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Abstract. The understanding of present atmospheric trans{position over the ocean immediately downwind. Boundary
port processes from Southern Hemisphere (SH) landmassdayer dust was detected as far as 1800 km from the source
to Antarctica can improve the interpretation of stratigraphicand 800 km north of the South Georgia Island over the cen-
data in Antarctic ice cores. In addition, long range trans-tral sub-Antarctic Atlantic Ocean. Although the analysis sug-
port can deliver key nutrients normally not available to ma- gests the presence of dust at500 km SW of South Africa
rine ecosystems in the Southern Ocean and may trigger ove days after, the limited capabilities of existing satellite
enhance primary productivity. However, there is a dearth ofplatforms to differentiate between aerosol types do not per-
observational based studies of dust transport in the SH. mit a de nitive conclusion. In addition, the model simula-

This work aims to improve current understanding of dusttions show dust lifting to the free troposphere as it travels
transport in the SH by showing a characterization of two south but it could not be con rmed by the satellite observa-
dust events originating in the Patagonia desert (south end dfons due to cloudiness.
South America). The approach is based on a combined and This work demonstrates that complementary information
complementary use of satellite retrievals (detectors MISR from existing transport models, satellite and surface data can
MODIS, GLAS ,POLDER, OMI,), transport model simula- Yyield a consistent picture of the dust transport from the Patag-
tion (HYSPLIT) and surface observations near the source®nia desert to Antarctica. It also illustrates the limitation of
and aerosol measurements in Antarctica (Neumayer andsing any of these approaches individually to characterize the
Concordia sites). transport of dust in a heavily cloudy area.

Satellite imagery and visibility observations con rm dust
emission in a stretch of dry lakes along the coast of the
Tierra del Fuego (TdF) island 64 S) and from the shores 1 Introduction
of the Colihue Huapi lake in Central Patagoniadg S) in
February 2005. Model simulations initialized by these ob- Airborne dust can impact signi cantly the radiative balance
servations reproduce the timing of an observed increase iof the Earth’s atmosphere (Tegen et al., 1996; Sokolik et al.,
dust concentration at the Concordia Station and some of th@001; Miller et al., 2004). In addition it can impact marine
observed increases in atmospheric aerosol absorption (he@nd land ecosystems. For example, a number of studies have
used as a dust proxy) in the Neumayer station. The TdFshown the effect of long range transport of nutrients carried
sources were the largest contributors of dust at both siteddy dust to the Amazon forest (Swap et al., 1992; Okin et
The transit times from TdF to the Neumayer and Concor-al, 2004) as well the disruption of primary productivity in
dia sites are 6-7 and 9-10 days respectively. Lidar obserthe North Atlantic (Mallet et al., 2009) by reducing solar
vations and model outputs coincide in placing most of theradiation reaching the ocean surface. Long range transport
dust cloud in the boundary layer and suggest signi cant de-of dust can supply key nutrients (Jickells et al., 2005) that
stimulate primary productivity in areas where phytoplankton
growth may otherwise be minimal. This is relevantin the cur-

Corrgspondence tdS. Gasé rent climate change context because oceans are responding
BY (santiago.gasso@nasa.gov) to global warming by becoming more strati ed in the upper
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layers. This may prevent the surface ocean from mixing withtion of model and satellite data analysis, this work tracks and
the deep ocean, thereby decreasing the nutrient luxes frontharacterizes the progression of a dust cloud over the South-
below (Levitus et al., 2000; Sarmiento and Gruber, 2006) andern Ocean and compares the model outputs with aerosol mea-
affecting oceanic primary production and ef ciency of €0 surements at two sites in East Antarctica.
transfer (Behrenfeld et al., 2006). This climate-warming in-  This work is motivated by the direct observation of a sharp
duced situation makes oceanic primary production more depeak of non-sea-salt €a (nssCa, a proxy for dust, Fischer
pendent on the nutrient input from external sources, such ast al., 2007) deposition during a single day (9 March 2005)
atmospheric deposition. This fact makes the study of theat the Concordia Station (75.1S, 123.35E; 3233ma.s.l.,
presence of dust over the Southern Ocean (40S to 60S) dhntarctica), the location of the EDC deep ice core, drilled in
particular interest because its role in the carbon cycle (it conthe framework of the EPICA (European Project for Ice Cor-
tains some of the largest GQinks, Takahshi et al., 2009) ing in Antarctica). The short period of exposure permitted
and the concerns on how it would respond to a change irthe exploration of the provenance of the dust using a back-
nutrient availability (Watson et al., 2000). trajectory modeling approach and a detailed look at satellite
The hypothesis of dust inducing an increase in primaryimagery.
productivity was proposed by Martin (1990) as an explana- This paper is structured as follows. Section 2 details the
tion of the observed decrease of atmospherio @@h an  modeling tools and data sets available and their main features
increase deposition of dust found in ice cores at the end ofind limitations, section 3 explains the approach used to an-
the cold periods (Petit et al., 1999). In addition, dust layersalyze the data as well as a description of model outputs and
inice cores are one of the few proxies available to study pale@bservations. Section 4 summarizes and integrates the nd-
atmospheric transport phenomena (Fischer et al., 2007; Laming of Sect. 3. Section 5 discusses the main conclusions and
bert et al., 2008). Isotopic analysis of ice cores show that thémplications of these ndings.
Patagonia desert was amongst the largest contributors to the
dust found in East Antarctica (Basile et al., 1997; Delmonte
et al., 2009). Although dust deposition was more abundantirg Data
glacial times, recent studies in snow samples in the Antarctic
Peninsula (McConnell et al., 2007) and East Antarctica (Sal®2.1 Satellite data
et al., 2008; Marino et al., 2008a; Lambert et al., 2008) indi-
cate there has been recent deposition of dust (in the last 100he satellite data from a number of detectors was selected for
years) and it was suggested that the Patagonia desert was agrosol type differentiation, dust event localization and 3-D
important source along with Australia (Revel-Rolland et al., tracking after the event. The satellite data analyzed was from
2006; Marino et al., 2008a). the detectors MODIS (Remer et al., 2005), GLAS (Spinhirne
Much of what is known about transport of tracers in the etal., 2005), MISR (Diner et al., 2001), PARASOL (Herman
high latitude Southern Hemisphere is known through modelet al., 2005) and OMI (Torres et al., 2007). The main capa-
studies (Jickells et al., 2005; Li et al., 2008; Mahowald et bilities of these detectors have been documented elsewhere
al., 2009). Observational studies of aerosol transport into theéind only those features relevant for this analysis will be dis-
Southern Ocean have been notably missing and restricted teussed. All satellite data used in this study were extracted
occasional research cruises (Baker et al., 2006; Wegener &om the standard products (visible images and level 2) made
al., 2008). The high latitude marine environment is ratheravailable for each satellite.
cloudy and dust emissions from land masses in the SH are One important hypothesis in this study concerns the detec-
sporadic and not very abundant. Both features contribute tdion of aerosol type present. The high latitude southern hemi-
a low probability of detection with satellite detectors becausesphere marine environment is mostly dominated by marine
detection algorithms require clear sky pixels for dust detec-aerosols (largely derived DMS and sea salt), with occasional
tion. In addition, there are very few data sets of continuousseasonal intrusions of dust and smoke from biomass burn-
aerosol monitoring in the Southern ocean region and Antarcing (Kaufman et al., 2002). Although pollution is important
tica. Only recently and thanks to the increase of in-situ mon-in some major metropolitan areas in the mid-latitudes, these
itoring (Gaiero et al., 2003; Gaiero, 2007) and the overabun-aerosols are not known for traveling long distances in the
dance of satellites with complementing detection capabili-Southern Hemisphere. Large scale transport of smoke usu-
ties, a number of combined observational and modeling studally occurs in late August in West Africa and August to Oc-
ies have been published (Gassd Stein, 2007; Fiebig et al., tober in the Amazons with the latter is known to reach high
2009). Also, detailed studies of modern aerosol compositiorlatitudes ¢ 60 S) occasionally (Pereira et al., 2006; Fiebig et
in coastal and central Antarctic regions have become availal., 2009). During the period of interest (end of austral sum-
able recently (Udisti et al., 2004; Fattori et al., 2005; Becaglimer), dust is a sporadic feature in the southern hemisphere
etal., 2009) deserts and biomass burning is uncommon.
This paper presents a detailed study of two dust events From the viewpoint of remote sensing, there are speci ¢
originating in the south end of Patagonia. Using a combina-satellite markers that can be used to differentiate dust from
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sea-salt. For example, the Aerosol Index (Al) product from program is active since 2004. The program consists on the
OMI (Torres et al., 2007) is sensitive to absorbing aerosols, aollection of aerosol samples at different temporal resolu-
common characteristic of dust and not of sea-salt aerosolion, with and without particle size separation, in order to
MODIS ne mode fraction aerosol product (a measure of obtain highly detailed information on aerosol chemical and
which aerosol mode is dominant) can be used as a markgvhysical properties, as well as changes in transport and de-
for dust provided that high aerosol concentrations are presergosition patterns in different seasons (Becagli et al., 2009).
(Kaufman et al., 2002). The MISR non-spherical fraction The study of mechanisms of present-day aerosols transport
(Kalishnikova and Khan, 2008) provides information on the and deposition is basic for the correct interpretation of ice-
fraction of aerosol optical depth that can be matched to a noneore proxies, among which dust constitutes one of the most
spherical aerosol model. Likewise, the POLDER aerosol al-studied (Lambert et al., 2008). Rapid events of dust trans-
gorithm produces a dust proxy called non-spherical fractionport to Dome C are studied by measuring nssCa as soluble
too (Herman et al., 2005). proxy of dust in aerosol samples collected at higher tempo-
However, all these proxies have limitations that becomeral resolution (from daily to weekly). Nss&a concentra-
apparent in the southern environments. Abundant clouditions in ice cores are commonly used to infer information
ness and the resulting contamination is a major limitationabout terrestrial inputs in polar regions (Wolff et al., 2006),
that results in very few clear sky pixels. In this case, OMI even if the quantitative relationship between ng$Cand
and PARASOL retrievals are particularly affected. Gener-dust are not fully de ned for different climatic regimes, de-
ally speaking, retrievals near the source (usually on the day opending on dust mineralogy (e.g. Bigler et al., 2006; Ruth
emission and the day after) are robust if there is enough clou@t al., 2008); however nss&ais calculated from Na and
clearing and aerosol concentrations are high. It is expecte€a® concentrations (using the formula nsé€a Ca¢ —
that the ve sensors would be consistent in observing the(CaC/NaC/sw * Na©, where sw stays for sea water), mea-
same aerosol although they may not detect it as dust. Howsured with high sensitivity in ice and aerosol samples by lon
ever, the tracking of the dust as it advects is a challengingChromatography (Morganti et al., 2007). Data presented in
task. Dispersion and dilution of the dust cloud results in low this work come from nssG& measurements performed on
aerosol concentrations and very low relectances reaching th@erosol samples collected by 8-stage Andersen impactor for
satellite sensor. Further some of the aerosol type proxies resize-resolved (from 0.4 to 10 um) aerosol collection. Filters
trieved have not been compared or established their range afre exposed every one or two weeks using a pumping volume
validity by comparing with independent measurements(Al, of about 28.3 | mih®. Data plotted in Fig. 1 refer to the sum
non-spherical parameters from PARASOL and MISR). Otherof nssC&° concentrations in the 8 stages, i.e. they constitute
like the MODIS ne mode fraction and Aerosol Index prod- the atmospheric concentration of nsé€soluble fraction of
uct has been widely used and compared against observatiogsuticulate in the range 0.4-10 um. In the particular case of
(Kleidman et al., 2005). the main event of dust deposition studied here, aerosol col-
All satellite data products were used at level 2, that is,lection started at about 3 p.m. (Dome Concordia local time,
non-gridded native parameter product except in the case ofe. UTC +7) of 8 March, and ended approximately the day
PARASOL. The data analyzed was processed by the respe@fter (9 March) at the same time. On 9 March 2005, operators
tive science teams using the following data algorithm ver-had to stop sampling operations temporarily for instrument
sions: MODIS: collection 5, MISR: version 12 (FI®22),  maintenance and removed Iters which had been installed
OMI: collection 3, PARASOL: Gridded atmospheric prod- just 24 h before. The sampling resumed normally after a few

uct, software version 10.5, GLAS: version 2.8. days. During the post campaign analysis, an anomalous peak
in nssCa was detected in all the Iters exposed in that 24hrs
2.2 Surface data period (largest concentration seen in Fig. 1).

Different sources of surface data were used in this analysis2.2.2 Neumayer surface station in Antarctica

Model outputs were compared with surface measurements

of aerosols at two sites in Antarctica. In addition, the model The Alfred Wegener Institute for Polar and Marine Research
simulations were initialized and constrained by meteorologi-(AWI) runs a permanently manned Georg-von-Neumayer-
cal information from several weather stations along the coasBtation (70.65S, 8.25W, 36 ma.s.l) at the northwest edge of

of Patagonia. These data sets are described next. the Weddell Sea in Antarctica. It is part of the WMO Global
Watch Stations (Knig-Langlo and Weller, 2006). Aerosol
2.2.1 Concordia Station in Antarctica sampling was made at the Air Chemistry Observatory, about

1.5km south of Neumayer station. Weller et al. (2008a)
The Concordia Station (75.1S, 123.35E; 3233 ma.s.l.reported surface measurements of aerosol nhumber concen-
Antarctica) is part of the EPICA (European Project for Ice tration, optical properties (scattering and absorption coef -
Coring in Antarctica) project and it is where Dome C deep cients, angstrom exponent) and limited chemical composi-
ice core has been drilled. A long term aerosol monitoringtion. The data was reported as daily averages from January,
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N Non»S‘easaIICaZ++fJeposilion at Concordia (EPI‘CA)site.(7SS“123E) Weather bureau (Servicio Metecﬁgico Naciona| or SM N)
The SMN data has the highest time resolution of observations
(usually every hour) whereas not all the stations had the same
time resolution at the NCDC archive. The use of higher tem-
poral resolution made possible to resolve dust events of short
duration.

nssCa2-+(ng/m3)

I I h I
30/10/04 1912/04 07i02/05 29/03/05 18/05/05 07/07/05 26/08/05. 15110/05 04/12/05.
Day/Month/Year

2.3 Hysplit model
Fig. 1. Non sea-salt calcium extracted from airborne aerosols mea--w . LivspLIT model (version 4.8) is a lagrangian trans-
sured at the Concordia Station site (Dome C, Concordia project) ) grang

during the 2004—2005 campaign. The largest peak correspondgOrt model frequently used for trajectory analysis and dust
to a 24h lter measurement from 09:00 UTC 8 March 2005 to &nd smoke forecasts (Draxler et al., 2001; Draxler and Rolf,

08:00 UTC 9 March 2005. 2003). The reader is referred to Draxler and Hess (1998) for
more details on the model and only those features relevant
to this study are highlighted here. HYSPLIT uses the mete-

2004 to December, 2006. The version of data used in thi®rological elds from the NCEP’s Global Data Assimilation

study is the one available at the free public archive Pange®cheme (GDAS) (Kanimatsu, 1989; Kalnay et al., 1996) at

(Weller et al., 2008b). Because no speci ¢ chemical anal-1x1 degree resolution. Dust emission is based on the thresh-

yses for dust were available at Neumayer, the aerosol abold friction velocity approach where surface roughness is

sorption coef cient can be used as proxy of dust if making correlated with soil properties. When the local wind speed
reasonable assumptions. Dust is more absorbing than marirfXceeds the threshold velocity for the soil type of that emis-
aerosols (Dubovik et al., 2002) resulting in a higher absorp-sion cell (Escudero et al., 2006), the dust emission rate is
tion coef cient. The main hypothesis then is that amongstcomputed. The model domain was set to the southern hemi-
the atmospheric aerosols measured at Neumayer dust is tf@here (0-90S, 180 W to 180 E) at 1x1 degree resolution. In
only absorbing one. However, it should be noted that smokeaddition to the default dust emission parameters, the model
another absorbing aerosol, from South America has been otgllows the user to set a number of parameters such as size and
served in Antarctica (Pereira et al., 2006; Fiebig et al., 2009)intensity of the source and duration of emission. Model runs

This fact is considered in the analysis section below. divided the atmosphere in 8 layers from 0 to 10km. As ex-
plained later in Sect. 3.1, all these options were set based on
2.2.3 Surface meteorological observations satellite and surface meteorological information. A few test

runs determined that for a number of particles higher than

Weather meteorological stations located at several airport€ 10°, the distribution of concentrations did not change and
in Patagonia routinely monitor visibility conditions and stan- &/l runs used this number of released particles. A time step
dard environmental variables in support of aircraft activity. ©f Computation of 12 min was used and output concentrations
These observations are carried out by operators who repoﬁt surface and total in the column were saved at .1 hour mter.-
a quantitative measure of sky turbidity (visibility ,measured V&S- The results are reported as number of particles per unit
in kilometers or miles) and a code that identi es the state ofOf volume in the layer or integrated over the column.

the sky (such as the presence of precipitation, haze, smoke, It ;hould be potgd t_hat model runs are used Fo indicate the
etc.) . Dust events are explicitly reported. The data usedocat'on ahd distribution of _the dust cloud as it propagates
to constrain the model simulations in this analysis is from@nd to estimate the travel times to Antarctica. Because the
the stations Comodoro Rivadavia (abbreviated CR and loUnknown actual deposition rates, quantitative comparisons
cated at 45.8S, 67.5W, 46ma.s.l.) arltbRsrande (abbre- between model and |n_-S|tu/sate!I|te_ retrievals WI|| be avoided.
viated TdF and located in the island of Tierra del Fuego, TOWever, some relative quantitative comparisons between
53.8S, 67.8W, 22m a.s.l). In addition, visibility data from the different runs will be shown to point out the strength of
the following stations was checked for dust activity: Bah the sources and their relative contribution to each site.
Blanca, Trelew, Puerto Deseado, Sanahuland Ro Galle-
gos. Visibility reports from meteorological stations consti-
tute one of the longest record of modern dust activity and it
can be used for dust trend studies (Mahowald et al., 2007)3.1 |denti cation of dust sources

In this case, surface visibility information is used to obtain

an independent con rmation of dust activity and the durationIn order to determine the source regions, back-trajectories
of the event. It should be noted that even though the stamodeling runs were carried out from 9 March to 25 Febru-
tion data is available NOAA's National Climatic Data Cen- ary for air masses arriving to Dome C. Air masses were over
ter (http://www.ncdc.noaa.gov/oa/ncdc.html), the data usedhe east coast of Patagonia, over the south tip of South Africa
in this analysis was obtained directly from the argentineand over the south coast of Australia by 26 February. In order

The modeling of dust events
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to verify whether any of those areas were actively producing s
dust in the same time frame, the OMI Al, visible images and
optical depths of MODIS were analyzed on these three areas
Three dust events were identi ed. One of them was in Cen- 2%
tral Australia near lake Eire (28.86 S, 139.13E) on 2 March =

s

HYSPLIT in forward mode. The model run showed that air
masses leaving Central Australia on 2 March advected eas” ==&
and did not reach Concordia. Thus, most likely Australia did
not contribute to the dust measured at Concordia on 9 March g
The other two dust events were observed in the Patagonie
desert. Dust plumes were detected by MODIS on 26 Febru-, =
ary 2005 (Fig. 2, Aqua granule 18:00) leaving the area of '
dry lakes between the city of'R Grande (53.86 S, 67.76 W)
and the San Sebaati Gulf in the island of Tierra del Fuego Fig. 2. Dust Event in the Tierra del Fuego Island%3 S) detected
(about 90 km North of Rio Grande). The sources at the SarPy MODIS in the Aqua satellite on 26 February 2005. The largest
Sebasfin Gulf are delation lats and are common in the area PIUMe is in the Gulf of San Sebastian and several minor plumes
(Isla etal., 1991; Vilas et al., 1999) and the dry lakes north Of‘(some are not re§olved in this image but they are visible by zooming
R"o0 Grande are of the same nature (D. Gaiero, personal coniqtthgffglilozé?amemi%? kar:]eslgﬁ?k:ed between San Sebastian and the
munication, 2009). A large plume is observed originating in y ' '
a coastal mud !at or dry lake west of the San Selaastulf.
The longest plume visible in the image originates from this ) )
source; its length is 500 km and the optical depths are in the with the mformatlon from the known (observgd) dust sources
0.35-0.45 range, which are considered above “backgrounda“d the duration of event. . The exact location and .the area
values (typically below than 0.15). Although not clear in this ©f the dust sources were digitized from the MODIS images.
image, smaller dust plumes can be indenti ed north of the High-resolution MODIS images (250 m) were used to locate
city of Rio Grande in the 250 m resolution image. This event®ach dust emitting lake. The source was identi ed using
lasted approximately 12 h based on the visibility reports fromG00dle Earth (GE) and then a polygon was drawn over the
the meteorological station at®Grande. identi ed sources. If the MODIS image was clear enough,

The second event occurred on 22 February and the dudhe section of the lake emitting dust was drawn (for exam-
originated from two different regions in Patagonia. Dust ple, a shore of a lake). Otherwise, the whole area of the lake
plumes were visible in MODIS (Aqua granule 18:30) im- was drawn and it was assumed that the whole lake was ac-

agery originating at the shores of lake Colihue Huapi,tive' Then, the area of the polygon was computed and used

(45.65S, 68.75W), west of the Comodoro Rivadavia seg.as one of the inputs for initialization of the model simula-
port. The source area has been identi ed as extremely windyions: The advantage of this approach resides in model runs
(Labraga, 1991) and as going through a severe deserti catior?@S€d on identi ed active sources and the length of time of
process (Del Valle et al., 1998). A compact patch of AODs 8mission is based on the weather station reports of observed

( 0.3) was retrieved by MODIS over the ocean in the sandust. There is, of course, an error in estimating the active
Jorge Gulf (less than 100km downwind from the source).area in the GE imagery based on the dust activity seen in the

The Tierra del Fuego island was cloud covered in the AquaiOP!S image. For example, the edges of the sources in the

and Terra-MODIS images but the sea along the shore waSE image database may not correspond to the edges of the
cloudless. The MODIS aerosol product for this clear sky active sources in MODIS. These differences are assumed to

area showed a large group of pixels of high and homogenouge gmall. Table 1 details the Iocgtion of each source ide_nti-

aerosol optical (AOD > 0.3, Aqua granule 18:25) approxi- ed m_the MODIS Terra and Aqua image and their respective

mately 100 km SE of the San SebastiGulf. Dust activity &€& in square kilometers.

was con rmed by surface weather stations in both Comodoro The duration of each event was set by the number of hours

Rivadavia and Ro Grande. where any amount of dust was observed (i.e. World Mete-
No biomass burning or additional dust activity was noted orological Organization METOP codes 6-9) by the closest

in the 22 to 26 February period in the satellite imagery andmeteorological station to the source. None of the stations

in the surface meteorological observations. reported a “dust storm” (code 9) and most corresponded
to codes 6 and 7 (low and moderate dust in the air). For
3.2 Setup of forward model runs each group of active sources identi ed, a HYSPLIT run

in forward mode was carried out. These runs are identi-
Forward model runs with HYSPLIT were simulated for the ed as Feb22TdF, Feb26TdF and Feb22CR corresponding
22 and 26 February dust events. The runs were initializedo dust leaving Tierra del Fuego on 22 and 26 February and

www.atmos-chem-phys.net/10/8287/2010/ Atmos. Chem. Phys., 10, 8287-8303, 2010
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Table 1. Location and description of dust activity and sources as seen in MODIS vigiblgeis (observation time noted as “granules”). In
all cases when it was not clear if dust is coming from the edge of the source, thatestiatea of emission was to be the totality of the
lake/depression.

Date 22/Feb/2005 Terra granule 14:20UTC

Latitude Longitude Area (kﬁ) Remarks

1 45.66 ! 68.66 40.194 Patagonia is located in center of MODIS swath, providing good detail.sAgeaérally cloudy,

1 53.23 ! 68.68 15.7180 with a clear area extending from Comodoro Rivadavia to Puerto Santa Cruz. North end of
1 53.09 ! 68.58 2.2161 Tierra del Fuego is partly cloudy. Small lakes appear to have mininalctivity.

1 53.63 ! 68.15 6.8615

Date 22/Feb/2005 Aqua granule 18:25 and 18:30UTC

Latitude Longitude Area (kﬁ) Remarks

1 45.66 ! 68.66 40.194 18:30 UTC: Clear dust cloud off the coast of Comodoro Rivadavia. Some dust activity from
same source seen in Terra. 18:25 UTC: Area of interest is located on the famnexige
of image and it is mostly obscured by patchy clouds south of San Jorge Gulf. &}eaf s
the coast of Tierra del Fuego. Dust off the coast &d Brande.

Date 26/Feb/2005 Terra granule 14:00UTC

Latitude Longitude Area (kﬁ) Remarks

1 53.23 ! 68.68 15.7180 Clear sky view over Tierra del Fuego but towards the west edge of then MCaMhScausing
1 53.66 ! 68.26 7.5952 slight loss of detail.

1 53.78 ! 67.79 2.3015

1 53.86 ! 67.62 9.2771

1 53.18 ! 69.11 9.4524

1 53.58 ! 68.34 4.2668

Date 26/Feb/2005 Aqua granule 18:00 and 19:40UTC

Latitude Longitude Area (kﬁ) Remarks

1 53.23 ! 68.68 15.7180 Area of interest is located on the far western edge of the MODIS swath form8dg¥) and on
1 53.66 ! 68.26 7.5952 the far eastern edge for the 19:40 image. Patchy cumulus clouds in the area of

1 53.78 ! 67.79 2.3015 Tierra del Fuego. Most of sources are visible.

1 53.18 ! 69.11 9.4524

1 53.58 ! 68.34 4.2668

Comodoro Rivadavia on 26 February. The duration of emis-averaged 40 to 50 km/h and gusts reached 75 km/h. Then, the
sion is set to the time frame of dust activity as reported by theconstrained simulations of HYSPLIT used a window of 11 h
surface observations. These runs are referred as “constrainddr active dust emission. Note that it is unknown for how
runs”. In order to test the impact of initializing the runs long the largest source at San Sel@stvas active since the
with observations, three additional runs for the same groupwneather station was too far to see this plume and visibility
of sources was carried out, with the default dust emissiorreports were most likely based on dust activity in local lakes.
enabled i.e. sources become active when the threshold wintHowever, it was active between 14:00 and 19:40 UTC since
speed is reached any time between at 00:00 and 24:00 UT@ust emission was clear in the MODIS images.

on 22 and 26 February. These runs are referred as “uncon-
strained runs”. Thus a total of six model runs were carried
out.

As opposed to 26 February, most of Tierra del Fuego was
cloud covered on 22 February during both Terra and Aqua
passes. However, the MODIS aerosol retrieval algorithm de-
According to the weather observations ifoRGrande tected an aerosol cloud in the cloudless area near the shore of

airport on 26 February, dust was observed from 13 (localTierra del Fuego. In addition, the"® Grande meteorologi-
time =UTC-4 h) until 24 h (local time) with visibilities rang- cal station reported reduced visibility by dust from 14to 19 h
ing 2-8km in the rst 8 h. The weather code assigned to thislocal time with wind speeds ranging from 50-60 km/h and
event was 7 which is “dust in the air”, that is, it was not iden- wind gusts ranging 75 to 95 km/h. Since it was cloudy, there

ti ed as dust storm. Wind direction was from the west and is no visual imagery to con rm the location of active sources.
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Thus the model runs assumed the same active sources visibl HMonhDay

in a previous dust event in the same area (16 January) which _ _ _
are very close in size and proximity to those seen active on 2&19- 4. Time of HYSPLIT surface concentrations at Concordia
February. The Colihue Huapi lake area was clear of cIoudé_lZ?’_ E, 75 S) for 3 dust events described in text and the dashed _black
in the MODIS Aqua image (granule 18:30 UTC) and there Il_ne is the nss-Ca Ilter measurement at_ Dome C. Top: the contribu-
was positive identi cation of dust emission from the eastern tion of each run to the total concentration for that day and Bottom:

h fthe lake. The C d Rivadavi h . Surface concentrations normalized to the maximum of Feb26TdF.
shores of the lake. The Comodoro Rivadavia weather Statl(mTop gure illustrates the relative contribution of each dust event.

located just downwind of the Colihue Huapi lake, reported gottom gure shows that most of the dust arriving to Dome C on 8
dust aCtiVity from 13 to 20 h |Oca| W|th gUStS in the 65 to March Originated in Tierra del Fuego on 26 February_
85 km/h range during the period. Overall and according to
surface observations, it appears the dust event of 26 Febru-
ary was the most intense and the longest amongst the three
events. 3.4 Comparison with surface measurements
Although in the reminder of the paper the constrained runs
will be used for comparison with satellite and surface data,A comparison of model outputs with surface measurements
there were some differences between the two modes of emigire shown in Fig. 4a—b where a time series of the dust con-

sion that will be noted. centrations from the lowest layer at the Concordia site for the
three constrained simulations is displayed. Figure 4a shows
3.3 Propagation of the modeled dust cloud the contribution of each source to the total dust concentration

at the site (modeled data is aggregated to 24 h intervals). Fig-
Figure 3 shows normalized total columnar concentrations foryre 4b shows all runs normalized to the maximum value of
the case Feb26TdF for 2, 6 and 11 days after the event. Thghe Feb26Td run. The dashed line is the normalized surface
rapid progression is apparent on the second day after emisneasurement of nss-Ca at Concordia.
sion with the leading edge located +1000 km from the source. Figure 4a shows that dust from event Feb22TdF starts to
By the Sth day, the dust cloud had reached over the area beyrrjve on 3 March and for event Feb22CR arrives in full on 6
tween South Africa and Antarctica and the leading east edg@arch. The different travel time of the two sources(days
had reached Kerguelen Islands (70 E) area. The south end gfaq 12 days respectively) is a consequence of the different
the cloud is entering Antarctica at20 E. By the 11th day, |ocation of the sources (+800km apart). In particular, dust
the dust covered most of the Antarctica plateau. It should b&qom Comodoro Rivadavia has to cross the storm track where
noted that after the Sth day, the dust has dispersed and dismjssion in Tierra del Fuego is already emitted at the track’s
luted signi cantly and the area covered is very large. This path or south of it. It takes 9 days of travel time for the
is not necessarily is a proof of actual dust transport to thaloyent Feb26 TdE too.
point since the removal processes are poorly parameterized ;¢ notably, the maximum amount of dust arriving for

Ln mOd‘;IS (see fr?r examplle Xian thal" 2209) ?nd LIS UN-1n Feh26TdF occurs during most of the day on 8 March
nown how much material removed from the column. HOW- v jt is  during the 24h Iter exposure at the site. The

ever, the model output does provide an envelope of maXimu”IEebZESTdF event contributed much more dust to the Concor-

expansi_on of the ‘J_"%St cloud and a minimum travel times UNdia site than any of the other two events. Figure 4a shows

der the ideal condition of no removal events. that the 22 February events contributed most of the dust ar-
riving to Concordia prior to 8 March but the amount con-
tributed by this event appear to be minimal when compared
to the other two events. According to the model, the concen-
trations from Feb22TdF were always 2—3 or more orders of
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_ Henmayet- Norelzsd s ponceatan ‘ and then west arriving to Neumayer from the NE (see for
i example Fig. 3, center). This path results in a longer trans-
|| reeeeer port time than would be expected if going in a more or less
R, ; ; i a straight line from Patagonia to Neumayer. This transport pat-
o tern is partially con rmed by the satellite imagery (see next
L —— : E section).
B B ey o (o7 (00 00 oo ooy These two comparisons suggest that dust leaving Tierra
del Fuego on 26 February contributed most of the dust ob-
m— served in Dome C on 8 March and it was the largest contrib-
iyl utor to the aerosol absorption measured in Neumayer after 3
i ::t:rzpcngn ﬁk j\m March. Although the sources at Comodoro Rivadavia have
I e L A W larger emission area than Tierra del Fuego, it appears the
02/22 02/23 02/24 02/25 02/26 02/27 02/28 03/01 Or;frihl?gfj 03/04 03/05 03/06 03/07 03/08 03/09 03/10 03/11 pI’OXImIty tO Antal’Ctlca makes the |attel’ I’eglon a more ef-
fective source of dust in quantitative terms. The travel times
Fig. 5. Time series of HYSPLIT surface concentrations at to Neumayer for the Feb22TdF and Feb22CR and Feb26TdF
Neumeyer for the 3 simulated dust events described in text and theuns are 7, 11 and 6 days respectively.
black line is the normalized aerosol absorption coef cient measure-  Figure 4a illustrates another interesting point. If signi -
ment at thg site. Top plot: the contribution of eagh run to thg total cant amounts of dust leaving Tierra del Fuego on 26 February
concentration for that day and bottom: concentrations normalized tqg 5 ched Antarctica, why did not the case of Feb22TdF show a
.the maximum of Feb.%TdF‘ The 26 February event correlates with imilar pattern? Since both runs had sources of similar size
increases in absqrptlon on 5 and 9 March. Dust from the Feb22C he other two controlling parameters of dust emitted in the’
event arrives earlier to Nuemayer (1 March). : ) .
model are wind speed and the length of time exceeding the
threshold velocity. The amount of dust generated is propor-
itude th h h his is th htional to a power function of the wind and small differences
tth?emitsung \t/i:ilglé beluc: Iiiretivr;/ oFi(;]asélebS; (this is the reason w thwind speeds have a n_on-Iineaq effect and large variations in
_ R r dust production. Assimilated wind elds and measured sur-
_ Figure 5 shows a similar time series for the Neumayer staface winds at the Rio Grande station agree in showing more
tion. In this case, comparisons are not as clear cut. Aerosohtense winds and longer emission times on 26 February than
absorption observations (black dashed line) are normalizeq, the 22nd that is, the model produced more quantities of
to the 9 March value and indicate the presence of three peakgyst on 26 February. Thus, under the assumption that in both
(28 February—1 March, 4-5 and 9-10 March). According eyents the removal rates of dust were similar during the tran-
to the model runs, dust from two sources (Feb22CR andjt 15 Concordia, the number of hours of wind speeds above
Feb26TdF) arrive on 4 and 9 March and they coincide Withihe threshold velocity are the critical parameters in making
an increase in aerosol absorption (Fig. 5a). However, notgne Feb26TdF event the major dust contributor.
that model runs show dust from Feb22CR and Feb26TdF ar- Tpe comparison of assimilated wind speeds (GDAS data
riving on 7 March too but no corresponding increase in ab'base) in HYSPLIT for the grid point corresponding to Rio
sorption is observed and there is no coincidence with the 2&;,ande station with the measured winds at the same site
February-1 March peaks either. Figure 5b shows the samgy, s that high winds start earlier in the assimilated winds
model data but normalized to the maximum value of the,an 4t the surface station. This time difference in the initi-
Feb26TdF for the corresponding day. After 3 March, dustyiion of high winds impacts the dust production of the un-
from Feb26TdF is the dominant contributor to Neumayer cqnsirained and constrained model runs. The unconstrained
and CR was a minor contributor. Like in the previous com- 1 ,ns emit larger quantities of dust and earlier than in the con-
parison, the Feb22TdF contribution with respect to the othelgi,zined runs. These differences do not appear to have an im-
larger events is minimal. In addition, the lack of coincide be- pact on the travel times to Neumayer and Concordia. How-

tween some of the peaks suggests that additional absorbing,er the differences become obvious when comparing with
aerosols other than dust reached Neumayer in this period. gateliite as it is shown in the next section.

This travel time may appear long if considering that the
Neumayer is relatively close to Patagonia (compared to Con-
cordia). However, inspection of the modeled trajectories4 The satellite record
for each of the three cases shows that none of them fol-
lows a straight meridional transport. This transport pattern isThe previous section showed that dust leaving Patagonia can
common in the high latitude SH where moisture !uxes into reach sites in Antarctica more than 5000 km from the source.
Antarctica follow the motion of cyclonic systems (Jones and However, the long time difference between emission and ar-
Simmonds, 1993; Rassmussen and Turner, 2003). In all thregval to the Antarctica sites as well as the poor characteriza-
cases the dust cloud is advected east and then it veered souibn of the removal processes commonly found in transport
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Fig. 6. Hemispherical map aerosol optical depths from Terra MODIS on 26 February 2005. Not§ub&rent of color scale by setting
maximun at 0.3 in order to emphasize the variable low aerosol concentrations. Theveluistrom Tierra del Fuego is visible with AOTs
>0.24 (see text).

models casts some doubts on whether the dust from Patagdhe high spatial resolution of the pixels used by the MODIS
nia c an reach this area. In this section the analysis of satellitalgorithm (250 m channel, Martins et al., 2002) performs rea-
observations of the dust transport from Tierra del Fuego (26sonably in detecting clear sky patches. Yet, the aerosol con-

February event) is described in detail. centrations are not high enough to warrant a method such as
the one used by Kaufman et al. (2005) to identify aerosol
4.1 Methods types. Additional information regarding aerosol identi ca-

tion is needed.
The abundant cloudiness over the Southern Ocean (SO) is A number of satellite detectors were available at the time
a signi cant shortcoming because aerosol remote sensing resf the dust events here studied. In addition to MODIS, we
quires a clear sky patch (i.e. a cloudless view of the ocean) foexplored the level 2 aerosol retrievals of the following de-
the retrievals algorithm to operate. This is illustrated in thetectors: OMI, PARASOL, MISR and GLAS. Although OMI
MODIS-Terra AOTSs (Fig. 6) where large areas in the SO areand PARASOL have been used for aerosol type identi ca-
devoid of aerosol retrievals because of clouds. Also, note thation, their retrievals during the period 22 February to 9 March
in order to illustrate the presence of aerosols the color scalé the Southern Ocean region did not show useful informa-
has to be set from 0.05 to 0.3, a range of values normally contion for this analysis. The MISR detector on-board of Terra
sidered clear to moderate concentrations of aerosols. Furthelias a narrower swath than OMI and PARASOL. Level 2
this image includes the initial stages of the 26 February dust@erosol retrievals are reported atl7 17km but the re-
event in Tierra del Fuego. However, its AOT values are in thetrieval is carried by aggregating smaller pixels (17070 m)
0.2-0.3 range and they are hardly any different to the equallyand selecting only those where the clear sky con dence is
high values of AOT found in the rest of the scene. With- high (Kahn et al., 2005). Thus, Level 2 Aerosol retrievals
out any additional information, it is not possible to identify of non-spherical aerosol fraction are representative of pix-
a plume or cloud of dust in this image. The most commonels much smaller than those used by OMI and PARASOL.
aerosol types present in this region are commonly referred a1 addition, MISR data is available on the same days and
“marine” aerosols. The optical properties of marine aerosolswithin the same swath of MODIS-Terra. All these features
are typical of those aerosols dominated by a coarse modeade MISR the tool of choice for aerosol identi cation in
resulting in low spectral dependence in the visible and lowthis study.
aerosol optical depths (typically below 0.15). Dust detec- Although operating a couple of months per year, the
tion approaches (Kaufman et al., 2005; Yu et al., 2009) dif-GLAS lidar was active during late February and March 2005
ferentiate dust from seasalt by using a threshold based oand it provided the vertical distribution of aerosols. Because
the AOT magnitude. This is a reasonable assumption in eneperational problems, the 532 nm laser was not working
vironments where the abundant and constant dust emissioproperly and did not provide useful pro les. The 1064 nm
results in high AOTsX0.4). However, they are not well laser was operational and it was sensitive to aerosols in clear
suited to study low aerosol concentrations and heavy cloudyky conditions. However, the laser was losing power too
conditions such as those encountered in the transit to Antarcand no aerosol layers were identi ed above clouds in part
tica. Thus, Fig. 6 illustrates one of the existing dif culties because the contamination of the return signal from clouds
of aerosol detection and identi cation in the Southern Ocean(Steve Pal., GLAS science team member, personal commu-
using visible-infrared detectors such as MODIS. In this casenication, 2009).
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Fig. 7. MODIS-Terra AOTs (left panel) and MISR non-spherical fraction (right) for pixels wi®Tra> 0.16 (pass time near 13:55 UTC).
The MODIS image includes the envelope of pixels witn non-zero dust concentratording to HYSPLIT for a model run unconstrained
by surface observations (thick dashed line). Also, the image shows the north-soltbft&IicAS ve hours later. The image on the right
shows the envelope of non-zero dust concentrations (solid thick line) for HYPSLIT maodebnstrained by surface obs.

1.0e-05

gihieg 3.26-06
3

£ 3.68 1.0e-06
£ 214 3.26-07

0.61 a,m ba o o

-39.421 -41.892  -44.361 -46.827 -49.29 -51.75 -54.176 -56.63

1.0e-07

HYSPLIT output averaged over 3 hours, Run Feb26Tdf
T

o N

0.5

Layer Top, km.
w
T
L

g
T
o

Fig. 8. Top Panel: GLAS 1064nm backscatter pro les for the low 6.6 km. White=no signal, red=¢lgeittsv and green; orange=aerosol.
Bottom panel: normalized HYSPLIT concentrations for run TdF26, model run constrained dryatisns.

The next sections show MODIS, MISR and GLAS (when satellite pass). The right hand side shows the contour for the
available) observations analyzed jointly with the model out- constrained run and the unconstrained run is on the left. The

puts for run Feb26TdF. contour displays all pixels with non-zero dust concentration
. according to the model. The image in the left includes the
4.2 Analysis of case 26 February track of GLAS which lew over at approximately 19:50UTC.

) ) . The GLAS vertical pro les of backscattering and the re-
Figures 7 show retrievals for 26 February. Aerosol optical gnective HSYPLIT output pro les along the GLAS track are
depths from MODIS-Terra are in the left gure and MISR  ghown in Fig. 8. Qualitatively, aerosols can be distinguished

non-spherical AOD fraction on the right. Because MISR is by the colors green, yellow and orange colored (L0 ” to
onboard of the Terra satellite, both MODIS and MISR obser-3°14 6 1/m.str) and clouds are in red. White colors are neg-

vations are simultaneous. MODIS data is provided in 5 Min-4tive values or no signal return from under the clouds.

utes segments (“granules”) and this image shows the aggre-

gation of two consecutive overpasses or orbits. Data of each By comparing both MODIS and MISR retrievals, there is
overpass corresponds to observations at the same local time.clear spatial consistency between the high AOTs and the
The MISR data is only displayed for those pixels with AOTs high values of non-spherical fraction. In addition the loca-
above 0.16. Non-spherical retrievals below this threshold ardion of the dust cloud according to HYSPLIT coincides with
considered unreliable (Kalishnikova and Kahn, 2008). Over-the spatial distribution of the aerosol according to both satel-
lapped to both images is the contour of the dust cloud mod{ites. However, there are notable differences between the
eled by HYSPLIT (averaged over the 3 hours closest to theconstrained and unconstrained model runs. The contour of
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