these methods iswvas identified as a potential source region of dust deposited
uncertainty associated with calculation of back trajectories,on Mt. Elbrus on 5 May 2009.

reaching 15-30 % of the travel distance (Draxler and Rolph, Particle size distributions were obtained using environ-
2012). Another limitation is the requirement for precise tim- mental scanning electron microscope (SEM) FEI Quanta
ing of dust deposition events, which may not be registeredFEG600. Sections of filters containing dust particles were cut
by meteorological stations that are mostly located in valleys.out, and four and five SEM images were acquired at 2000 and
Examination of snow and ice profiles for the occurrence of5000 magnifications, respectively. Scandium software was
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Table 1. Details of the control samples from Mt. Elbrus (LS) and EI Mechili region in north-eastern Libya (SS).

Sample Geographical coordinates Description of sample and collection point

LS1 43.264969N, 42.472613E Fine sediment from local stream; 2380 ma.s.l.
LS2 43.266585N, 42.488096E  Fine sediment from local stream; 2390 ma.s.l.
LS3 43.303765N, 42.460900E  LPD with traces of LTD from glacier surface near exposed rocks; 3860 ma.s.l.

SS1 32.50101N, 22.21978 E A small tributary channel
SS2 32.01494N, 22.273338 E Palaeolake surface
SS3 32.04504N, 22.30028 E Ploughed area on edge of active fan wash

used for analysis: 2100 particles, all which could be distin-check standards (see the Supplement). The nominal detec-
guished on the images, were manually digitised and their getion limit of trace elements measurements was 5 ppm.
ometric characteristics were automatically measured by the
software. Manual digitisation was used to avoid the problem2.2 Meteorological and back trajectory data
of particle overlapping. To characterise particle size, average
particle diameter defined as diameter of a circle with equiva-Meteorological conditions during the dust transportation
lent area (Reid et al., 2003a) was used. The cut-off point forevent were analysed using NCEP/NCAR reanalyses data ob-
particle size is defined here as 0.2 um. tained from the National Oceanic and Atmospheric Adminis-
Electron microscopy is currently one of the most widely tration (NOAA; http://www.esrl.noaa.gov/psd/datahd sta-
used methods of particle size analysis in application to botHiion measurements of air temperature, precipitation, wind
airborne aerosol (e.g. Reid et al., 2003 a, b; Abed et al., 2009speed and visibility (see Fig. 2 for locations). Twenty-seven
Kandler et al., 2011) and mineral dust deposited on ice andnember ensembles of three-dimensional trajectories were
snow (e.g. Li et al., 2011). An advantage of this method iscalculated using HYSPLIT model run with the Global Data
in its ability to identify unusual particle shapes, deposition Assimilation System (GDAS) meteorological input (Draxler
patterns and presence of such material as diatoms and pollegnd Rolph, 2012http://ready.arl.noaa.gov/HYSPLIT.php
which may provide further insight into the origin of dust. One In HYSPLIT, each member of the trajectory ensemble is
of the limitations is undersampling of ultrafine particles due calculated by offsetting meteorological data by a fixed grid
to both the filter pore size and uncertainties in calculation offactor (one meteorological grid point in the horizontal and
their parameters. However, a comparison of different meth-0.01 sigma unit in the vertical). HYSPLIT was run in
ods of particle size characterization by Reid et al. (2003b) haghe backward mode for the Garabashi Glacier for 05:00—
shown that bias towards coarser particles is lower when usin@6:00 UTC, 5 May 2009 and in the forward mode for El
SEM in comparison with optical particle counters. Similarly Mechili (using SS2 location; Table 1) for 3 May 2009.
Royer et al. (1983) used both SEM and Coulter counter to de-
rive particle size distributions from samples of dust contained2.3  Spaceborne observations
in an Antarctic ice core and found that while both methods
generated distributions that are similar in shape, SEM meaData from the Spinning Enhanced Visible and Infra-Red Im-
surements produced lower modal value than Coulter countepder (SEVIRI) on board the Meteosat Second Generation
measurements. (MSG) satellite were used to reconstruct the dust plume
Bulk chemistry of the LTD and control samples was char- transportation history. MSG is located in a geostationary or-
acterised by X-ray fluorescence analysis (Beckhoff et al.Pitat 0 W over the equator and provides images with 15 min
2006), producing weight percentages of the major elementalemporal resolution. The SEVIRI dust red-green-blue (RGB)
composition as oxides, and trace elements as parts per millhages were produced from three thermal infrared channels:
lion. Prior to the analysis, samples were crushed and ground© (12.0pm), 9 (10.8pm), and 7 (8.7 um). The RGB com-
in a Fritch planetary ball mill. Pressed powder pellets werePOsites were created by displaying the differences between
prepared from the ground samples and major and trace elechannels 10 and 9 as red, 9 and 7 as green and channel 9 as
ments were measured on the pellets. Samples were analys&/€ (Schepanski et al., 2007). Spatial resolution of the RGB
using a Panalytical MagixPro X-Ray fluorescence spectrom£0mposite images is 3km at nadir increasing to 4-6 km over
eter with an Rb 4 kW X-ray tube. The spectrometer was cali-the Middle East and the Caucasus where satellite view an-
brated and the unknown samples were measured using Pan@le reaches 60 On these images, dust appears bright pink
lytical SuperQ analytical software. A wide range of interna- Of magenta and clouds appear as dark red. The dust effect
tional reference standards were used for calibration (Govin2n brightness temperature depends on the underlying sur-
daraju, 1989) and GSP-1 and DR-N standards were analysei@ce, time of day, moisture content of the atmosphere, and

at the same time as the collected samples to act as internatitude of dust cloud and composite images may favour ele-
vated layers of dust (Pierangelo et al., 2004; Brindley et al.,

www.atmos-chem-phys.net/13/1797/2013/ Atmos. Chem. Phys., 13, 17908 2013


http://www.esrl.noaa.gov/psd/data/
http://ready.arl.noaa.gov/HYSPLIT.php

1800 M. Shahgedanova et al.: Desert dust event recorded in snow pack

2012). The images were downloaded from the EUMETSAT
website fwww.eumetsat.intat 15 min interval starting with

00:00 UTC, 3 May 2009 and ending 12:00 UTC, 6 May 2009. 20°E 30°E 40°E 50°E
Data from the Cloud Aerosol Lidar and Infrared .
Pathfinder Satellite Observation (CALIPSO) mission 5

N

(http://www-calipso.larc.nasa.gpwere used to characterise
vertical distribution of dust during the event. Attenuated
backscatter (reflectivity) profiles at 532nm are provided e
by the Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) installed on CALIPSO (Winker et al., 2003)
with vertical and horizontal resolutions of 60 m and 12 km,
respectively. The CALIOP-derived reflectivity is used as
a proxy to describe the dust layer structure as it depends
on aerosol concentration and its optical properties (Bou
Karam et al., 2010). Two products from the Moderate
Resolution Imaging Spectroradiometer (MODIS), acquired
daily at about 12:00UTC, were used for 3-5 May 2009:
(i) surface reflectance images to assess the horizontal
distribution of dust fjttp:/ladsweb.nascom.nasa.yoand

(i) the aerosol optical depth (AOD) at 550 nm fields with
a horizontal resolution of °Lderived using the Deep Blue
algorithm (Hsu et al., 2006) from MODIS-Aqua collection
5.1 (http://disc.sci.gsfc.nasa.gov/giovanni/
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3 Results and discussion "

3.1 Meteorological conditions between 3 and
6 May 2009

40°N

Heavy dust storms over North Africa in spring are associated
with Saharan depressions developing in the area of strong
baroclinicity between the African continent and the relatively
cold Mediterranean Sea (Barkan et al., 2005; Knippertz et al.,
2009a; Schepanski et al., 2009; Bou Karam et al., 2010). Sa-
haran cyclogenesis is often initiated by the formation of deep
north—south oriented troughs in the upper atmosphere and
associated cold air advection to North Africa whose effect is

30°N

20°N

enhanced by coastal temperature gradient, which is particu- -— _ _ _ _ = %3500
larly pronounced in spring (Barkan et al., 2005). Priortothe [ ----------C- - .-/ - /"= 2500
dust transportation event, an upper-air trough extended from [ - - - CC I C I T TT D =5 1500
south-western Russia and Ukraine to north-western Libya Logeer == = e
and Tunisia across the Mediterranean Sea on 3 May (not 72 18 00 06 1 8 00 06
shown). A region of strong baroclinicity formed across north- 05/04 05/05

¥vest(=irrr1nEg)r/ptt ?nd rn%rithrfaitem dl_ilrlbyz:gg]vsr Igg)é I\:Vr:qth fur_Fig. 1.NCEP/NCAR re-analyses ¢&) SLP (hPa) and surface tem-
ac.e emperature g a. € e' cee go € . a perature {C) at 06:00 UTC, 3 May 2009b) daily average wind
06:00 UTC (8 h local time) with cold air extending to about speed (ms?) and direction at 700 hPa on 4 May 20@®) 2-day

28 N (Fig. 1a) and 2_0C by 12:00UTC. Surface air tem-  yree-dimensional forward trajectories from HYSPLIT model start-
perature at Benghazi decreased fronf@7at 12:00UTC 2 ing at 32.0144N, 22.27333 E; 500 m above the model earth sur-

May to 14°C at 12:00UTC, 3 May. A depression formed face at 10:00 UTC on 3 May 2009. Star signs(opmark 24-h in-
over western Egypt—eastern Libya with an average 6-hourlytervals; Mt. Elbrus is marked as triangle. Members of trajectory en-
central sea level pressure (SLP) of 1006 hPa and a trough exemble travelling south are shown in grey; those travelling towards
tending north over the Mediterranean (Figs. 1a and 2a). Théhe Caucasus are shown in yellow.

6-hourly average wind speeds exceeded 10His north-

eastern Libya on 3 May near the surface and 18Hat
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Fig. 2. SEVIRI-derived RGB false color composite images, showing dust (pink/magenta), clouds (brown/orange), and differences in surface
emissivity retrieved in absence of dust or clouds (blue). Deserts appear as light green-blue. Isobars are shown as continuous green lines witl
SLP values (hPa); CALIPSO transects (Fig. 4) as dashed yellow lines and direction of the dust cloud travel as yellow arrows. Meteorological
stations: (1) Bengazi, (2) Cairo, (3) Amman, (4) Beirut, (5) Damascus, (6) Deir Ezzor, (7) Terskol, and (8) AERONET sun photometer at
Erdemli, (9) lidar location at Abastumani.

925 hPa (not shown), exceeding the threshold for dust moef about 25 ms?! at the 700 hPa level. While moving over
bilisation (Knippertz et al., 2009a). the eastern Mediterranean, the depression produced no rain-
On 4 May, strong south-westerly flow from Libya—central fall. The first precipitation, associated with the mergence
Egypt to the Caucasus region established in the middle antbetween the Saharan depression and a precipitation-bearing
upper troposphere with daily mean wind speed exceedingveather front located over the Black Sea (Fig. 2¢c—f) and sub-
25ms1 at 700 hPa (Fig. 1b). The Saharan depression misequent orographic uplift, was registered over Turkey and the
grated over the eastern Mediterranean towards Turkey wittsouthern Caucasus. The low pressure system and associated
a well-defined trough extending towards Syria and westernwarm front reached the central Greater Caucasus on 5 May.
Irag (Fig. 2b—d). The highest surface wind speeds were obThe daily average air temperature at Terskol station, located
served in eastern Syria where their 6-hourly averages ex7 km south-east of Garabashi at 2141 ma.s.l., increased from

ceeded 12ms. The regional weather stations reported a 3.0°C on 5 May to 6.8C on 6 May and a precipitation total
strong reduction in visibility; a dust storm was reported be-of 13.7 mm was recorded on 5 May. On 6 May, the low pres-
tween 12:00 UTC 3 May to 20:00 UTC 4 May at Cairo and sure system migrated towards the Caspian Sea, displacing the
blowing sand was reported on 5 May at Deir Ezzor. On south-westerly flow towards Iraq and Iran.

5 May, the low pressure system was centred over the Black

Sea and Turkey with a trough extending towards the Caug 2 Eyolution of the dust event

casus (Fig. 2e) and strong south-westerly advection from

Ié'bya Iand E%ypt tto thf’;_ Ckaucastjhs dre_lglon contl_nLcljed ngr'l'he onset and evolution of the dust event is well documented
yra, lrag and eastern Turkey, with daily mean wind spee Soy the SEVIRI images. Dust mobilisation began between

www.atmos-chem-phys.net/13/1797/2013/ Atmos. Chem. Phys., 13, 17908 2013
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09:00 and 10:00 UTC on 3 May following a strong increase
in wind speed in the lower troposphere. A dust front posi- ’cﬁ{aa S }\j’*’%:(;g
tioned along the cold weather front in the Saharan foothills im0

of the Djebel Akhdar in north-eastern Libya is clearly visi-
ble on the SEVIRI image at 12:00 UTC (Fig. 2a). The AOD
at 550 nm, derived from the MODIS Deep Blue data, in-
creased to 1.5-1.6 in the same location (Fig. 3a). This re-
gion has been identified by Schepanski et al. (2009) as an
important and persistent source of dust in North Africa with
particularly frequent dust activation in spring and early sum-
mer in line with the climatology of Saharan depressions
(Hannachi et al., 2011). By 00:00UTC, 4 May, the dust
cloud separated into two, with one plume extending along the
Mediterranean coast and another migrating south-east from
the source region (Fig. 2b). By midday of 4 May, the “north-
ern” dust cloud reached the eastern Mediterranean coast and
Syria (Fig. 2c). Preliminary data from a Micro-Pulse Li-
dar Network (MPLNET) site at Sede Boker (31'18" N;
34°4655") registered the passage of the dust cloud between
08 and 19:00UTC on 4 May (not shown). At 12:00 UTC,

4 May (Fig. 2c), the dust layer is concealed under the clouds;
however, its trailing band is visible over the Nile delta.
MODIS Deep Blue AOD data show values in excess of
2.0 over north-eastern Egypt (Fig. 3b). These data are con-
sistent with the reports on low visibility and blowing sand
from regional meteorological stations, particularly Cairo. A
CALIOP transect (Fig. 4a) shows the dust band extends be-
tween the ground at about 28, 28 E and 3 km altitude at

30° N, 29.5 E. The dust layer appears to be uplifted slant-
wise along a weather front towards the north-east, with re-
flectivity values of up to 4« 10-3km~1sr-1. The sun pho-
tometer in Erdemli, Turkey (location shown in Fig. 2a) reg-
istered a strong increase in AOD on 4 May indicating the
passage of the dust cloud (Kokkalis et al., 2012).

On 4 May at 12:00 UTC, a dust layer can be distinguished
on the SEVIRI image slightly ahead of the warm front cloud
band at the north-eastern flank of the depression, north-east
of the Euphrates (Fig. 2c). The brightness temperature of this
layer appears different from that of the Saharan dust over the
eastern Mediterranean (Fig. 4c) although cloud cover intro-
duced uncertainty in the interpretation of this SEVIRI im-
age. The dust layer located north of the Euphrates becomes 30E 42E
more prominent at 18:00 UTC (Fig. 2d). While the differ- m
ence in brightness temperature may be due to the change in
moisture content of the atmosphere (Pierangelo et al., 2004¢ig. 3. Aerosol optical depth at 550 nm retrieved by the MODIS
Brindley et al., 2012), it can also indicate uplift of dust from Deep Blue Level 2 algorithm at about 12:00 UTC (@) 3 May,

a different source region in northern Mesopotamia and in-(P) 4 May, and(c) 5 May.

creasing dust load. Although dust sources in the Middle East

were mapped in lesser detail than the Saharan sources, dust

sources in north-eastern Syria—northern Iraq were identifiedeep Blue data. The MODIS Deep Blue data show that
by Washington et al. (2003) from the Total Ozone Mapping AOD over northern Iraq and Syria reached 1.5-1.6 on 3 and
Spectrometer (TOMS) and more recently with higher res-4 May (Fig. 3) and this is one of the areas where Walker
olution by Walker et al. (2009) and Gerivani et al. (2011) et al. (2009) and Ginoux et al. (2012) identified multiple
from the MODIS surface reflection images and meteoro-small-scale sources of dust frequently contributing to dust
logical data, and by Ginoux et al. (2012) from the MODIS storms. The 700 hPa air trajectories arriving at Garabashi at

40N

30N

40N

30N

40N

30N
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lat 61.86 55.96 50.00 43.99 31.88 25.80 5 y
lon 42.16 38.44 35.60 3329 31.33 2961 28.04 26.59 2522
30 Lo 7 \ 7

Bn 5003 dsdo  4es0  4ec0  4zes e a1 sy 2413 Fig. 5. MODIS surface reflection image showing the dust cloud
(brown) over the Caucasus on 5 May 2009.

Fig. 4. CALIPSO lidar transects ofa) 00:02-00:16:00 UTC 4 May

and(b) 10:14-10:27 5 May showing attenuated backscatter coeffi-

cient (kni1 sr=1) profiles at 532 nm with 60 m vertical and 12 km
horizontal resolution. The outline of the topography is shown as thefrontal system (Osada et al., 2004), as on 5 May. A brown

solid orange line. Thick clouds appear in white and dust clouds inlayer of dust 'formed on the slopes of Mt' Elbrus extending
orange-red. to the summit at 5642ma.s.l. The weight of the collected

sample indicted dustfall of 0.52 gTA at the sample collec-

tion point. In June 2009, a distinct dark dust horizon was

uncovered at shallow depth in snow pits at an altitude of
06:00UTC on 5 May originate from this area (not shown) 5100 ma.s.|. where dustfall was calculated as 0.67¢m
beginning their progression north on 4 May. On this day, li- The forward trajectories starting from 250 m (not shown)
dar measurements at Abastumani, Georgia at an elevation @nhd 500 m above ground level (Fig. 1c) at SS2 location (Ta-
1600 ma.s.l. (Fig. 2a) registered layers of dust at differentble 1) between 10:00 and 11:00UTC on 3 May show up-
elevations between 2100 ma.s.l. and 3400 ma.s.l. and wernt of dust from the surface to about 1000-1500 ma.s.l. and
attributed by Kokkalis et al. (2012) to the Mesopotamian andits transportation along (i) the Mediterranean coast (“north-
Saharan sources, respectively. ern” cloud in Fig. 2b) and (ii) south from the source region

On the SEVIRI image from 00:00 UTC, 5 May (Fig. 2e), (“southern” cloud in Fig. 2b). The (i) group of trajectories
the warm weather front extending from the eastern Blackfollows the coast at low elevations for about 800 km ascend-
Sea across the Caucasus Mountains is visible as a deep rény east of the Nile data in the region where the reanalyses
band. The dust plume is clearly visible in the warm sectordata exhibits a strong maximum in vertical velocities (not
of the depression over Iraq, eastern Turkey and the southershown). They arrive at the central Greater Caucasus between
Caucasus, both on the SEVIRI (Fig. 2e) and MODIS sur-05:00 and 07:00UTC on 5 May at the altitudes of 3700—
face reflection (Fig. 5) images. The dust cloud reached the8900 m a.s.l., about 60 km east of the Garabashi Glacier, i.e.
Elbrus area between 05:00 and 06:00 UTC (8-9 a.m. locaht a distance that is lower than the HYSPLIT horizontal res-
time). A CALIOP transect for 10:15UTC (position shown olution of 1°. HYSPLIT was run in backward mode with
in Fig. 2f) shows that the dust extends throughout the mid-an ensemble of back trajectories started from Garabashi at
dle troposphere, gaining altitude with the orographic uplift an elevation of 4000 ma.s.l. at 05:00 UTC, 5 May 2009 (not
across the Greater Caucasus (Fig. 4b). AOD values exceedesthown). A group of back trajectories from this ensemble ar-
2.0 in central Irag and over the central Greater Caucasus, akive at north-eastern Libya at the time of dust mobilisation on
though most of the Caucasus was concealed by clouds at th& May. The differences between the end-points of back tra-
time of MODIS acquisition (Fig. 3c). jectories and the starting point of forward trajectory varied
The 13.7 mm of precipitation registered at Terskol on thebetween 200 km and 300 km and this was taken as an uncer-

5 to early 6 May indicates wet deposition of dust. Significant tainty measure in the location of source regions using the tra-
layers of mineral aerosol are typically formed in snow when ajectory method. Another group of back trajectories from the
dust-containing air mass mixes with a precipitation-bearingensemble arrive at north-eastern Syria on 4 May, descending
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and 2.48 um, respectively. The number size distribution is 50 o 8 *
dominated by particles with average diameter below 8 um . 0o 8 é e * 8
which account for 90 % of all measured particles in the sam- V C Co Ni zo Pb Rb St Y 75

ple while clay fraction material<€2 pm) accounts for 43 %.
The data are in agreement with the sun photometer measure-
ments at Erdemli, which indicate that particles with diameterFig_ 7. () Chemical analysis of major elements (%) gil trace

of about 2-12pm predominated on 4 May, accounting forejements (ppm) in the LTD dust sample from the Garabashi Glacier
about 57 % of the total AOD over southern Turkey (Kokkalis compared to local sediments (LS) and the Saharan soils from the
et al., 2012). In our sample, particles with 2—12 pm averagesource region (SS), derived from XRF analysis. Data for copper and
diameter accounted for 61 % of all measured particles. Thesanalyses of GSP-1 and DRN standards are presented in the Supple-
results are comparable with Saharan dust size distributiongent.

for the Alps, Mediterranean and in the trans-Atlantic regions

summarised by Goudie and Middleton (2001).

@LTD dust LS1 [LS2 OLS3 OSSl1 OSS2 OSS3

et al., 1995); however, removal of calcium is typical of the
3.4 Mineralogical and trace element composition longer transport paths due to its higher solubility (Sodemann

et al., 2006). SEM analysis showed that freshwatglaco-
The XRF data (see Supplement; Fig. 7) showed that theseiradiatoms, found in the Saharan palaeolakes (Moreno et
chemistry of the LTD sample was different from dust liber- al., 2006), were present in the LTD sample.
ated from local sources. Most noticeably, LTD was enriched Several trace elements are present in greater concentra-
in hematite (FeO3) and MgO, which are common in Sa- tions in the LTD sample than in the Saharan soil control
haran dust (Guieu et al., 2002; Costillo et al., 2008). Theirsamples, indicating either enrichment during transportation
concentrations in the El Mechili samples, especially SS2,0r contribution of the Mesopotamian sources. We note over-
were comparable with the LTD sample from the Garabashiabundance of copper accompanied by high concentrations
Glacier (Fig. 7). Concentrations of @3 and AbOg3 in the of nickel and zinc, which are frequently contained in the
LTD sample are close to those recovered in other locations irsame ores. Concentration of copper reaches 1656 ppm in
Europe, while concentrations of MgO are higher (Goudie andthe LTD sample (see Supplement). In the locally produced
Middleton, 2001). Concentration of CaO in the LTD sample dust it varies between 7 ppm and 19 ppm and in the Saha-
is considerably lower than in the Saharan control samplesan samples it varies between 19 ppm and 25 ppm. Castillo
and lower that an average of 8.6 % reported for the Saharaet al. (2008) reported extremely high concentrations of cop-
dust transported to Europe (Goudie and Middleton, 2001)per comparable with those in the LTD sample in some Saha-
Calcium is used as a tracer of Saharan dust (Schwikowskian soils; nevertheless, comparison with the control samples
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from the Saharan source region indicate that the most probacold advection from the Mediterranean, formation of a low-
ble source is copper-smelting facilities in eastern Turkey andoressure system over the Libyan desert, and sufficiently high
Armenia over which the dust plume travelled. Copper con-wind speeds in the boundary layer favoured activation of the
tained in the mineral aerosol is potentially toxic to marine dust sources.
ecosystems (Paytan et al., 2009); however, copper in uncon- The particle size distribution, dominated by particles with
taminated mineral aerosol has a solubility of 1-7 % and itsan average diameter under 8 um, was in agreement with size
potential toxicity is lower than that of anthropogenic copper of the Saharan dust travelling over 2000 km (Goudie and
which has solubility of 10-100% (Sholkovitz et al., 2010). Middleton, 2001). Elemental analysis of the LTD and Saha-
Mineral dust is a known vector for transportation of copper toran soil control samples showed a close match in concen-
glaciers and ice sheets (Hong et al., 1996; Marx et al., 2005})rations of hematite in the dust deposited on the Garabashi
and it is important to investigate its origin and whether its Glacier and soil collected from a palaeolake in the EI Mechili
over-abundance is typical of LTD deposition in the Caucasussource region. More detailed characterisation of chemical
using a larger selection of LTD samples from other deposi-properties of this and other LTD samples is under way us-
tion events. The LTD sample exhibited high concentrationsing inductively coupled plasma mass spectrometry (ICPMS)
of vanadium and chromium (Fig. 7b) associated with oil- analysis.
and coal-burning power plants, respectively. While concen- The novelty and main advantage of the proposed method-
trations of lead in the Saharan control samples agreed welblogy is its ability to identify sources and pathways of dust
with those published in literature (Guieu et al., 2002; Morenowith high temporal (hours) and spatial (ca. 100 km) resolu-
etal., 2006), its low concentration in the LTD sample was un-tion enabled by the SEVIRI RGB dust product and in verifi-
expected assuming transportation over the densely populatezhtion of results by independent techniques. The high impor-
eastern Mediterranean (Fig. 7b). Lead of anthropogenic oritance of mesoscale processes in activation of dust sources
gin accounts for 20—70 % of its total concentration in Saha-has been recently highlighted (Knippertz et al., 2009b;
ran dust samples deposited in Europe (Guieu et al., 2002)Schepanski et al., 2009), and the achieved improvement in
Analysis of concentrations of lead in dust transported to Is-both temporal and spatial resolution of dust “provenancing”
rael showed that dust that from North Africa was strongly is an advance on previous applications of trajectory and satel-
enriched in lead, particularly if it passed over Cairo, whereadite imagery analyses (e.g. Grousset et al., 2003; Osada et al.,
dust transported from the Arabian peninsula was not (Erel e2004; Sodemann et al., 2006). As a qualitative data set, the
al., 2006). The low concentrations of lead in the LTD sample SEVIRI RGB product provides considerably more detailed
at its partial origin in northern Mesopotamia and transporta-information on dust plume transportation than frequently
tion over regions with low urbanisation or alternatively they used MODIS surface reflection imagery due to much more
can point at the transportation over the Mediterranean Sea dsequent temporal sampling by SEVIRI (i.e. 15 min versus
some of the forward trajectories suggest (Fig. 1c). daily) and because of the problem of distinguishing aerosol
signal from the surface reflectance over the desert areas us-
ing MODIS imagery. MODIS AOD fields were used in this
4 Conclusions study, however, AOD fields, derived from SEVIRI observa-
tions, became available as MSG — UK MetOffice product
The significant dust deposition event of 5 May 2009 on from March 2010 at hourly resolution (Brindley and Russell,
the Garabashi glacier has enabled the development of aB009). Comparison of these data with AERONET in situ ob-
approach using multiple independent techniques, allowingservations, MODIS Deep Blue AOD and Multiangle Imaging
high resolution dating and “provenancing” of dust horizons Specrtoradiometer (MISR) data were published by Brindley
deposited in snow pack and glacier ice, with potential forand Russell (2009) and Christopher et al. (2011). The study
generic application in other glaciated regions with a sparseby Brindley and Russell (2009) indicates that while there is
network of high-altitude meteorological stations. Dust hori- a good agreement between the examined data sets, higher
zons in the snowpack can be linked to specific dust transportincertainties in SEVIRI AOD fields may exist over North
events recorded in remote sensing and meteorological datAfrica and Arabia.
archives. The main uncertainty in “provenancing” LTD is the poten-
The foothills of Djebel Akhdar in eastern Libya were iden- tial contribution of secondary sources of dust located along
tified as a primary source of dust deposited on the Garabashhe track of the Saharan dust mass. In this analysis, the back
Glacier on 5 May 2009 through the analyses of the SEVIRItrajectories and the SEVIRI images pointed to a potential
RGB dust composite imagery with 15-min temporal resolu- secondary source of dust in northern Mesopotamia, where
tion, together with back- and forward trajectories calculatedmeteorological conditions were conducive to the entrainment
using the HYSPLIT model. Analysis of both local meteo- of dust. A lack of detailed characterisation of chemical prop-
rological and synoptic data in the context of conditions for erties of dust from Syria and Irag made identification of these
dust mobilisation and transportation (e.g. Knippertz et al.,potential secondary sources less certain. While the Middle
2009a; Schepanski et al., 2009) confirmed that the observelBastern sources appear to contribute to dust deposition in the
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Caucasus, they do not contribute to dust deposition in the EuSupplementary material related to this article is
ropean Alps and the Pyrenees where application of the proavailable online at: http://www.atmos-chem-phys.net/13/
posed technique will be more straightforward. 1797/2013/acp-13-1797-2013-supplement.pdf
As a result, we propose the following approach for identi-
fying dust deposition events and detailed “provenancing” of
long travelled dust recorded in high-altitude glaciers:
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