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Abstract. The Saharan Air Layer (SAL) influences large- tude decreases with westward transport by 13 méegring
scale environment from western Africa to eastern tropicalwinter and 28 mdeg!, after 30 W, during summer. Its mean
Americas, by carrying large amounts of dust aerosols. How-geometrical thickness decreases by 25 ntdég winter and
ever, the vertical distribution of the SAL is not well estab- 9mdeg? in summer. Spring and fall present similar char-
lished due to a lack of systematic measurements away fronacteristics for both mean altitude and geometrical thickness.
the continents. This can be overcome by using the observa#ind plays a major role not only for the transport of dust
tions of the spaceborne lidar CALIOP onboard the satellitewithin the SAL but also by sculpting it. During winter, the
CALIPSO. By taking advantage of CALIOP’s capability to trade winds transport SAL towards South America, while in
distinguish dust aerosols from other types of aerosols througlspring and summer they bring dust-free maritime air masses
depolarization, the seasonal vertical distribution of the SAL mainly from the North Atlantic up to about 38V below the

is analyzed at 1L horizontal resolution over a period of 5yr SAL. The North Atlantic westerlies, with their southern bor-
(June 2006—May 2011). This study shows that SAL can beder occurring between 15 and°39 (depending on the sea-
identified all year round displaying a clear seasonal cycle. Itson, the longitude and the altitude), prevent the SAL from de-
occurs higher in altitude and more northern in latitude dur-veloping further northward. In addition, their southward shift
ing summer than during winter, but with similar latitudinal with altitude gives SAL its characteristic oval shape in the
extent near Africa for the four seasons. The south bordenorthern part. The effective dry deposition velocity of dust
of the SAL is determined by the Intertropical Convergenceparticles is estimated to be 0.07 cris$n winter, 0.14 cm st
Zone (ITCZ), which either prohibits dust layers from pene- in spring, 0.2cm3s! in summer and 0.11 cm$ in fall. Fi-
trating it or reduces significantly the number of dust layersnally, the African Easterly Jet (AEJ) is observed to collocate
seen within or south of it, as over the eastern tropical At-with the maximum dust load of the SAL, and this might pro-
lantic. Spatially, near Africa, it is found betweefiS and  mote the differential advection for SAL parts, especially dur-
15° N in winter and 5-30N in summer. Towards the Amer- ing summer.

icas (50 W), SAL is observed betweer?S and 10N in

winter and 10-25N in summer. During spring and fall, SAL

is found between the position of winter and summer not only

spatially but also vertically. In winter, SAL occurs in the alti- 1  Introduction

tude range 0-3 km off western Africa, decreasing to 0-2 km

close to South America. During summer, SAL is found to be It is well known that large quantities of Saharan dust are
thicker and higher near Africa at 1-5 km, reducing to 0—2 kmtransported across the tropical Atlantic throughout the year
in the Gulf of Mexico, farther west than during the other sea-as a result of large-scale Saharan dust outbreaks, with the

sons. SAL is confined to one layer, of which the mean alti- maximum number of events occurring during summer. These
dust outbreaks are mostly confined to a deep mixed layer,
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11236 C. Tsamalis et al.: SAL vertical distribution

commonly referred to as the Saharan Air Layer (SAL), thatganic radicals — is reduced due to heterogeneous reactions on
can reach North America during summer and South Amer-dust aerosolsde Reus et 812005 Jenkins et a).2012), thus
ica during winter. SAL is characterized not only by its load changing the oxidizing capacity of the atmosphere. Besides,
in dust aerosols but also by dry and warm &@wugion and  SAL dust aerosols fertilize large areas of the Atlantic Ocean
Marron 2008. The SAL long-range transport is enhanced by and Amazon Basin by transport and deposition of micronu-
the persistent temperature inversions that exist at its base artdents, like iron and phosphorus, which in turn may impact
top, in part because of the interaction of dust aerosols with ramany biogeochemical cyclegi¢kells et al. 2005 Kaufman
diation, thus keeping the SAL relatively warm and stable in et al, 2005 Bristow et al, 2010. It should be noted that the
relation to its environment as it crosses the Atlariiafyam-  deposition rates strongly depend on the vertical dust distribu-
pudi et al, 1999. However, both the dust and low humidity tion, which varies with seasonS¢hepanski et al2009.
are essential for maintaining the temperature structure from The SAL has been studied at dedicated sites with obser-
thermal relaxation in the SALWong et al, 2009. vations at both sides of the tropical Atlantic (e @hiapello
SAL, due to its load of dust aerosols, influences in manyet al, 1995 Prospero and Lami2003, during specific cam-
ways the tropical environment from western Africa to the paigns (e.g.Reid et al, 2002 Ansmann et al.2009 or us-
Americas. The interaction of dust with radiation through ing space observations (e.ghu et al, 2007 Doherty et al.
scattering and absorption in the visible and thermal infrared2008. Some campaigns have used lidar observations in or-
spectra heats the lower atmosphere within the dust layer oveder to describe the vertical distribution of SAL, e.g., LITE,
the tropical Atlantic Oceani(pert et al, 1998 Wang 2009 SHADE, AMMA, SAMUM, AMAZE-08 and SALTRACE.
Davidi et al, 2012, thus affecting locally the radiative bud- However, local measurements do not offer a global and com-
get and modifying the atmospheric stability. Simultaneously,plete view of dust outbreaks due to the lack of systematic
the impact of dust on radiation affects the ocean tempermeasurements away from the continents. The same holds for
ature over the tropical Atlantic on interannual to decadalcampaigns, by definition limited in time, although they pro-
timescaleskvan et al. 2009 2011). A robust negative cor- vide a plethora of observations at the regional scale. Satellite
relation between atmospheric dust loading and Atlantic seabservations can describe the whole phenomenon on a daily
surface temperature is found, consistent with the notion thabasis, offering an almost global coverage (depending on the
increased (decreased) Saharan dust is associated with coolisgvath width). Nevertheless, the retrieval of thermodynamic
(warming) of the Atlantic during the early hurricane seasonvariables from space, like temperature, is affected by the
(July to September)lau and Kim 2007). Wu (2007 found presence of dustZzhang and Zhang2008 Maddy et al,
also an anticorrelation between SAL activity and hurricane2012. On the other hand, aerosol satellite measurements in
intensity andEvan et al.(2006 reported that SAL can sup- the solar spectrum mostly provide column-integrated prop-
press tropical cyclogenesis, whilenkins et al(2008 men-  erties like the optical depth, without any information about
tioned the possible role of Saharan dust in the invigoration ofthe vertical distribution. Indeed, the vertical global structure
convective bands associated with tropical cyclogenesis. Thef the SAL has been paid little attention, in part due to the
tropical cyclone genesis and development may be affectethck of available measurements before the CALIPSO mis-
by the enhancement of the vertical shear, which takes placsion. However, the vertical distribution of dust aerosols is
to the south of the SAL due to dust-radiation effec@hén  a key parameter for the radiative forcing, both in solar and
et al, 2010. During the last years the connection of SAL terrestrial spectralfao and Seinfeld1998 Meloni et al,
with the activity of tropical cyclones has become an active2005 Shell and Somerville2007). In addition, the satel-
research areaDunion and Velden2004 Sun et al. 2008 lite observations of dust are sensitive to the vertical distribu-
Zipser et al. 2009 because of their strong socio-economic tion, especially in the ultraviolet and infrared spectra, which
impacts. However, a recent study noticed that the SAL's thermakes the retrieval of dust characteristics from space more
modynamic and kinematic properties are not a determiningchallenging Quijano et al.200Q Ginoux and Torres2003
factor for the intensity change of tropical cyclones once theyPierangelo et al2004 Torres et al.2007). At the same time,
become named stormBraun 2010, although the dust im- this sensitivity permits for new generation infrared sounders
pacts were not taken into account. On the other hand, SAlto bring reliable information on the dust layer mean altitude
suppresses convection over the eastern and central tropicéPeyridieu et al.201Q 2013, but their new established re-
North Atlantic (Wong and Dessler2009, where the dust sults still need further validation. An accurate determination

load is important. of the aerosol vertical distribution at the global scale can
Further, SAL can shift rainfall northward by 1 t6 dlong be achieved with the two-wavelength polarization-sensitive
the Intertropical Convergence Zone (ITCANi{cox et al, lidar CALIOP, launched onboard CALIPSO in April 2006

2010. In addition, Saharan dust may serve as cloud conden{Winker et al, 2007).

sation nuclei or ice nuclei, affecting cloud microphysics and Recent studies using CALIPSO data have examined the
decreasing precipitatioidgMott et al, 2003 Mahowald and  vertical structure of SAL, but these were either case studies
Kiehl, 2003 Twohy et al, 2009. During dust events, the con- (e.g.,Liu et al,, 2008h Ben-Ami et al, 2010, and thus re-
centration of trace gases — like ozone, nitrogen oxides and orstricted in time, or climatological studie§&éneroso et gl.
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2008 Liu et al,, 2008a Ben-Ami et al, 2009 Braun 201Q fined as the maximum top altitude of the overlapping lay-
Yu et al, 201Q Adams et al. 2012 Ridley et al, 2012 ers and the bottom accordingly as the minimum base altitude
Yang et al, 2012, restricted to the description of dust ver- of the layers. A similar correction was applied bjorsen
tical distribution by presenting means at the regional scaleet al. (2011) in the case of cirrus clouds. Figufepresents
or were less focused. In these studies mainly previous veran example of CALIOP signal cross section (top) above the
sions of CALIPSO data have been used, which showed sigAtlantic. The triangles show the boundaries of dust layers
nificant errors regarding the discrimination between clouds(see below for their definition) as detected by CALIPSO al-
and aerosols. Here, the seasonal vertical distribution of thegjorithms, while the white lines indicate the overlap.
SAL at 1° spatial resolution is presented based on 5yr of CALIPSO discriminates between clouds and aerosols
CALIPSO observations, bringing a more detailed descriptionbased on statistical differences in their optical and physi-
of its spatial structure at a relatively fine scale. Furthermore cal properties by using five-dimensional probability distri-
the CALIPSO aerosol types desert dust and polluted dust arbution functions in version 3L{u et al, 2009 2010. The
combined to avoid the potential misclassification of desertconfidence level of discrimination is provided by the cloud-
dust aerosols as polluted dust in the algorithm. This combi-aerosol discrimination (CAD) score, which ranges from
nation allows also for aging of dust aerosols with transport—100 to 100, with negative values indicating aerosols and
to be better accounted for. In this study, data from ECMWFhigh absolute values meaning high confidence. Here, only
(European Centre for Medium-Range Weather Forecasts) reaerosol layers with high confidence of discrimination are
analysis are also used in order to examine the influence ofised with feature type quality assessment (QA) equal to 3,
wind on the SAL shape. The data and method are describedorresponding to CAD scorg —70. It should be mentioned
in Sect. 2. Section 3 presents the vertical distribution of thethat some misclassification of dust aerosols as clouds (mostly
SAL. The connection between SAL and wind is presented incirrus) may still occur in the case of moderately dense dust
Sect. 4, and finally the summary and conclusions are giverplumes transported to high latitudes or to high altitudes even
in Sect. 5. at low latitudes. This happens very rarely over the ocean, and
high resolution can be helpful to improve misclassifications.
Once the layer has been identified as aerosol, then an al-

2 Data gorithm classifies it as one of the six defined types: desert
dust, smoke, clean continental, polluted continental, clean
2.1 CALIPSO data and methodology marine and polluted dusOmar et al. 2009. Using depo-

larization at 532nm, CALIOP is able to discriminate be-
CALIOP has provided data since June 2006, and it is the pritween dust and other types of aerosols (smoke, continental,
mary instrument onboard CALIPSO, which is part of the “A- marine), which generally do not depolarize light as they are
Train” constellation of satellites. This space lidar is basedmainly spherical (e.glwasaka et aJ.2003 Ansmann et aJ.
on a Nd: YAG laser measuring the backscatter signal at 5322009 Winker et al, 2010. Indeed, the better identification of
and 1064 nm and the degree of linear polarization at 532 nmdust aerosols in comparison to other types from CALIOP has
CALIOP observes aerosols and clouds with high vertical res-been confirmed with AERONET measurements, with agree-
olution of 30—60m (up to 20 km) during its 16-day repeat ment percentages of 91 and 53 % for dust and polluted dust
cycle, while its beam diameter is about 70 m at the Earth’saerosol types, respectivelilielonen et al.2009. Polluted
surface YWinker et al, 2007). Winker et al.(2009 provide an  dust corresponds to low depolarization value20 %), and
overview of CALIPSO data products and of the algorithms this type of aerosol is detected about 20 % of the ti@mér
used to produce them. In this study, we use CALIPSO levelet al, 2009. There are, however, some misclassification is-
2 data, the 5km aerosol layer product (version 3.01) abovesues, and polluted dust is expected to be identified too often
the Atlantic for the 5yr period June 2006—May 2011. (D. Winker, personal communication, 2012).

In CALIOP data, the layer (aerosol or cloud) boundaries In order to take into account the possible change of dust
are identified with a multiscale retrieval approach in order toaerosol properties with transport, the two CALIPSO types
achieve an optimum balance between the signal-to-noise radesert dust and polluted dust are thus combined in our analy-
tio and spatial resolutiorMaughan et a).2009. The aerosol  sis, with their sum stated as dust for the rest of the study. In-
layer product is reported at the resolution of 5km, which is deed, after their emission from northern Africa, dust aerosols
not always equal to the detection resolution (0.333, 1, 5, 20 ocan be mixed with other types of aerosols like biomass burn-
80 km). The signal of layers detected at finer resolution is re-ing or anthropogenic pollution and then transported further
moved before moving on to further averaging. However, lay-away @nsmann et a).2009 Rodriguez et aJ.2011). On the
ers detected with finer resolution may appear to overwrite other hand, above the ocean they can be mixed with maritime
overlap in the vertical dimension with layers found at coarseraerosolsKnippertz et al.201% Yang et al, 2012. Also, dust
resolution. In order to avoid counting several times the sameerosols can uptake trace gases on their surfsiéréae and
layer, this overwriting has been corrected. When two or moreCrutzen 1997 Formenti et al. 2011), thus changing their
layers appear to overlap in a column of 5km, the top is de-composition and finally their optical characteristics. Away
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from the Sahara, the inclusion of polluted du_st_ layers may Backscatter 532 nm (k™ 'sr™)) at 05/07/2007 - 349 UTC 1 3
alter the results because of the non-desert origin of some of 10 5
these layers. Consequently, away from the Sahara and clos

to biomass burning or pollution sources, like over Africa and 8

South America, results are treated with caution and, as far as
possible, this is discussed in this paper and a statement is is
sued. The good quality of dust detection from the CALIPSO
algorithms can be observed in Fity. where an example of
SAL is presented. CALIPSO captures adequately the top and
the base of the dust layers (indicated by the triangles), while
it avoids the misclassification of dust as cloud and vice versa
(clouds are shown as dark-brown features).

CALIOP as a lidar has a very small swath width, while the
distance between two successive CALIPSO tracks is more
than 2000 km in the low and mid-latitudes. As a result, a con-

Altitude (km)

Latitude (deg)

=50+

50 100 150

. . . . . . . —150 —160 —50 ] 0
siderable averaging in space and in time is required for pro- Longitude (deg)
ducing statistically meaningful resulté/f{nker et al, 2010.

Here, seasonal means withesolution are calculated using Fig. 1. An example of SAL as observed from CALIOP on 5 July
the first 5yr of CALIOP’s available observations, including 2007 at03:49 UTC. Top: the latitude—altitude cross section of the at-

both nighttime and daytime data. The nighttime data have denuated backscatter coefficient at 532 um (Rrsr—1). The brown

features at about 1 km and the elevated ones at about 5, 15 and

. . 2° N are clouds. The white lines mark the overlap (see text for
flected in the percentage of daytime layers to the total numbegetails) and the triangles (magenta, black or brown) show the top

N o -
of layers, which is about 30 %. In order to ensure a MINIMUM . 4 the base of dust layers as detected by CALIPSO. Bottom: the

level OT gtatistical significancg, the number of at least 240CALIPSO track, with the part of the cross section presented above
layers is imposed for every bin. highlighted in blue.

In order to avoid the dependence of the results on the li-
dar ratio, which is ill constrained by CALIOP as an elastic
lidar, the occurrence frequency is used instead. The lidar raer in total inside the 2 bin) stands for dust layers (desert and
tio for dust aerosols can vary significantly between 20 andpolluted dust) detected by CALIPSO with the highest quality
100 sr Mattis et al, 2002 Balis et al, 2004, while statisti-  discrimination from clouds (Feature type @A3) and after
cal studies indicate values mostly between 30 and 70a&t-(  accounting for the vertical overlap in case that occurs. Also,
trall et al, 2005 Muller et al, 2007). Different dust source it should be noted that the lidar signal does not penetrate opti-
regions have distinct lidar ratiodller et al, 2007, while cally thick clouds, and thus the systematic presence of clouds
even within the Sahara the variability of the lidar ratio is sig- in some regions and/or at specific altitudes impacts on DOF
nificant Schuster et al.2012). In the CALIPSO algorithm  (one can note that all remote sensing instruments measuring
the lidar ratio at 532 nm is set to 40 sr for desert dust and taaerosols are affected by clouds and generally the given re-
55 sr for polluted dust aerosols (it was 65sr in version 2),sults are biased towards cloud-free conditions). The presence
within the range of possible lidar ratios for dust aerosols.of semi-transparent clouds is much less an issue as the lidar
However, recent studies comparing CALIOP aerosol opticalcan penetrate and the backscattered signal from below can be
depth with other instruments reveal that CALIOP is gener-analyzed to retrieve aerosol layeWsiaker et al, 2013. Nev-
ally biased low Breon et al. 2017, Kittaka et al, 2011 Re- ertheless, the clouds’ impact is expected to be minimal here,
demann et al.2012), especially in the case of dust aerosols as only the number of dust layers with the aforementioned
(Wandinger et a).201Q Schuster et 812012). The dust oc-  quality criteria is used in the estimation of DOF, instead of
currence frequency (DOF) used here is given by the equatiomhe total number of CALIPSO observations or cloud-free ob-

servations only.
number of layeré, v, 7) Figure2 shows the number of dust layers ) detected by
(1)  CALIPSO at every bin for the four seasons. The spatial dis-
tribution of SAL (whereN is greater than about 500) and its

It is reported with vertical resolution of 100 m and hori- northward shift between winter and summer can be observed
zontal resolution of 1so as to take advantage of the high- clearly. A similar seasonal spatial distribution of dust above
resolution measurements and better account for local clouthe Atlantic has been provided by MODIS dust optical depth
obscuration (nonlinearity in the calculation of the DOF). It (Ben-Ami et al, 2012 ; see their Fig. 1).
can be further smoothed, but this was not done here, in order
to keep track of the variability. In Eq. (1), according to pre-
vious paragraphs, “number of layers” (at a specific altitzide

better signal-to-noise ratio\u et al, 2011), and this is re-

DOF(x,y,z) = : .
*x.3,2) total number of layers in the bin, y)

Atmos. Chem. Phys., 13, 112334257 2013 www.atmos-chem-phys.net/13/11235/2013/
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2.2 Additional data sets 0 EE—— .

: SRR N T
The MODIS/AQUA aerosol optical depth (AOD) at 550 nm  * Ja#™ 7% nirentsr: I el e e
(level 3, collection 5.1), which has a spatio-temporal reso- 2 Sy .g-_ “i"' = 20 i
lution of 1° and 1 month, is used for the same period. The 1 g s ”_._". 10" A e
aerosol characteristics from MODIS are derived over the o bsuissdy; Al o LY 'l natlll 1|
land and oceans separately, using independent algorithms, .o (&ior- cvs bl |HRI G0 Qﬁ‘ﬁ"ﬁﬁi
while a third algorithm is used above bright surfaces, such as “ T %) %’ o O TR T ¢
desertsRemer et a].2005. Comparison of MODIS AOD re- 30 o prba el g 30° gy -"-"*!';-;-- i
trievals with collocated AERONET measurements confirms it ; 20° 2 - )
that 1 standard deviation of MODIS AOD falls within the . O e o 1 S
initial predicted uncertainty oAt = £0.034+0.05r over o : D iil - i
ocean andAt = +0.05+ 0.157 over land, more than 60 % | eman P ‘iﬂr L A %JM
of the time over ocean and more than 72 % of the tiMe OVEr " gy 10" -60" 150" 40 30" -20' 110" _ g o e

land (Remer et al. 2005 2009. It should be noted that e 1 |
MODIS observations have been used extensively to study o IPSO dust e nunber

i yer number
dust aerosols above the Atlantic Ocean (&guwfman et al.
2005 Wong and Dessler2005 Kalashnikova and Kahn  Fig. 2. Number of dust layers (desert dust and polluted dust) de-
2008 Peyridieu et al.201Q Ben-Ami et al, 2012 Peyri-  tected by CALIPSO above the Atlantic during the 5yr period from
dieu et al, 2013 due to their almost global coverage of the June 2006 to May 2011 for the four seasons: winter (DJF — top
Earth on a daily basis, their availability from both TERRA left), spring (MAM — bottom left), summer (JJA — top right) and
and AQUA satellites and their good quality. MODIS AOD is fall (SON —bottom right). The magenta lines are the 0.25 AOD iso-
used here as an additional constraint to DOF from CALIPSQlines from MODIS for each season.
regarding the spatial distribution of the SAL. AOD, being

a parameter independent of DOF, offers an external valida- _ _
tion of DOF, meaning that maxima (minima) of DOF should Méans of daily means are used, as they are representative for

collocate with AOD maxima (minima). In Fi@ the MODIS the entire month.. The monthly means are Fhen averaged to

0.25 AOD isolines are superimposed to the number of dusfeasonal means in order to be consistent with our CALIPSO

layers detected by CALIPSO. As both parameters are columf&lata set.

integrated, they can be directly compared. It can be seen that

the areas with significant number of dust layers are mostly in-

cluded in the 0.25 AOD isolines. This indicates that MODIS 3 SAL seasonal vertical distribution

and CALIPSO are generally in agreement regarding the spa-

tial occurrence of the SAL. However, some differences existFigures3 and4 depict the seasonal vertical distribution of the

in winter and spring close to Africa south of the Equator, SAL above the Atlantic Ocean as depicted from CALIPSO

in summer above the mid-Atlantic north of 28 and in fall measurements of dust aerosols. For each season, five latitude

west of 30 W. Nevertheless, these differences are minimized(x axis)—altitude ¢ axis) cross sections of DOF are shown

by plotting the MODIS 0.2 AOD isolines, especially in win- with the latitude ranging from 2G5 to 40 N, from the west

ter and spring, while in fall the differences persist west of coast of northern Africa (10W, bottom) to the east coast

40° W (not shown). The discrepancies between CALIPSO’sof South America and the east side of the Caribbean Sea

number of dust layers and MODIS’s AOD in summer and (50° W, top) with a step of 10 Although our database is

fall will be further discussed in the next section. In any caseavailable at a resolution of Lleach cross section presents the

it should be kept in mind when comparing the two quantitiesmeridional average ot1° around the central longitude in

that a big number of dust layers does not necessarily meanrder to increase the number of available data and to reduce

that the layers are optically thick, especially far away from the noise. The continuous bold color line at the top of each

the Sahara or near the boundaries of SAL. cross section shows the MODIS AOD at 550 nm. Note that
Wind strongly influences dust emission and transport (e.g.the MODIS AOD at 10 W is not available from the standard

Maher et al. 2010. In order to examine the impact that algorithm above the Sahara. White areas denote either very

the wind may have on SAL during its transport, wind data low DOF (< 0.05) or a statistically insignificant number of

from ERA-Interim are used for the 5yr of the study. ERA- dust layers & 480 for the+1° average). It can be seen in

Interim is the latest global atmospheric reanalysis producedrigs. 3 and 4 that dust aerosols above the tropical Atlantic

by the ECMWF Dee et al.2011). The data are provided at are not found in general above the altitude level of 6.5km

a spectral T255 horizontal resolution, which corresponds tqDOF < 0.05 above it) all year round. An obvious seasonal

approximately 79 km spacing on a reduced Gaussian grid andycle can also be noticed with the SAL being in contact with

at 37 pressure levels (from 1000 to 1 hPa). Here, the monthiyhe surface and confined within a thin layer during winter,

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 1123257 2013



11240 C. Tsamalis et al.: SAL vertical distribution

(50" Wk T
L]
q e
. e -----..!j!
T
8
6
4
2
0
8
£ 3
84 3
=] =]
s 2 =
< <
0
8
6
4
2
0
8
6 ==
4 l—---s--||.1 ﬂl
2 e e, L i,
0 T T T = #‘_!\ T T
-10° o 10° 20° 30° 40° ¥
- T - : : :
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
CALIPSO DJF dust occurrence frequency CALIPSO MAM dust occurrence frequency

Fig. 3. Vertical distribution of the dust aerosols occurrence frequency above the Atlantic Ocean at five longitudes (10, 20, 30, 4®/and 50
during winter (DJF — left) and spring (MAM — right) seasons from 5 yr of CALIPSO observations. The abscissa is the latitude féoim 10

40° N. The cyan line at 6.5 km of each cross section marks the ocean, while the color line above it, between 7 and 8 km, is the MODIS AOD
at 550 nm. The colorbar of MODIS AOD is the same as that of the dust occurrence frequency.

as well as more elevated, occupying a thicker layer during The SAL is located by using the thresholds for DOF of

summer. 0.35 and for AOD of 0.2-0.25. The DOF being a relative
For completeness and in order to provide the spatial eximagnitude is held constant for the whole region of interest,

tension of the SAL as seen from CALIPSO, the DOF at six whereas the AOD is an absolute magnitude and its decrease

vertical levels from CALIPSO for the four seasons can bewith westward transport (e.d{alashnikova and Kah2008

found in the Appendix (FigsA1-A4). The six levels are has been taken into account by applying a threshold of 0.25

1 km (bottom left), 2 km (middle left), 3 km (top left), 3.5 km close to Africa and 0.2 close to the Americas. These thresh-

(bottom right), 4.2 km (middle right) and 4.8 km (top right). olds are arbitrary, but they have been chosen by taking into

These levels have been chosen in order to offer a good veraccount that away from the Sahara and the main part of the

tical description of the SAL and to match the existing pres- SAL the DOF can take values up to 0.3 and the AOD up to

sure levels of the ECMWF wind data (at 900, 800, 700, 650,0.2. For comparison, the Maritime Aerosol Network (MAN)

600 and 550 hPa), which will be used in the next section.for the Atlantic indicated that 75 % of the data have AOD at

Also, the wind direction from ECMWEF at these pressure lev- 500 nm values less than 0.3rfirnov et al. 2011, see also

els is denoted by the black vectors, while the wind speed igheir Fig. 3a).

given by the magenta isolines. It must be mentioned that for

these figures no averaging or smoothing has been applied to

CALIPSO results.
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3.1 Winter (DJF) ture with desert dust up to 1.5-2 km and mixed dust/smoke
aerosols above reaching an altitude of 5klahnson et a|.

During winter (Fig.3, left), SAL is found within 3 S-15 N 2008 McConnell et al. 2008 Tesche et al.2011). Other

off western Africa (taking DOB 0.35), while close to the studies, based on CALIPSO data, reported dust top height

coast of South America it is observed withifi $-10 N. at about 3km near the African coast (10=%0) (Ben-Ami

This is in agreement with MODIS AOD shown at the top et al, 2009 Huang et al. 2010, in agreement with our

of each cross section (taking AODP0.25) and with the re-  results. As mentioned previously, this difference between

sults ofHuang et al(2010. The dust aerosols detected close CALIPSO and the field studies can be explained by the use

to Africa (10 to 30 W) north of 15 N and below 1.5km are of different ways (and instruments) to characterize a layer

not part of the SAL, as will be demonstrated by its seasonabs desert dust and to separate it from other aerosol types. It

evolution below and the wind fields in the next section. Verti- should be noted that mineral dust is also found even in aged

cally, SAL is observed between the surface and 3 km close t@levated biomass burning layers over western Africa (at least

Africa, while its top goes down to about 2 km by the time it north of 8 N), accounting for 72 % of the estimated aerosol

reaches South America. The SAL signature can be observethass Formenti et al. 2008. Over the Atlantic, a ship-

till 60° W (Figs. 2 and Al) with the top at the same level. borne campaign found dust maximum height just above 2 km

Close to Africa (20 W), the maximum DOF is 0.6, found at around 40 W (Voss et al.2001), which is in agreement with

2 km collocated with the AOD maximum in the interval 5— Fig. 3 (left). Further away, above South America, two studies

10° N. Above South America (30/), the maximum DOF reported Saharan dust below about 3 km, mostly well mixed

(> 0.5) is located at 0.5 km near the Equator. with smoke Ben-Ami et al, 201Q Baars et a].2011). The
South of 10 N, the biomass burning aerosols emitted dur- Saharan dust aerosols fertilize the Amazon Basin during win-
ing this period of the year are mixed with desert ditay- ter, which is very important for the maintenance of its nu-

wood et al, 2008. The important number of dust layers seen trition balance Kaufman et al. 2005 Koren et al, 2006);
to the south of 5N (Fig. 2) is mostly due to the inclusion they also act as ice nuclei, thereby influencing precipitation
of the polluted dust class in the analysis, even if this inclu-and radiation budget of the Amazon’s sensitive ecosystem
sion does not impact on the results. In fact, taking into ac-(Prenni et al.2009. AlthoughBen-Ami et al.(2010 have
count only the desert dust class of CALIPSO and not thepresented a case study of this transport, here a more gen-
combination of desert dust and polluted dust does not changeral and complete picture is given using climatological data.
the vertical distribution of DOF in FigB (left) (not shown).  However, there is still need of independent studies to further
Thus, the inclusion of the polluted dust class in the analy-validate our results, especially over the Amazon.
sis does not modify the results for this region during winter.
This can be explained by the fact that CALIPSO classifies the3.2  Spring (MAM)
aerosol layers with relatively high estimated particulate de-
polarization ratio £ 0.2) as desert dusQmar et al. 2009, Figure 3 (right) displays the results for spring. It can be
which can comprise also dust and smoke mixtures. Indeedpbserved that SAL moves® Sorthwards both off western
lidar measurements above Cape Verde observed aerosol mixfrica (0—20 N) and off South America (0—23N), although
tures of biomass burning and desert dust having wavelengththe number of dust layers is reduced south ONKFig. 2).
independent depolarization ratios between 0.12 and 0.2&8ALIPSO results are in accordance with MODIS observa-
(Gross et al. 2011 Tesche et a).2011 Weinzierl et al, tions close to Africa, while off South America, although DOF
2017). At 40° W, over South America it can be noticed that values do not seem to decrease significantly north 8MNL5
DOF takes relatively high values-(0.5) from the surface up  the number of dust layers is reduced to less than 500 Zig.
to 2 km. However, they are not part of the SAL as they are ob-This shows both the weakness of DOF as it does not pro-
served south of 5S (also notice that MODIS AOD is lower vide any information about the dust load and the usefulness
than 0.05). The elevated DOF values could be related to thef coupling DOF with MODIS AOD and the number of dust
lower number of detected dust layers above South Amerdayers provided from CALIPSO. Also, north of 28, dust
ica (< 300) than over the nearby ocean (FR&). It should layers can be observed scattered over the entire North At-
be mentioned that the majority of dust layers detected ovetantic, in contrast to the other seasons (R2jg although their
South America south of the Equator from CALIPSO are pol- number is less than 300. These can be either dust mixed with
luted dust (not shown). Although the contamination from lo- anthropogenic pollution from North America or desert dust
cal biomass burning aerosols cannot be totally excluded, théransported from Asia (e.gyno et al, 2009. Although the
fire activity to the north and east of the Amazon Basin peakspossibility of dust from the Sahara cannot be excluded, the
in fall (van der Werf et a) 2003 Giglio et al, 2006, meaning  wind pattern seen in FigA2 makes it less probable. Over
that the majority of these layers are transported from Africathe eastern Atlantic, SAL occurs in the altitude range 1—
(Ansmann et a).2009 Baars et a.2011). 4 km for its northern part (10—2MN) and between the sur-
Near the African coast, measurements from recent camface and 3 km for its southern part (0=210). The higher al-
paigns during winter indicated a two-layer aerosol struc-titude range at the northern part of SAL (FR(right) at 20

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 1123257 2013



11242 C. Tsamalis et al.: SAL vertical distribution

E 50° W -
i""l"“llr

| T
40° W

1= F#III
1 == I ==

] ;l:III!IE!: : T

8
6
4
2
0
8
6
4
2
0
8
6 i F“l
4
2
0
8
6
4
2
0
8
6
4

Rl

1 ot
1 § I-E.IF
11

L

Altitude (km)
Altitude (km)

-10° 0 10° 20° 30° 40° -10° 0 10° 20° 30° 40°

I R . ——— g
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
CALIPSO JJA dust occurrence frequency CALIPSO SON dust occurrence frequency

Fig. 4. Same as Fig3 but for summer (JJA — left) and fall (SON - right) seasons.

and 30 W) results from the influence of the trade winds, as  Analysis of 3 yr of observations over a coastal site of Sene-
shown in the next section. Its maximum altitude is reached agal (Leon et al, 2009, indicated that the dust layer top is lo-
about 14 N, which is 3 north of the AOD maximum. The cated a little higher between 4 and 5km during spring than
maximum DOF of 0.6 is found at 2—3 km, below the maxi- what we found in this study. On the other hand, over north-
mum altitude (14 N). Towards South America (and the south eastern South Americkprmenti et al(2007) found that dust
Caribbean Sea for this season) SAL lies between the surfackayers extended up to 700 hPa 8 km). These last results are
and 2-2.5km, while the maximum DOR (0.55) is found in agreement with FigB (right). Despite the fact that the dust
around 10N at 1.5km. It can be detected as far a8 W0  transport to northern South America peaks in spriRg§-
around 10N (Figs.2 andA2) at the same altitude range (not pero et al. 1981), studies on the vertical distribution of dust
shown). In the same figures one can notice dust layers bein both sides of the Atlantic during this season are sparse.
yond 70 W; however in northern South America, spring is

the season with the most fire activityah der Werf et aJ. 3.3 Summer (JJA)

2003 Giglio et al, 2009. Thus, results westward of 68V o .
over land should be used and interpreted with caution, keepthough the characteristic oval shape of SAdafyampudi

ing in mind that the majority of dust layers there (FB). etal, 1999 Liu gt aI.Z 20080 starts to appear at its norther_n
belong to the polluted dust class (not shown). Like in winter, Part during spring, it can be more clearly observed during
at 40 W over eastern South America (FRy.right) relatively ~ Summer (Fig4, left). In summer, SAL moves farther north-

high DOF values can been seen below 2 km. However, this i&Vard, occurring off western Africa between 5 and 80and
not part of SAL and the number of dust layers there is limited °¢tween 10 and 23N east of the Caribbean Sea, and reach-

(Fig. 2). ing Central America, the southeastern USA and the Gulf of
Mexico (Figs.2, 5 andA3). Also, the northern edge of SAL
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mid-Atlantic (30—-40 W) the base of SAL increases to 1.5—
2km (more evident for the southern part of SAL), while the
top decreases with westward transport, as for the other sea-
sons. Around 50W, a transition is seen with SAL present-
ing two parts: the southern one (10°1y), found between

the surface and 3.5 km, and the northern one (15N)5be-
tween 1.5 and 4km (Fig4, left). Again, this seems to be

a result of the influence of the trade winds (examined in the
next section). After 60W, the SAL bottom appears to be in
contact with the surface, while the top continues to decrease,
reaching 2 km at 80W (Fig. 5). The maximum DOF#£ 0.5)

is found about 3 km off western Africa (20V) between 15
and 28 N, decreasing to below 1 km at 8%/ around 20 N.

The maximum DOF appears to be collocated with the max-
imum warming of the SAL found at 2—-3 knwang 2009,
especially over the eastern Atlantic. Further west, the signa-
ture of the SAL is less clear as MODIS AOD is below 0.2,
although CALIPSO sees dust layers below 2 km.

The high values of DOFX 0.6) south of the Equator over
South America are not related at all to dust aerosols from
Africa, as can been seen from the wind direction in RAg.

The dust layers seen there belong to the polluted dust class
(not shown), while their origin could be attributed to the
transport of biomass burning aerosols from fires in the Ama-
zon Basin during late summea{glio et al, 2006. In the pre-
vious section, we noticed differences between CALIPSO’s
-10° ° ) ) ’ ’ number of dust layers and MODIS AOD north of °2Q,
close to North America (Fig2). This discrepancy is reduced
CO:LIPgZO JJ(E dus(i.f)ccjr':enczsfre ‘L';nc 08 by taking the 0.2 AOD isoline, which is found 2>-8orth-

q y ward of the 0.25 AOD isoline. The significant number of dust
layers north of 23N can be attributed to anticyclonic circu-
lation observed close to 30! and 50 W (Fig. A3). Indeed,
the wind vectors in FigA3 indicate that a contamination of
dust aerosols with North American pollution is unlikely. On
the other hand, the dust aerosols north of ldcan be en-
trapped in the anticyclonic circulation, and thus either de-
moves southwards till 5OV reaching 28N, and then starts  posited at the mid-Atlantic or dispersed during the transport,
to turn northwards (Fig2, 4 (left) and5), which is in ac-  therefore decreasing their AOD. This can explain the discrep-
cordance with the anticyclonic rotation of the SAL within ancy between MODIS AOD and CALIPSO’s number of dust
the ridge region mentioned bigaryampudi et al.(1999. layers.

This is not obvious from the MODIS AOD 0.25 isoline in In contrast with the other seasons, there are more obser-
Fig. 2, but it can be observed from the AOD plotted at the vations of SAL during summer, and especially in the eastern
top of each cross section of Figé.(left) and5. The com-  Atlantic. Above Cape Verde, measurements of the SAMUM-
parison between winter and summer in FAglepicts clearly  2b campaign indicate that the dust layer top is.4t0.7 km

the seasonal latitudinal displacement of SAL and the longemwith a mean layer depth of #+ 0.7 km, above a 0.5-1.0 km
westward transport of dust during summer. Near Africa, SAL deep maritime boundary layefésche et a]2011). Airborne

lies in the altitude range 1 to 5 km, with its maximum top at measurements near Dakar above ocean registered dust up to
about 22 N when the AOD maximum is found at 17° N, 6 km (McConnell et al.2008. Off western Africa, NAMMA

as in spring. This meridional shift between the maximum airborne observations pointed out that the SAL generally ex-
AOD and altitude observed in both seasons can be explaineténds up to 4 to 6.5 km, with a characteristic temperature in-
by the lower DOF, which indicates a lower amount of dust version at its base at about 2 kisrfail et al, 2010, which
aerosols, below the northern part of SAL in comparison toagrees with shipborne lidar measurements in the same region
the southern one. A similar meridional shift was found be- (Immler and Schrem£003. Also, SAGE Il climatological
tween the maximum dust AOD and the temperature differ-data reveal one dust layer in the eastern north tropical At-
ence induced by dust outbreak&i(cox et al, 2010. At the lantic located between 2 and 6 kidh(u et al, 2007). On the

Altitude (km)
o N S o 0o N N o oo N S o 0o N N o oo N H o o]

Fig. 5. Same as Fig3 but only for summer (JJA) at the five lon-
gitudes: 50, 60, 70, 80 and 9W. The cross section at 3OV is
repeated in order to facilitate the inspection of SAL evolution.
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8 declreases to 2km. Hov;/evclar, v¥est of ¥@, MODIS AOD
] ; is close to 0.1, a typical value for remote maritime regions
j; (Smirnov et al. 2011), thus indicating the absence of a sig-
] .__...h._r-—""- nificant dust load farther west. On the other hand, CALIPSO
27 i DOF does not present any obvious change, although the
- VS S available number of dust layers is reduced (RjgThis man-
] _ i ifests the limits of the DOF, which does not permit for a quan-
°] = s titative description of the dust load, and renders the position
= ‘2‘: MM: of the northern border of SAL above the mid-Atlantic less
g “] B by r I accurate during this season. Also, there is neither an obvious
891 r ' S S S S B maximum of DOF close to Africa nor close to the Caribbean
2] - Sea. The high DOF values at MY above South America
< 67 i can rather be linked to fire activity, which peaks in fat
4] i der Werf et al. 2003 Giglio et al, 2006, confirmed by the
2 1 el i wind direction in Fig. A4. Leon et al(2009 reported a layer
0 — F! —= - between 1 and 2 km above a coastal site in Senegal; their re-
P — I sults also indicated that there is significant interannual vari-
87 i ability with aerosols from the surface up to 3—4 km during
47 W; some years. It should be underlined that the lack of studies
2 L] = during this season is partly due to the less strong dust out-
0] ‘ : " ‘ ‘ i breaks Ben-Ami et al, 2012).
-80° -70° -60° -50° -40° -30° -20° -10°

[ [ \

T T T T T T T
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3.5 Zonal evolution of the SAL characteristics

As the spatial extension of the SAL and its limits are de-

Fig. 6. Vertical distribution of the dust aerosols occurrence fre- scribed prewougly, \_/ve focus now on its _zona_l e_volgtlon
quency above the Atlantic Ocean (from top to bottom) during winter above the Atlantic. Figuré pres_ents the vertical distribution
(DJF at 5 N), spring (MAM at 10 N), summer (JJA at T5N) and of CALIPSO DOF at one longitude for each season®dil5
fall (SON at 15 N). The abscissa is the longitude from80tgva.  for winter, 10 N for spring and 15N for summer and fall.
The cyan line at 6.5 km of each cross section marks the ocean, whilés SAL shifts latitudinally during the different seasons, the
the color line above it, between 7 and 8 km, is the MODIS AOD at latitudes have been chosen in order to be representative of
550 nm. The colorbar of MODIS AOD is the same as that of the the central part of SAL during each season. Fighigsimi-
dust occurrence frequency. lar to Figs.3 and4, but in this case the horizontal axis is the

longitude from 10 to 80W. Data after 60W for winter and

fall or after 70 W for spring have been removed because of
west side of the Atlantic, results from the PRIDE campaignthe limited number of dust layers (Fig).
indicate that dust aerosols can reach an altitude of 5km, pre- It can be observed that the altitude decrease of SAL with
senting a highly variable vertical distribution and revealing westward transport is smooth for all seasons. Once SAL
the presence of dust in the marine boundary layer at Puertteaves Africa, it is found in contact with the ocean surface
Rico (Reid et al, 2002 2003. Similar results were reported during winter and fall. In contrast, during spring its base is
over Florida with case studies of dust layers from 1 to 4 kmfound at 1 km from 20 to 40W. This is also the case in sum-
(DeMott et al, 2003 and from 1.7 to 5.5kmS3assen et al.  mer, with the base located at 1.5 km between 15 artd\f0
2003. According to this study, in the area of Puerto Rico while from 20 to 30 W the DOF is lower than 0.2. Figu@
(20° N, 60-70 W), the dust layer is found mostly below further corroborates the results seen in FRj&ight) and4
3km, although some dust can be observed up to 4.5-5knfleft) for spring and summer, with lower DOF values below

(DOF~ 0.1) (Fig.5). the SAL (especially its northern part) at the eastern Atlantic.
At the top of each cross section, a decrease of MODIS AOD
3.4 Fall (SON) with westward transport can be seen, while the DOF values

do not seem to change significantly (although higher DOF
Finally, during fall (Fig.4, right), SAL turns back southward, values are found over Africa). This underlies the difference
lying between 0 and 25N off western Africa and between between the use of relative and absolute magnitudes in the
5 and 20 N at 50 W, taking into account also the MODIS description of the SAL evolution.
AOD and the number of dust layers from CALIPSO. In the Figures3, 4 and 6 indicate that the SAL is not charac-
vertical, dust aerosols are found between the surface antkrized by a multilayer structure, but rather it can be de-
3km close to Africa, while east of the Caribbean Sea, the topscribed by a single layer (at least climatologically). This is
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Fig. 7. Mean zonal evolution of SAL altitude (left) and geometrical thickness (right) based on CALIPSO data from Afti¢ag) to the
Americas (90° E). Each point is an average over’li latitude (indicated in the legend) depicting the mainly position of SAL in every
season. The dotted lines are the linear fits for every season (see text for details).

in agreement with the climatology of SAGE Il off western mer. The transition seasons of spring and fall show simi-
Africa during summerZhu et al, 2007) (a second dust layer lar characteristics with the values of altitude and geometri-
below 1 km seen in their Fig. 7 can be explained by the trans<al thickness bounded by the respective values of winter and
port of dust at lower levels during the rest of the yeBén- summer. Both mean altitude and geometrical thickness de-
Ami et al. (2009, on the other hand, using the first year of crease from Africa to the Americas, except altitude during
CALIPSO data, noticed a two-layer structure of dust abovesummer, which stays approximately constant at 3km up to
the Atlantic especially during summer, with the lower one 30° W and then decreases. The SAL mean altitude decreases
attached or within the marine boundary layer. This is nowith westward transport by 13 mdeyin winter, 24 mdeg?
longer found here. In Figd (left) south of 20N, it can be  in spring and 23mded in fall (with the mean altitude be-
observed that below 1.5km there are indeed dust aerosolsg 200 m higher during spring) and 28 mdégn summer.
(DOF=0.2-0.3), although below the SAL. The picture of Ben-Ami et al.(2009 used the first year of CALIPSO data
the SAL as a single layer is also in agreement with the studand found that the top altitude decreases by 23 m#éqg
ies ofKaryampudi et al(1999, Liu et al. (20088, Ben-Ami winter (about twice than our results) and 27 mdkgm sum-
et al. (2010, Braun(2010 andAdams et al(2012, as well mer (similar with our results). The SAL mean geometrical
as with the example in Fidl. Thus, the use of notions like thickness also regularly decreases, but with higher rates in
mean altitude and mean geometrical thickness are adequateinter than in summer (contrary to altitude), while spring
to describe it. and fall have similar rates. Between 10 and ) SAL geo-
Figure7 presents the mean altitude (a.s.l.) and geometri-metrical thickness reduces sharply, due to the transition from
cal thickness, averaged over°li@ latitude, for the four sea- land to ocean, except during winter, when the central part of
sons between Africa (EOV) and the Americas (J0N). The  SAL is mostly above ocean. The decrease rate is 25 m'deg
mean altitude and the mean geometrical thickness of the SAlin winter, 13mdeg? in spring, 9mdeg! in summer and
are calculated from the respective vertical frequency distribu-14 mdeg? in fall. The decrease of SAL altitude and geomet-
tion at each bin in latitude and longitude, between the surfaceical thickness with westward transport can be attributed to
and the altitude of 7 km, and then averaged tola€itudinal the descent of the dust aerosols by sedimentation and large-
zones for every <1in longitude. The choice of a maximum scale subsidence due to general circulation with wet removal
altitude of 7 km for the exploration range comes from the re-modulating these processeSafarco et al. 2003. On the
sults of previous sections, based on Figis6. The 10 zone  other hand, the clear sky subsidence due to longwave radia-
is different among the four seasons in order to depict the centive cooling — also depending on the water vapor content — is
tral part of the SAL during its westward transport. Although another factor contributing to the observed decrebismKg
during spring and fall there are few data after 70 antW8p et al, 2010.
respectively, these have been removed because of the limited Results of SAL mean altitude and its decrease with west-
number of detected dust layers. The thin dotted lines are thavard transport (Fig7), which is linear at first order, coupled
linear fit in the interval 10-50W for winter, 20—-60 W for to the mean wind speed (Figh1l-A4) allow for estimating
spring and fall and 30—-80V for summer. It should be kept the effective dry deposition velocity (combining dynamical
in mind that the results after 60V in spring are less reliable forcings and dry sedimentation) of dust particles. The esti-
due to the peak of fire activity in northern South America. mation is based on the simple assumption that both the ef-
Figure7 indicates that there is a clear distinction betweenfective dry velocity and the wind speed can be thought as
winter and summer both for the altitude (left) and the ge-almost constant during the westward transport of the SAL.

ometrical thickness (right) with higher values during sum- By using the equationgy = 2432, 4, = 4% anda = ££5AL
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we obtain are higher than the summer ones, which is in contrast with
our findings. It should be noted that during winter Florida is
not in the main pathway of SAL (Sect. 3.1), and it is possible
and its uncertaintyjuqg = o -duz+uz-So, whereuq stands for  that their results either are affected by local dust sources or
the effective dry velocityy; is the mean zonal wind speed, reflect a limited number of Saharan dust outbreaks reaching
Ax and AZsp are the zonal and vertical displacements in Florida during winter. Furthermore, our estimation consid-
the time periodAr anda is the decrease of SAL mean alti- ers spatial analysis, which includes larger scale dynamical
tude ZsaL) with the westward transport. forcings — and thus it may be different than local ones — es-
The mean altitude of SAL is between 1.5 and 2km in timated from time analysis. In any case there are not readily
winter, 1.5 and 2.5km in spring and fall, and 1.5 and 3 kmimplemented techniques to measure dust deposition to the
in summer (Fig.7, left). These values correspond to pres- ocean Prospero et al.2010 and this is the reason for the
sure levels of about 800-850 hPa in winter, 750-850 hPa iimited number of observation studies dealing with dry de-
spring and fall and 700-850 hPa in summer. At these presposition velocity and consequently its relatively high uncer-
sure levels the mean wind speed from ECMWEF (for the tainties. Thus, further studies are needed at several locations,
same zones as for the mean altitude) is 6.6 s winter  especially during the winter period close to northern South
(longitudinal range: 5.5-8.5m$), 6.6 mstin spring (lon-  America.
gitudinal range: 6-8ng), 8ms! in summer (longitudi-
nal range: 7.5-8.5m$) and 5.2ms? in fall (longitudinal
range: 5-5.5mst) (for wind speed at 700 and 800 hPa see 4 Impact of wind on SAL shape
Figs. A1-A4 and also Fig9 (left) of the next section). By
taking T of longitude to be equal to about 110 km near the Once the vertical distribution of the SAL has been estab-
Equator, this means that is covered in about 5h for wind  lished and validated against observations from other studies,
speed of 6 ms'. In the same time period, the SAL mean al- the next step is to examine the possible impact of the wind
titude decreases with the values mentioned in the previousield on the SAL shape. Figure® and 9 present the sea-
paragraph. Thus, after accounting for the average seasongbnal horizontal wind from the ERA-Interim data averaged
wind speed and applying Eq. (2), the effective dry deposi-over the same period as CALIPSO observations at three pres-
tion velocity of dust particles is 0.0 0.04 cms! in winter, sure levels: 900+ 1 km, bottom), 7004 3 km, middle) and
0.14£0.05cms ! in spring, 0.2:0.05cms™ in summerand 500 hPa { 5.5 km, top). In order to facilitate the interpreta-
0.11+0.04cmstin fall. Note that the summer effective dry tion of the interaction between SAL and wind, the MODIS
deposition velocity is about 3 times the winter one. AOD isolines of 0.25 and 0.5 are plotted as indicative of the
The term effective is used here because the velocities argAL location and dust load. To avoid any misinterpretation
based on SAL mean altitude decrease and the wind speegf the isolines above the Sahara, it should be kept in mind that
from ECMWF, which account for all the processes relevantMODIS (standard algorithm) does not provide results above
to the deposition of dust particles, like gravitational settling, deserts. As mentioned in the previous section, Fds-A4
turbulent mixing, Brownian diffusion, particle inertia, parti- present the CALIPSO DOF at six levels with the wind direc-
cle drag Noll and Aluka, 2006 Foret et al. 200§ and the  tion and speed from ECMWF, and they are supplementary to
atmospheric subsidence. It should be noted that according tpigs.8 and9.
PRIDE observations, Stokes settling is too strong and an up-
ward velocity is needed to account for the changes in dus#t.1 Winter
particle size distributionMaring et al, 2003. Generally,
dry deposition velocities for dust particles based on collec-During winter, at low tropospheric levels (900 hPa), the wind
tion of samples at the local scale have been estimated to b#ow is northeasterly above the Equator bringing dust from
close to 1 cms?, with a possible range for a case study over Africa to South America (Fig8, left). However, away from
Mediterranean between 0.1 and 6.9 cthdepending on the the SAL, it can be observed that north of°26 the wind
used aerosol distribution for its calculation, which in turn is direction changes from easterly to westerly due to high-
modulated by the contribution of large particl&ufac et al, pressure systems located over the Atlantic between 20 and
1992. Our results lie within this rang@rospero et a(2010 30° N most of the year Christopher and Jong2010. At
reported dry deposition velocities for different stations over 700 hPa, the wind in the eastern tropical Atlantic is easterly
Florida in the range 0.23-0.89 cmisduring summer, with  up to 1% N and then shifts to westerly, with the shift arriving
their “best” stations yielding very similar values of 0.23 and now further south than the corresponding shift at 900 hPa.
0.30cms?. These values are in accordance with our results This change in the wind direction with altitude is observed in
However, for winter months they found very large deposition Fig. 3 (left) at 20 W with the quasi absence of dust aerosols
velocities in the range 1.30-3.13 cris(with their “best” north of 15 N above 2km (as already mentioned, this lati-
stations yielding values of 1.30 and 1.72 cm)s which are  tude coincides with the northern border of the SAL during
much higher than our results. In addition, their winter resultswinter). The southern shift of the wind direction change with

Ud=a- Uz 2
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altitude can be discerned more easily in Fid.. No dust

els seen in Fig3 (right) (10-20 N, 20-40 W) and the

aerosols are seen at 500 hPa in winter (see previous sectiorlpOF local minimum in the same region (DGF0.35) ob-
In agreement with these results, winter observations at Capserved in FigA2 at 900 hPa. Farther west, dust aerosols are

Verde indicate dust transport at low altitudes (below 1.5—

3km) by the trade windsQhiapello et al.1999. Likewise,

found in contact with the surface due to the decrease of the
SAL altitude with transport, while the relatively high speed

a regional model study shows dust transport up to 2-3km(> 7ms™1) of dust-free air masses in the mid-Atlantic be-

within the trade wind layer§chepanski et g12009.
4.2 Spring

Off western Africa at 900 hPa, the wind direction in spring
is north-northeast, which brings mostly clean maritime ai
masses without dust aerosols from the North Atlantic dow
to 10-158 N, while farther south, down to the Equator, the
flow brings air masses from the Sahara (Rgright). This

observation can explain the decrease of DOF at low lev-

www.atmos-chem-phys.net/13/11235/2013/

tween 10 and 20N (Fig. 8, right) delays the efficient mixing

of the SAL dust aerosols inside the marine boundary layer
westward of around 20V (Fig. 3, right). At 700 hPa, there

is a change of wind direction from easterly to westerly at
about 20 N, which does not permit for the development of
SAL farther northwards at this altitude, thus confirming the
horizontal extension of the SAL up to 28 seen in the pre-
vious section. Although there are no dust aerosols at 500 hPa
during spring, it should be noted that at this level the change
of wind direction happens south of1N. This southern shift

r
n
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Fig. 9. Same as Fig8 but for summer (JJA — left) and fall (SON - right) seasons.

with altitude of the direction change can explain the ellipsoid 25° N, while the wind magnitude is significant(7 ms™1)

shape on the northern part of the SAL seen in Bifyight). westward of 40W, meaning a faster westward transport of
dust aerosols at this altitude up to this longitude. As in spring,
4.3 Summer the oval shape seen in the northern edge of the SAL &ig.

left) can be explained by the southern shift of wind direc-
At 900 hPa during summer, the trade winds import cleantion change with altitude (depicted in Fig3). The role of
air from both hemispheres below the SAL at least west-relatively clean northeasterly trade winds that erode the low-
ward of 40 W (Figs. 9 (left) and A3). The high speed of lying dust aerosols of the SAL during the westward transport
the trade winds% 7 ms™1) prevents the efficient mixing of has also been noticed by previous studi€sryampudi et aJ.
dust aerosols inside the marine boundary layer westward 01999 Colarco et al. 2003. The wet removal can also be
40° W for the southern part and up toS®/ for the northern  a contributing factor to dust erosion at low levels, while some
part, in accordance with Figt (left). At 700 hPa, the flow  of the low-level dust may persist all the way across the ocean
is easterly up to about SI, transporting the SAL directly  (Colarco et al.2003, as can be observed in Figy(left) (be-
to the Caribbean Sea, with strong wind T ms™!) between  low SAL, DOF values 0.1-0.2). A model study showed as
10 and 20N, where the maximum AOD of the SAL is seen well thatin summer, dust is transported above the trade winds
(Fig. 4, left). After 60° W, the flow turns to southeasterly, inversion Gchepanski et 3l2009.
thus bringing dust aerosols to the southeastern USA and the
Gulf of Mexico. At 500 hPa, the flow remains easterly up to

Atmos. Chem. Phys., 13, 112334257 2013 www.atmos-chem-phys.net/13/11235/2013/
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4.4 Fall totally excluding the presence of SAL inside it. Possible rea-

sons for the fact that SAL penetrates into ITCZ are manifold.
During fall, at 900 hPa the wind is mostly easterly (south- It can be due to the influence of eddies related to African
easterly below~ 5° N and northeasterly around 28, Fig.9 easterly waves, the different definition of ITCZ over the At-
(right)). In Fig. 4 (right) at 20 W and about 25N, there is  lantic and western Africa and consequently the improper use
a minimum of DOF in relation with the transport of dust-free of the tropical rain belt from remote sensing studies to denote
air masses from the north (see also Fg). At 700 hPa, the the ITCZ over western AfricaNicholson 2009 or the dis-
flow is easterly up to 20—25N and then changes direction to placement of ITCZ during time (e.gdoherty et al, 2012.
westerly. Again, there are no dust aerosols north of 20N25  Especially during winter, the weaker intensity of ITCZ over
(Fig. 4, right). the east Atlantic may play a rol&\@aliser and Gautier1 993

see their Fig. 1).

4.5 The role of the Intertropical Convergence Zone
(ITC2) 4.6 African Easterly Jet and SAL

The southern border of the SAL is closely connected all yea™1 important feature that can be noticed in Figsand9 at
round to the position of the ITC2Marticorena et a).2011 700 hPa (middle) is the collocation of SAL AOD maximum
Ben-Ami et al, 2019. Based on climatological data above with a local maximum of the wind speed over the coast of

the Atlantic, the ITCZ stays north of the Equator almost the WesStern Africa for all seasons. This wind maximum, actu-
entire year, and its position is about’8 during winter and ~ &lly the African Easterly Jet (AEJ) (e.gWu et al, 2009

spring (it may even be southern),*19 during summer and Lafore eF al, 201D, is climatglogically located at aboyfl&l

8° N during autumn Valiser and Gautierl993 Hu et al, and vertlpally 700 hRa in winter and at°1¥ and vertically
2007 Zagar et al.2011). The same studies found the ITcz 600 hPain summenfiesimama2007), a few degrees south-
position over South America to be around during win-  Ward than seen in Fig& and9. The coincidence between
ter (although large variations make it difficult to localize it AEJ and SAL in the vertical mostly happens at the upper
precisely) and 3S during spring. The approximate ITCZ I(_av_els of the SAL, as t.he AEJ is placed above 2 km in winter,
position can be seen at 900 hPa in Figand9, where the  "1SINg to Qbove 3km in summer. Thus, }he transport of dust
meridional wind is zeroZagar et al.2011 used the merid- aerosols in the upper levels of the SAL is realized within the

ional wind averaged over 10 pressure levels of ERA-Interim”EJ close to Africa, which promotes the differential advec-

data below 900 hPa). For the 5yr period examined here, durtion between the upper and lower parts of SKaryampudi

ing winter the ITCZ seems to be slightly north of the Equa- et al.(1999 mentioned that the SAL is transported westward
tor (5° N close to Africa and 2N close to South America) by the AEJ (in their study referred to as the middle-level east-
above the Atlantic, moving down to at least®over South €'Y jet), located near the southern edge of the SAL. How-
America. During spring, it seems to be over the Equator both®Ver: firstly the AEJ is found mostly near western Africa,
above the Atlantic and South America, while during summer€Xcept for summer, in contrast to the SAL that reaches the
and fall it is at 10 and BN over the Atlantic, respectively. Americas, and secondly, SAL presents higher extension than
From the results of the previous section and the approximaté'E¥ both spatially and vertically. These indicate that SAL

position of the ITCZ, it can be observed that above the west!S N0t transported by AEJ, but only a part of SAL interacts
ern Atlantic or South America, the SAL is either bounded With AEJ. On the other handpmpkins et al(2003 showed

by the ITCZ in the south (spring, summer and fall) or it _thatabetterdescription_of z_;\_erosols_especially over the Sahara
never reaches the ITCZ (winter) (bottom plot of Figsand in the ECMWF model S|gn|f|ca_ntly |mp_roved th_e f_orecast_ of
9). However, over the eastern Atlantic the restriction of the AEYJ structure and strength, via the direct radiative forcing.
SAL in the south by ITCZ can be clearly seen only during N @ddition, the AEJ is accelerated by approximately 4fs
spring, while during winter and summer both CALIPSO and @nd is moved northward by 4>8luring dust outbreaks com-

MODIS indicate the existence of dust aerosols, even souttp@réd to low-dust conditionsifilcox et al, 2010. Thus,
of ITCZ. The possibility of an artifact during winter by the the existence of a strong interconnection between SAL and

inclusion of the polluted dust class (and thus biomass burnAEJ should be further studied. A first step to this end has
ing aerosols) in the analysis has been excluded in Sect. 3.feen realized during the AMMA campaign, where the impact
During summer and fall, it can be noticed that the number®f SAL on African Easterly Waves (which develop though
of dust layers from CALIPSO is reduced south of the ITCZ barotropic and baroclinic energy conversions as they move
(located at 10 and’&\, respectively) in comparison to north-  210ng the AEJ) has been examinetipser et al, 2009 Is-

ern latitudes (Fig2), while also only a part of SAL is found Mail etal, 201Q Lafore et al, 2011).

south of 10N at about 3km during summer (Fid, left).

To summarize, ITCZ does not appear as a rigorous southern

boundary of SAL near Africa, meaning that it rather prevents

a large number of dust layers from running through it than
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5 Summary and conclusions The vertical distribution of SAL does not generally show

a multilayer structure, but rather only one dust layer, which
In this study, the vertical distribution of the Saharan Air justifies the use of notions as mean altitude and mean ge-
Layer (SAL) is presented based on the detection of dusbmetrical thickness. During winter the mean altitude de-
aerosols from CALIPSO above the Atlantic. Five—year creases with westward transport by 13 rn‘d:bgnd the mean
CALIPSO observations of desert dust and polluted dust laygeometrical thickness by 25 mdeg while in summer the
ers are used to depict the seasonal vertical distribution ofhean altitude decreases westward of B0by 28 mdeg?!
SAL with 1° horizontal resolution. These results offer a bet- and the mean geometrical thickness by 9 mdedhus, the
ter description of the SAL, not accessible up to now, at leastdecrease tendency is inverted between the altitude and ge-
vertically. The desert dust and poIIuted dust classes have be%}netricai thickness during the two Opposite seasons, while
merged in order to take into account the mixing of desert dusthe two transition seasons present similar characteristics. The
with other aerosol types (pollution, biomass burning, mar-ahovementioned results with the wind speed from ECMWF

itime), the aging of desert dust during its long-range transporpermit the estimation of the effective dry deposition velocity
to the Americas and the possible misclassification of deserpf dust particles. This is 0.07 cm’in winter, 0.14 cmst in

dust as poIIuted dust by the CALIPSO algorithms. The pOS-spring, 0.2cms! in summer and 0.11 cnvd in fall.

sible overlap/overwrite of the layers has also been taken into e have shown that the wind field not only determines the
accountand corrected. The dust occurrence frequency (DOR}ansport of SAL but also modulates its shape. During win-
has been used in order to avoid the assumption about the lter the trade winds transport SAL towards South America,
dar ratio, while the MODIS aerosol optical depth at 550 nm while in spring and summer they prevent its efficient mixing
is also used as an additional and independent parameter {@side the marine boundary layer and erode the lower part
validate the spatial distribution of the SAL. The quality of of SAL by bringing dust-free maritime air masses from the
our results is conditioned by the good quality of CALIOP’s North Atlantic westward of about 38, which is in agree-
signal and the sound performance of CALIPSO algorithms inment with previous studies. The trade winds from the South-
detecting the boundaries of aerosol or cloud layers, discrimern Hemisphere erode the low levels of the southern part of
inating aerosols from clouds and recognizing dust aerosolshe SAL less efficiently, but its structure can be still clearly
from other classes due to depolarization ratio. It must beobserved, especiaiiy during summer. On the other hand, the
noted that the majority of previous studies (el§aryam-  North Atlantic westerlies, with their southern border occur-
pudi et al, 1999 Dunion and Velden2004 Zhu et al, 2007 ring between 15 and 30N (depending on the season, the
Zipser et al. 2009 Braun 201Q Nalli et al, 2011, Davidi  |ongitude and the altitude), prevent the SAL from develop-
etal, 2012 examined the SAL characteristics mainly during ing further northward. In addition, their southward shift with
late spring to early fall, when the dust load is more significantajtitude gives SAL its characteristic oval shape in its north-
and the hurricane and tropical Cyclone activity peaks. Hereem part, as shown here, to the best of our knowiedge, for
we show that SAL exists all year round at least in relation tothe first time. Concerning the southern part of the SAL, the
dust aerosols examined. ITCZ is the central feature that determines its southern bor-
The CALIPSO data indicate that SAL presents a clear seager. However, above the eastern tropical Atlantic some dust
sonal cycle and appears northern in latitude and higher inayers can be seen in or south of the ITCZ, indicating that
altitude during summer than during winter. This seasonality|TCZ does not inhibit the penetration of dust aerosols but
is in agreement with the results Bfospero et al2012) (see  rather reduces it significantly. It was also observed that the
their Fig. 3). Its spatial extent at 2BV is found betweensS  AEJ collocates with the maximum dust load, a fact that may
and 18 N in winter and between 5 and 38 in summer. To-  induce the development of differential advection within the
wards the east Caribbean Sea®(80, SAL is observed in  SAL, especially during summer.
the interval 3 S—10 N in winter and at 10-25N in summer, These results should be helpful to examine how well mod-
although it can reach the longitudes of°&8W during win-  els reproduce the SAL vertical distribution on a seasonal
ter and 90 W in summer. During the transitory seasons of scale or could be used as input data to models describing
spring and fall, SAL is found between the position of winter the vertical distribution of dust aerosols above the Atlantic
and summer not only spatially, but also vertically. In winter, (e.g., Koffi et al., 2019. Also, they can be used as a priori
SAL occurs in the altitude range 0-3 km at°2#, reducing  information (vertical distribution of dust aerosols) in satel-
to 0—2km over eastern South America{3¥). During sum- |ite algorithms, which analyze data from instruments either
mer, SAL is found more elevated close to Africa {28) at in the UV spectrum (like TOMS or OMI) or in the IR spec-
1 to 5km going down to 0-2km in the Gulf of Mexico (80— trum (like AIRS or IASI) in order to improve the quality of
90° W). These results are generally in good agreement withtheir geophysical retrievals, as these instruments are sensi-
previous studies, although the majority of these studies onlytive to the vertical distribution. Further, as there are growing
deal with a limited number of cases, mainly in summer andefforts to obtain the height of aerosols plumes from passive
close to western Africa. satellite instrumentsi@ahn et al, 2007 Joseph et al2008
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Kokhanovsky and Rozanpwr01Q Peyridieu et al. 201Q

2013, these results comprise a validation data set. ’ )ﬁ: ’

Finally, there is a need for systematic measurements of * L(» 17 I
the SAL vertical distribution not only at both sides of the = .,;s = 2
Atlantic but also over it in order to further validate the . \riie R i Re | ¢
CALIPSO results presented here. A step forward has been o ] Fons
achieved with the AEROSE shipborne campaigh&llj | (Y S e LK
etal, 2005 2011), which observed the SAL vertical distribu- e 7 ™
tion using mainly radiosondes and sun photometer data at the ,, fa-t=amzo = w
ship level. However, because dry air outbreaks from Africa . j i, &
into the tropical Atlantic are not always related to African T
dust outbreakszhang and Penningtp8004), and due to the il g R
connection of SAL with wind (and AEJ), future campaigns or  [izde= O BN
long-term measurement sites should combine vertical mea- -1 s . jf - L
surements of dust aerosols, temperature, humidity and wind ¥z T bs:
reaching at least up to 7km in order not to miss the upper ¥ =12t e
parts of SAL. The combination of all these parameters is im- 20 B3 r_f,sgz::::;:::ﬂ;i—' 20 BSg -
portant if we want to understand in depth the impacts of SAL )5(;“'@*} P o
on the environment over the Atlantic and the adjacent conti- 2 *’5”*<5<\3 N P Easi 4 -
nents. 900 hPa PG T I =N 650 hPa i 1 o
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FiguresA1l-A4 are presented here as additional material ingig A1, winter (DJF) CALIPSO dust occurrence frequency (col-
order to give a more complete picture of the SAL by ex- grscale) at six pressure levels with ECMWF horizontal wind di-
ploiting the main advantage of CALIOP, which is its fine rection (black vectors) and speed (magenta isolines). See text for
vertical resolution. Also, they provide the spatial extensiondetails.
of the SAL as seen from CALIPSO. For every season, the

DOF is depicted at six vertical levels, which correspond to 4«
pressure levels of ERA-Interim data at 9601 km, bottom i,
left), 800 (~2km, middle left), 700 £ 3 km, top left), 650 £
(~ 3.5km, bottom right), 600~ 4.2 km, middle right) and »
550 hPa { 4.8 km, top right). At every level the wind direc- 10" R
tion from ECMWEF at this pressure is denoted by the black o P00
vectors, and the wind speed is given by the magenta isolines _, \ji—r—
with a step of 3msl. “
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Fig. A2. Same as FigAl but for spring (MAM).

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 1123257 2013



11252

40° (T 40°

30"

30"

20° 20°

10° 10°

-10°
40° (1=

30
' < ;&{)‘
20° -
10° g R e ]
Pt
0" B =ny =~ ¥
ﬂ‘ LGOOhPa::“ :ﬁ—e%fg:/?,“-
-10° =

40° N ]
%

3800 hPa [ L
_10° v s M3 VY

40°

£
30" T 30 h S g
I g B
o Ll S
20° 20° s Lf%.
T P R L AERE
e - ;.--_‘;g_Q
10 10" g5 e
<5 S AReRIE P T “l
S o b 'll er’ -F
900 h [

PRI 650 hPa L it xEhy PP AT

-80° -70° -60° -50° -40° -30° -20° -10° -80° -70° -60° -50° -40° -30° -20° -10°
| | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

JJA CALIPSO dust occurrence frequency and ECMWF horizontal wind (m/s)

Fig. A3. Same as FigAl but for summer (JJA).

30°

20" I

10°

-10°

30°

20°

a0
ety paldnd = g U e el R
J. - odehan S
30° 30 EEP R e e T IN S L]
= LN l,ll
L1t J, -
oy L ’
20° 20°
iy e L =
10° 10 gk - o -
o e o
. PR
0 0 =g
650 hPa [
-10° — -10° 4 i v
-80° -70° -60° -50° -40° -30° -20° -10° -80° -70° -60° -50° -40° -30° -20° -10°
I ] I [— g
i i ;

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
SON CALIPSO dust occurrence frequency and ECMWF horizontal wind (m/s)

Fig. A4. Same as FigA1 but for fall (SON).

Atmos. Chem. Phys., 13, 112334257 2013

C. Tsamalis et al.: SAL vertical distribution

AcknowledgementsCALIPSO NASA and CNES scientific teams
and the MODIS scientific team are gratefully acknowledged for
providing high-quality satellite data. We thank NASA/LaRC and
ICARE Data and Services Centdrtip://www.icare.univ-lillel1.fy

for providing us with CALIPSO data. MODIS data were ob-
tained through NASAs Giovanni, developed and maintained
by the NASA GES DISC. S. Peyridieu is acknowledged for
assistance regarding acquisition of CALIPSO data. We thank
the reviewers for helping us to improve the quality of our paper
and Yaswant Pradhan for correcting grammatical mistakes. This
work has been supported in part by the European Community un-
der the contract FP7/MACC Il project, grant agreement no. 283576.

Edited by: O. Dubovik

The publication of this article is
financed by CNRS-INSU.

References

Adams, A. M., Prospero, J. M., and Zhang, C.: CALIPSO-
derived three-dimensional structure of aerosol over the At-
lantic Basin and adjacent continents, J. Climate, 25, 6862—6879,
doi:10.1175/JCLI-D-11-00672,2012.

Afiesimama, E. A.: Annual cycle of the mid-tropospheric east-
erly jet over West Africa, Theor. Appl. Climatol., 90, 103-111,
doi:10.1007/s00704-006-0284-2007.

Alpert, P., Kaufman, V. J., Shay-El, Y., Tanre, D., da Silva, A., Schu-
bert, S., and Joseph, J.: Quantification of dust-forced heating of
the lower troposphere, Nature, 395, 367—370, 1998.

Andreae, M. O. and Crutzen, P. J.: Atmospheric aerosols: biogeo-
chemical sources and role in atmospheric chemistry, Science,
276, 1052-1058, 1997.

Ansmann, A., Baars, H., Tesche, M., Muller, D., Althausen, D., En-
gelmann, R., Pauliquevis, T., and Artaxo, P.: Dust and smoke
transport from Africa to South America: Lidar profiling over
Cape Verde and the Amazon rainforest, Geophys. Res. Lett., 36,
L11802, doi10.1029/2009GL037922009.

Baars, H., Ansmann, A., Althausen, D., Engelmann, R., Artaxo, P.,
Pauliquevis, T., and Souza, R.: Further evidence for significant
smoke transport from Africa to Amazonia, Geophys. Res. Lett.,
38, L20802, doil0.1029/2011GL04920@011.

Balis, D. S., Amiridis, V., Nickovic, S., Papayannis, A., and Zere-
fos, C.: Optical properties of Saharan dust layers as detected by
a Raman lidar at Thessaloniki, Greece, Geophys. Res. Lett., 31,
L13104, doi10.1029/2004GL019882004.

Ben-Ami, Y., Koren, |., and Altaratz, O.: Patterns of North African
dust transport over the Atlantic: winter vs. summer, based on
CALIPSO first year data, Atmos. Chem. Phys., 9, 7867-7875,
doi:10.5194/acp-9-7867-2002009.

Ben-Ami, Y., Koren, |., Rudich, Y., Artaxo, P., Martin, S. T., and
Andreae, M. O.: Transport of North African dust from the Bodélé
depression to the Amazon Basin: a case study, Atmos. Chem.
Phys., 10, 7533-7544, daD.5194/acp-10-7533-201R010.

www.atmos-chem-phys.net/13/11235/2013/


http://www.icare.univ-lille1.fr
http://dx.doi.org/10.1175/JCLI-D-11-00672.1
http://dx.doi.org/10.1007/s00704-006-0284-y
http://dx.doi.org/10.1029/2009GL037923
http://dx.doi.org/10.1029/2011GL049200
http://dx.doi.org/10.1029/2004GL019881
http://dx.doi.org/10.5194/acp-9-7867-2009
http://dx.doi.org/10.5194/acp-10-7533-2010

C. Tsamalis et al.: SAL vertical distribution

Ben-Ami, Y., Koren, |., Altaratz, O., Kostinski, A., and Lehahn,
Y.: Discernible rhythm in the spatio/temporal distributions

11253

mance of the data assimilation system, Q. J. Roy. Meteorol. Soc.,
137, 553-597, dal:0.1002/qj.8282011.

of transatlantic dust, Atmos. Chem. Phys., 12, 2253-2262,DeMott, P. J., Sassen, K., Poellot, M. R., Baumgardner, D.,

doi:10.5194/acp-12-2253-2012012.

Braun, S. A.: Reevaluating the role of the Saharan Air Layer in
Atlantic tropical cyclogenesis and evolution, Mon. Weather Rev.,
138, 2007-2037, ddin.1175/2009MWR3135,2010.

Rogers, D. C., Brooks, S. D., Prenni, A. J., and Kreiden-
weis, S. M.: African dust aerosols as atmospheric ice nu-
clei, Geophys. Res. Lett., 30, 1732, d@i:1029/2003GL017410
2003.

Breon, F.-M., Vermeulen, A., and Descloitres, J.: An eval- Doherty, O. M., Riemer, N., and Hameed, S.: Saharan mineral dust

uation of satellite aerosol products against sunphotome-

transport into the Caribbean: observed atmospheric controls and

ter measurements, Remote Sens. Environ., 115, 3102-3111, trends, J. Geophys. Res., 113, d6i1029/2007JD009172008.

doi:10.1016/j.rse.2011.06.012011.

Bristow, C. S., Hudson-Edwards, K. A., and Chappell, A.: Fertiliz-
ing the Amazon and equatorial Atlantic with West African dust,
Geophys. Res. Lett., 37, L14807, dd:1029/2010GL043486
2010.

Cattrall, C., Reagan, J., Thome, K., and Dubovik, O.: Variabil-
ity of aerosol and spectral lidar and backscatter and extinc-
tion ratios of key aerosol types derived from selected Aerosol

Doherty, O. M., Riemer, N., and Hameed, S.: Control of Saharan

mineral dust transport to Barbados in winter by the Intertropi-
cal Convergence Zone over West Africa, J. Geophys. Res., 117,
D19117, doi10.1029/2012JD017762012.

Dulac, F., Tanre, D., Bergametti, G., Buat-Menard, P., Desbois, M.,

and Sutton, D.: Assessment of the African airborne dust mass
over the western Mediterranean Sea using Meteosat data, J. Geo-
phys. Res., 97, 2489-2506, d:1029/91JD02427992.

Robotic Network locations, J. Geophys. Res., 110, D10S11,Dunion, J. P. and Marron, C. S.: A reexamination of the Jor-

doi:10.1029/2004JD005122005.
Chen, S.-H., Wang, S.-H., and Waylonis, M.: Modification of Sa-

dan mean tropical sounding based on awareness of the Saha-
ran Air Layer: results from 2002, J. Climate, 21, 5242-5253,

haran air layer and environmental shear over the eastern Atlantic doi:10.1175/2008JCLI11868,.2008.
Ocean by dust-radiation effects, J. Geophys. Res., 115, D21202union, J. P. and Velden, C. S.: The impact of the Saharan Air Layer

doi:10.1029/2010JD014152010.
Chiapello, I., Bergametti, G., Gomes, L., Chatenet, B., Du-

on Atlantic tropical cyclone activity, B. Am. Meteorol. Soc., 85,
353-365, doit0.1175/BAMS-85-3-3532004.

lac, F., Pimenta, J., and Santos Suares, E.: An additionaEvan, A. T., Dunion, J., Foley, J. A., Heidinger, A. K., and

low layer transport of Sahelian and Saharan dust over the
North-Eastern Tropical Atlantic, Geophys. Res. Lett., 22, 3191—
3194, doi10.1029/95GL0331,31995.

Velden, C. S.: New evidence for a relationship between Atlantic
tropical cyclone activity and African dust outbreaks, Geophys.
Res. Lett., 33, 019813, ddi0.1029/2006GL026402006.

Christopher, S. A. and Jones, T. A.: Satellite and surface-based reé=van, A. T., Vimont, D. J., Heidinger, A. K., Kossin, J. P., and Ben-

mote sensing of Saharan dust aerosols, Remote Sens. Environ.

114, 1002-1007, ddi0.1016/j.rse.2009.12.00Z010.
Colarco, P. R., Toon, O. B., Reid, J. S., Livingston, J. M., Rus-

, nartz, R.: The role of aerosols in the evolution of tropical North

Atlantic Ocean temperature anomalies, Science, 324, 778-781,
doi:10.1126/science.1167402009.

sell, P. B., Redemann, J., Schmid, B., Maring, H. B., Savoie, D.,Evan, A. T., Foltz, G. R., Zhang, D., and Vimont, D. J.: Influence of

Welton, E. J., Campbell, J. R., Holben, B. N., and Levy, R.: Sa-
haran dust transport to the Caribbean during PRIDE: 2. Trans-

African dust on ocean-atmosphere variability in the tropical At-
lantic, Nat. Geosci., 4, 762—765, dbd.1038/NGEO127&011.

port, vertical profiles, and deposition in simulations of in situ Foret, G., Bergametti, G., Dulac, F., and Menut, L.: An optimized
and remote sensing observations, J. Geophys. Res., 108, 8590, particle size bin scheme for modeling mineral dust aerosol, J.

doi:10.1029/2002JD002652003.

Geophys. Res., 111, D17310, dd):1029/2005JD006792006.

Davidi, A., Kostinski, A. B., Koren, |., and Lehahn, Y.: Observa- Formenti, P., Andreae, M. O., Lange, L., Roberts, G., Cafmeyer, J.,

tional bounds on atmospheric heating by aerosol absorption: ra-
diative signature of transatlantic dust, Geophys. Res. Lett., 39,
L04803, d0i10.1029/2011GL050352012.

de Reus, M., Fischer, H., Sander, R., Gros, V., Kormann, R., Sal-
isbury, G., Van Dingenen, R., Williams, J., Zdllner, M., and
Lelieveld, J.: Observations and model calculations of trace gas

Rajta, |., Maenhaut, W., Holben, B. N., Artaxo, P., and
Lelieveld, J.: Saharan dust in Brazil and Suriname during
the Large-Scale Biosphere-Atmosphere Experiment in Amazo-
nia (LBA)-Cooperative LBA Regional Experiment (CLAIRE)
in March 1998, J. Geophys. Res., 106, 14919-14934,
doi:10.1029/2000JD900822001.

scavenging in a dense Saharan dust plume during MINATROC Formenti, P., Rajot, J. L., Desboeufs, K., Caquineau, S., Chevail-

Atmos. Chem. Phys., 5, 1787-1803, d6i:5194/acp-5-1787-
2005 2005.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P.,
Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L.,
Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M.,

lier, S., Nava, S., Gaudichet, A., Journet, E., Triquet, S., Al-
faro, S., Chiari, M., Haywood, J., Coe, H., and Highwood, E.:
Regional variability of the composition of mineral dust from
western Africa: results from the AMMA SOPO/DABEX and
DODO field campaigns, J. Geophys. Res., 113, D00C13,
doi:10.1029/2008JD009902008.

Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Formenti, P., Schitz, L., Balkanski, Y., Desboeufs, K., Ebert, M.,

Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M.,
McNally, A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-
K., Peubey, C., de Rosnay, P., Tavolato, C., Thepaut, J.-N., and
Vitart, F.: The ERA-Interim reanalysis: configuration and perfor-

www.atmos-chem-phys.net/13/11235/2013/

Kandler, K., Petzold, A., Scheuvens, D., Weinbruch, S., and
Zhang, D.: Recent progress in understanding physical and chem-
ical properties of African and Asian mineral dust, Atmos. Chem.
Phys., 11, 8231-8256, d&D.5194/acp-11-8231-2012011.

Atmos. Chem. Phys., 13, 1123257 2013


http://dx.doi.org/10.5194/acp-12-2253-2012
http://dx.doi.org/10.1175/2009MWR3135.1
http://dx.doi.org/10.1016/j.rse.2011.06.017
http://dx.doi.org/10.1029/2010GL043486
http://dx.doi.org/10.1029/2004JD005124
http://dx.doi.org/10.1029/2010JD014158
http://dx.doi.org/10.1029/95GL03313
http://dx.doi.org/10.1016/j.rse.2009.12.007
http://dx.doi.org/10.1029/2002JD002659
http://dx.doi.org/10.1029/2011GL050358
http://dx.doi.org/10.5194/acp-5-1787-2005
http://dx.doi.org/10.5194/acp-5-1787-2005
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1029/2003GL017410
http://dx.doi.org/10.1029/2007JD009171
http://dx.doi.org/10.1029/2012JD017767
http://dx.doi.org/10.1029/91JD02427
http://dx.doi.org/10.1175/2008JCLI1868.1
http://dx.doi.org/10.1175/BAMS-85-3-353
http://dx.doi.org/10.1029/2006GL026408
http://dx.doi.org/10.1126/science.1167404
http://dx.doi.org/10.1038/NGEO1276
http://dx.doi.org/10.1029/2005JD006797
http://dx.doi.org/10.1029/2000JD900827
http://dx.doi.org/10.1029/2008JD009903
http://dx.doi.org/10.5194/acp-11-8231-2011

11254

Generoso, S., Bey, |., Labonne, M., and Breon, F.-M.: Aerosol ver-
tical distribution in dust outflow over the Atlantic: comparisons
between GEOS-Chem and Cloud-Aerosol Lidar and Infrared

C. Tsamalis et al.: SAL vertical distribution

spheric ozone variability over the Northern Tropical Atlantic:
results from Cape Verde during 2010, Geophys. Res. Lett., 39,
L20810, doi10.1029/2012GL053532012.

Pathfinder Satellite Observation (CALIPSO), J. Geophys. Res.Jickells, T. D., An, Z. S., Andersen, K. K., Baker, A. R., Berga-

113, D24209, doi0.1029/2008JD010152008.

Giglio, L., Csiszar, |, and Justice, C. O.: Global distribu-
tion and seasonality of active fires as observed with the
Terra and Aqua Moderate Resolution Imaging Spectrora-
diometer (MODIS) sensors, J. Geophys. Res., 111, G02016,
doi:10.1029/2005JG000142006.

metti, G., Brooks, N., Cao, J. J., Boyd, P. W., Duce, R. A.,

Hunter, K. A., Kawahata, H., Kubilay, N., laRoche, J., Liss, P. S.,

Mahowald, N., Prospero, J. M., Ridgwell, A. J., Tegen, I,

and Torres, R.: Global iron connections between desert dust,
ocean biogeochemistry, and climate, Science, 308, 67-71,
doi:10.1126/science.1105952005.

Ginoux, P. and Torres, O.: Empirical TOMS index for dust aerosol: Johnson, B. T., Heese, B., McFarlane, S. A., Chazette, P,
applications to model validation and source characterization, J. Jones, A., and Bellouin, N.: Vertical distribution and radia-
Geophys. Res., 108, 4534, dif:1029/2003JD00347Q003. tive effects of mineral dust and biomass burning aerosol over

Gross, S., Tesche, M., Freudenthaler, V., Toledano, C., Wiegner, M., West Africa during DABEX, J. Geophys. Res., 113, DO0C12,
Ansmann, A., Althausen, D., and Seefeldner, M.: Characteriza- doi:10.1029/2008JD009842008.
tion of Saharan dust, marine aerosols and mixtures of biomassdoseph, J. H., Yaron, O., Yaroslavich, E., Israelevich, P., Koren, I.,
burning aerosols and dust by means of multi-wavelength depolar- VYair, Y., Devir, A., and Kischa, P.: Determination of most prob-
ization and Raman lidar measurements during SAMUM 2, Tel-  able height of desert dust aerosol layer from space, J. Geophys.
lus, 63, 706—724, ddi0.1111/j.1600-0889.2011.005562011. Res., 113, D20S93, ddi0.1029/2007JD009642008.

Haywood, J. M., Pelon, J., Formenti, P., Bharmal, N., Brooks, M., Kahn, R. A,, Li, W.-H., Moroney, C., Diner, D. J., Martonchik, J. V.,
Capes, G., Chazette, P., Chou, C., Christopher, S., Coe, H., and Fishbein, E.: Aerosol source plume physical characteristics

Cuesta, J., Derimian, Y., Desboeufs, K., Greed, G., Harrison, M.,
Heese, B., Highwood, E. J., Johnson, B., Mallet, M., Marti-

from space-based multiangle imaging, J. Geophys. Res., 112,
D11205, doi10.1029/2006JD007642007.

corena, B., Marsham, J., Milton, S., Myhre, G., Osborne, S. R.,Kalashnikova, O. V. and Kahn, R. A.: Mineral dust plume evolution

Parker, D. J., Rajot, J.-L., Schulz, M., Slingo, A., Tanre, D.,
and Tulet, P.: Overview of the Dust and Biomass-burning

over the Atlantic from MISR and MODIS aerosol retrievals, J.
Geophys. Res., 113, D24204, dd):1029/2008JD010083008.

Experiment and African Monsoon Multidisciplinary Analysis Karyampudi, V. M., Palm, S. P., Reagen, J. A., Fang, H.,

Special Observing Period-0, J. Geophys. Res., 113, D0O0C17,
doi:10.1029/2008JD010072008.

Hu, Y., Li, D., and Liu, J.: Abrupt seasonal variation of the ITCZ
and the Hadley circulation, Geophys. Res. Lett., 34, 0L18814,
doi:10.1029/2007GL03095@007.

Grant, W. B., Hoff, R. M., Moulin, C., Pierce, H. F., Torres, O.,
Browell, E. V., and Melfi, S. H.: Validation of the Saharan dust
plume conceptual model using lidar, Meteosat, and ECMWF
data, B. Am. Meteorol. Soc., 80, 1045-1075, #6i1175/1520-
0477(1999)080<1045:VOTSDP>2.0.CQ1®99.

Huang, J., Zhang, C., and Prospero, J. M.: African dust outbreaksKaufman, Y. J., Koren, |., Remer, L. A., Tanre, D., Ginoux, P., and

a satellite perspective of temporal and spatial variability over
the tropical Atlantic Ocean, J. Geophys. Res., 115, D05202,
doi:10.1029/2009JD012512010.

Immler, F. and Schrems, O.: Vertical profiles, optical and mi-

Fan, S.: Dust transport and deposition observed from the Terra-
Moderate Resolution Imaging Spectroradiometer (MODIS)
spacecraft over the Atlantic Ocean, J. Geophys. Res., 110,
D10S12, doil0.1029/2003JD004438005.

crophysical properties of Saharan dust layers determinedKittaka, C., Winker, D. M., Vaughan, M. A., Omar, A., and Remer,

by a ship-borne lidar, Atmos. Chem. Phys., 3, 1353-1364,
doi:10.5194/acp-3-1353-2003003.
Ismail, S., Ferrare, R. A., Browell, E. V., Kooi, S. A., Dunion, J. P.,

L. A.: Intercomparison of column aerosol optical depths from
CALIPSO and MODIS-Aqua, Atmos. Meas. Tech., 4, 131-141,
doi:10.5194/amt-4-131-2012011.

Heymsfield, G., Notari, A., Butler, C. F.,, Burton, S., Fenn, M., Knippertz, P., Tesche, M., Heinold, B., Kandler, K., Toledano, C.,

Krishnamurti, T. N., Biswas, M. K., Chen, G., and Anderson, B.:
LASE measurements of water vapor, aerosol, and cloud distribu-
tions in Saharan air layers and tropical disturbances, J. Atmos.
Sci., 67, 1026-1047, ddi0.1175/2009JAS3136.2010.

and Esselborn, M.: Dust mobilization and aerosol transport
from West Africa to Cape Verde — a meteorological overview
of SAMUM-2, Tellus, 63, 430-447, ddi0.1111/j.1600-
0889.2011.00544,52011.

Iwasaka, Y., Shibata, T., Nagatani, T., Shi, G.-Y., Kim, Y. S., Mat- Koffi, B., Schulz, M., Breon, F.-M., Griesfeller, J., Winker, D.,

suki, A., Trochkine, D., Zhang, D., Yamada, M., Nagatani, M.,
Nakata, H., Shen, Z., Li, G., Chen, B., and Kawabhira, K.: Large
depolarization ratio of free tropospheric aerosols over the Tak-
lamakan Desert revealed by lidar measurements: possible diffu-

sion and transport of dust particles, J. Geophys. Res., 108, 8652,

doi:10.1029/2002JD003262003.
Jenkins, G. S., Pratt, A. S., and Heymsfield, A.: Possible linkages

Balkanski, Y., Bauer, S., Berntsen, T., Chin, M., Collins, W. D.,
Dentener, F., Diehl, T., Easter, R., Ghan, S., Ginoux, P., Gong, S.,
Horowitz, L. W., Iversen, T., Kirkevag, A., Koch, D., Krol, M.,
Myhre, G., Stier, P., and Takemura, T.: Application of the
CALIOP layer product to evaluate the vertical distribution of
aerosols estimated by global models: AeroCom phase | results, J.
Geophys. Res., 117, D10201, dd}:1029/2011JD016858012.

between Saharan dust and tropical cyclone rain band invigoratiorKokhanovsky, A. A. and Rozanov, V. V.: The determination of dust

in the eastern Atlantic during NAMMA-06, Geophys. Res. Lett.,
35, L08815, doil0.1029/2008GL034072008.

Jenkins, G. S., Robjhon, M. L., Smith, J. W., Clark, J., and
Mendes, L.: The influence of the SAL and lightning on tropo-

Atmos. Chem. Phys., 13, 112334257 2013

cloud altitudes from a satellite using hyperspectral measurements
in the gaseous absorption band, Int. J. Remote Sens., 31, 2729—
2744, doi10.1080/01431160903085642010.

www.atmos-chem-phys.net/13/11235/2013/


http://dx.doi.org/10.1029/2008JD010154
http://dx.doi.org/10.1029/2005JG000142
http://dx.doi.org/10.1029/2003JD003470
http://dx.doi.org/10.1111/j.1600-0889.2011.00556.x
http://dx.doi.org/10.1029/2008JD010077
http://dx.doi.org/10.1029/2007GL030950
http://dx.doi.org/10.1029/2009JD012516
http://dx.doi.org/10.5194/acp-3-1353-2003
http://dx.doi.org/10.1175/2009JAS3136.1
http://dx.doi.org/10.1029/2002JD003267
http://dx.doi.org/10.1029/2008GL034072
http://dx.doi.org/10.1029/2012GL053532
http://dx.doi.org/10.1126/science.1105959
http://dx.doi.org/10.1029/2008JD009848
http://dx.doi.org/10.1029/2007JD009646
http://dx.doi.org/10.1029/2006JD007647
http://dx.doi.org/10.1029/2008JD010083
http://dx.doi.org/10.1175/1520-0477(1999)080%3C1045:VOTSDP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1999)080%3C1045:VOTSDP%3E2.0.CO;2
http://dx.doi.org/10.1029/2003JD004436
http://dx.doi.org/10.5194/amt-4-131-2011
http://dx.doi.org/10.1111/j.1600-0889.2011.00544.x
http://dx.doi.org/10.1111/j.1600-0889.2011.00544.x
http://dx.doi.org/10.1029/2011JD016858
http://dx.doi.org/10.1080/01431160903085644

C. Tsamalis et al.: SAL vertical distribution 11255

Koren, I., Kaufman, Y. J., Washington, R., Todd, M. C., Rudich, Y., Marticorena, B., Haywood, J., Coe, H., Formenti, P., Liousse, C.,
Martins, J. V., and Rosenfeld, D.: The Bodélé depression: Mallet, M., and Pelon, J.: Tropospheric aerosols over West
a single spot in the Sahara that provides most of the min- Africa: highlights from the AMMA international program, At-
eral dust to the Amazon forest, Environ. Res. Lett., 1, 014005, mos. Sci. Lett., 12, 19-23, d@iD.1002/asl.3222011.

doi:10.1088/1748-9326/1/1/014005006. Mattis, 1., Ansmann, A., Muller, D., Wandinger, U., and Al-
Lafore, J.-P., Flamant, C., Guichard, F., Parker, D. J., Bouniol, D., thausen, D.: Dual-wavelength Raman lidar observations of the
Fink, A. H., Giraud, V., Gosset, M., Hall, N., Holler, H., extinction-to-backscatter ratio of Saharan dust, Geophys. Res.

Jones, S. C., Protat, A., Roca, R., Roux, F., Said, F., and Thorn- Lett., 29, 20-1-20-4 ddl0.1029/2002GL014722002.
croft, C.: Progress in understanding of weather systems in WesMcConnell, C. L., Highwood, E. J., Coe, H., Formenti, P., Ander-

Africa, Atmos. Sci. Lett., 12, 7-12, ddi0.1002/as|.3352011. son, B., Osborne, S., Nava, S., Desboeufs, K., Chen, G., and Har-
Lau, K. M. and Kim, K. M.: Cooling of the Atlantic rison, M. A. J.: Seasonal variations of the physical and optical

by Saharan dust, Geophys. Res. Lett, 34, L23811, characteristics of Saharan dust: results from the Dust Outflow

doi:10.1029/2007GL031532007. and Deposition to the Ocean (DODO) experiment, J. Geophys.

Léon, J.-F., Derimian, Y., Chiapello, I., Tanré, D., Podvin, T., Res., 113, D14S05, d4i0.1029/2007JD00960&008.
Chatenet, B., Diallo, A., and Deroo, C.: Aerosol vertical distri- Meloni, D., di Sarra, A., Di lorio, T., and Fiocco, G.: Influ-

bution and optical properties over M'Bour (16°98/; 14.39 N), ence of the vertical profile of Saharan dust on the visible di-
Senegal from 2006 to 2008, Atmos. Chem. Phys., 9, 9249-9261, rect radiative forcing, J. Quant. Spectrosc. Ra., 93, 397-413,
doi:10.5194/acp-9-9249-2002009. doi:10.1016/j.jgsrt.2004.08.032005.

Liao, H. and Seinfeld, J. H.: Radiative forcing by mineral dust Mielonen, T., Arola, A., Komppula, M., Kukkonen, J., Koski-
aerosols: sensitivity to key variables, J. Geophys. Res., 103, nen, J., de Leeuw, G., and Lehtinen, K. E. J.: Comparison of
31637-31645, ddl0.1029/1998JD200036998. CALIOP level 2 aerosol subtypes to aerosol types derived from

Liu, D., Wang, Z., Liu, Z., Winker, D., and Trepte, C.: A height AERONET inversion data, Geophys. Res. Lett.,, 36, L18804,
resolved global view of dust aerosols from the first year doi:10.1029/2009GL039602009.

CALIPSO lidar measurements, J. Geophys. Res., 113, D16214Muller, D., Ansmann, A., Mattis, ., Tesche, M., Wandinger, U.,
doi:10.1029/2007JD009772008a. Althausen, D., and Pisani, G.: Aerosol-type-dependent lidar ra-

Liu, Z., Omar, A., Vaughan, M., Hair, J., Kittaka, C., Hu, Y., Pow- tios observed with Raman lidar, J. Geophys. Res., 112, D16202,
ell, K., Trepte, C., Winker, D., Hostetler, C., Ferrare, R., and  doi:10.1029/2006JD008292007.

Pierce, R.: CALIPSO lidar observations of the optical properties Nalli, N. R., Clemente-Colon, P., Morris, V., Joseph, E., Szczo-
of Saharan dust: a case study of long-range transport, J. Geophys. drak, M., Minnett, P. J., Shannahoff, J., Goldberg, M. D., Bar-
Res., 113, D07207, ddi0.1029/2007JD008872008b. net, C., Wolf, W. W., Feltz, W. F., and Knuteson, R. O.: Pro-

Liu, Z., Vaughan, M. A., Winker, D. M., Kittaka, C., Get- file observations of the Saharan air layer during AEROSE 2004,
zewich, B., Kuehn, R., Omar, A., Powell, K., Trepte, C., Geophys. Res. Lett., 32, L05815, dif):1029/2004GL022028
and Hostetler, C.: The CALIPSO lidar cloud and aerosol 2005.
discrimination: version 2 algorithm and initial assessment Nalli, N. R., Joseph, E., Morris, V. R., Barnet, C. D., Wolf, W. W.,
of performance, J. Atmos. Ocean. Tech., 26, 1198-1213, Wolfe, D., Minnett, P.J., Szczodrak, M., Izaguirre, M. A., Lump-
doi:10.1175/2009JTECHA1229.2009. kin, R., Xie, H., Smirnov, A,, King, T. S., and Wei, J.: Mul-

Liu, Z., Kuehn, R., Vaughan, M., Winker, D., Omar, A., Powell, K., tiyear observations of the tropical Atlantic atmosphere: mul-
Trepte, C., Hu, VY., and Hostetler, C.: The CALIPSO cloud and tidisciplinary applications of the NOAA aerosols and ocean
aerosol discrimination: version 3 algorithm and test results, in:  science expeditions, B. Am. Meteorol. Soc., 92, 765-789,
25th International Laser Radar Conference (ILRC), St. Peters- do0i:10.1175/2011BAMS2997,2011.
burg, Russia, 5-9 July, 2010. Nicholson, S. E.: A revised picture of the structure of the “mon-

Maddy, E. S., DeSouza-Machado, S. G., Nalli, N. R., Barnet, C. D., soon” and land ITCZ over West Africa, Climate Dynamics, 32,
Strow, L. L., Wolf, W. W., Xie, H., Gambacorta, A., King, T. S., 1155-1171, doi0.1007/s00382-008-0514-3009.

Joseph, E., Morris, V., Hannon, S. E., and Schou, P.: On the effecNoll, K. E. and Aluko, O.: Changes in large particle size distribution
of dust aerosols on AIRS and IASI operational level 2 products, due to dry deposition processes, J. Aerosol Sci., 37, 1797-1808,
Geophys. Res. Lett., 39, L10809, dd:1029/2012GL052070 doi:10.1016/j.jaerosci.2006.08.008006.

2012. Omar, A. H., Winker, D. M., Kittaka, C., Vaughan, M. A,

Mabher, B. A., Prospero, J. M., Mackie, D., Gaiero, D., Hesse, P. P., Liu, Z., Hu, Y., Trepte, C. R., Rogers, R. R., Ferrare, R. A.,
and Balkanski, Y.: Global connections between aeolian dust, Lee, K.-P.,, Kuehn, R. E., and Hostetler, C. A.. The
climate and ocean biogeochemistry at the present day and CALIPSO automated aerosol classification and lidar ratio se-
at the last glacial maximum, Earth-Sci. Rev., 99, 61-97, lection algorithm, J. Atmos. Ocean. Tech., 26, 1994-2014,
doi:10.1016/j.earscirev.2009.12.Q@D10. doi:10.1175/2009JTECHA1231,.20009.

Mahowald, N. M. and Kiehl, L. M.: Mineral aerosol Peyridieu, S., Ctin, A., Tanré, D., Capelle, V., Pierangelo, C.,
and cloud interactions, Geophys. Res. Lett, 30, 1475, Lamquin, N., and Armante, R.: Saharan dust infrared optical
doi:10.1029/2002GL016762003. depth and altitude retrieved from AIRS: a focus over North At-

Maring, H., Savoie, D. L., lzaguirre, M. A., Custals, L., and lantic — comparison to MODIS and CALIPSO, Atmos. Chem.
Reid, J. S.: Mineral dust aerosol size distribution change Phys., 10, 1953-1967, dttD.5194/acp-10-1953-20,19010.
during atmospheric transport, J. Geophys. Res., 108, 8592Peyridieu, S., Chédin, A., Capelle, V., Tsamalis, C., Pierangelo, C.,
doi:10.1029/2002JD002532003. Armante, R., Crevoisier, C., Crépeau, L., Siméon, M., Ducos, F.,

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 1123257 2013


http://dx.doi.org/10.1088/1748-9326/1/1/014005
http://dx.doi.org/10.1002/asl.335
http://dx.doi.org/10.1029/2007GL031538
http://dx.doi.org/10.5194/acp-9-9249-2009
http://dx.doi.org/10.1029/1998JD200036
http://dx.doi.org/10.1029/2007JD009776
http://dx.doi.org/10.1029/2007JD008878
http://dx.doi.org/10.1175/2009JTECHA1229.1
http://dx.doi.org/10.1029/2012GL052070
http://dx.doi.org/10.1016/j.earscirev.2009.12.001
http://dx.doi.org/10.1029/2002GL016762
http://dx.doi.org/10.1029/2002JD002536
http://dx.doi.org/10.1002/asl.322
http://dx.doi.org/10.1029/2002GL014721
http://dx.doi.org/10.1029/2007JD009606
http://dx.doi.org/10.1016/j.jqsrt.2004.08.035
http://dx.doi.org/10.1029/2009GL039609
http://dx.doi.org/10.1029/2006JD008292
http://dx.doi.org/10.1029/2004GL022028
http://dx.doi.org/10.1175/2011BAMS2997.1
http://dx.doi.org/10.1007/s00382-008-0514-3
http://dx.doi.org/10.1016/j.jaerosci.2006.08.006
http://dx.doi.org/10.1175/2009JTECHA1231.1
http://dx.doi.org/10.5194/acp-10-1953-2010

11256

and Scott, N. A.: Characterisation of dust aerosols in the infrared
from IASI and comparison with PARASOL, MODIS, MISR,

C. Tsamalis et al.: SAL vertical distribution

the MODIS satellite sensors, J. Geophys. Res., 113, D14S07,
doi:10.1029/2007JD009662008.

CALIOP, and AERONET observations, Atmos. Chem. Phys., 13,Ridley, D. A., Heald, C. L., and Ford, B.: North African dust export

6065—-6082, doi:0.5194/acp-13-6065-2013013.
Pierangelo, C., Chédin, A., Heilliette, S., Jacquinet-Husson, N.,

and deposition: a satellite and model perspective, J. Geophys.

Res., 117, D02202, ddi0.1029/2011JD016792012.

and Armante, R.: Dust altitude and infrared optical depth from Rodriguez, S., Alastuey, A., Alonso-Pérez, S., Querol, X., Cuevas,

AIRS, Atmos. Chem. Phys., 4, 1813-1822, @6i5194/acp-4-
1813-20042004.

Prenni, A. J., Petters, M. D., Kreidenweis, S. M., Heald, C. L.,
Martin, S. T., Artaxo, P., Garland, R. M., Wollny, A. G., and
Pdschl, U.: Relative roles of biogenic emissions and Saharan

E., Abreu-Afonso, J., Viana, M., Pérez, N., Pandolfi, M., and de

la Rosa, J.: Transport of desert dust mixed with North African
industrial pollutants in the subtropical Saharan Air Layer, At-

mos. Chem. Phys., 11, 6663—6685, #6i5194/acp-11-6663-
2011, 2011.

dust as ice nuclei in the Amazon basin, Nat. Geosci., 2, 402-405Sassen, K., DeMott, P. J., Prospero, J. M., and Poellot, M. R.:

doi:10.1038/NGEO51,72009.
Prospero, J. M. and Lamb, P. J.: African droughts and dust trans-

Saharan dust storms and indirect aerosol effects on clouds:
CRYSTAL-FACE results, Geophys. Res. Lett., 30, 1633,

port to the Caribbean: climate change implications, Science, 302, doi:10.1029/2003GL017372003.

1024-1027, doi0.1126/science.108991%003.

Prospero, J. M., Glaccum, R. A., and Nees, R. T.: Atmospheric
transport of soil dust from Africa to South America, Nature, 289,
570-572, doit0.1038/289570a0981.

Schepanski, K., Tegen, |., and Macke, A.: Saharan dust trans-

port and deposition towards the tropical northern Atlantic, At-
mos. Chem. Phys., 9, 1173-1189, d6i5194/acp-9-1173-2009
20009.

Prospero, J. M., Landing, W. M., and Schulz, M.: African Schuster, G. L., Vaughan, M., MacDonnell, D., Su, W., Winker,

dust deposition to Florida: temporal and spatial variability

and comparisons to models, J. Geophys. Res., 115, D13304,

doi:10.1029/2009JD012772010.
Prospero, J. M., Bullard, J. E., and Hodgkins, R.: High-latitude dust
over the North Atlantic: inputs from Icelandic proglacial dust

D., Dubovik, O., Lapyonok, T., and Trepte, C.: Comparison of
CALIPSO aerosol optical depth retrievals to AERONET mea-
surements, and a climatology for the lidar ratio of dust, Atmos.
Chem. Phys., 12, 7431-7452, ddi:5194/acp-12-7431-20]12
2012.

storms, Science, 335, 1078-1082, @6i1126/science.1217447 Shell, K. M. and Somerville, R. C. J.: Sensitivity of climate forcing

2012.
Quijano, A. L., Sokolik, I. N., and Toon, O. B.: Influence of the

and response to dust optical properties in an idealized model, J.
Geophys. Res., 112, D03206, dd):1029/2006JD007193007.

aerosol vertical distribution on the retrievals of aerosol optical Smirnov, A., Holben, B. N., Giles, D. M., Slutsker, 1., O'Neill, N.

depth from satellite radiance measurements, Geophys. Res. Lett.,

27, 3457-3460, dai0.1029/1999GL011232000.

Redemann, J., Vaughan, M. A., Zhang, Q., Shinozuka, Y., Russell,
P. B., Livingston, J. M., Kacenelenbogen, M., and Remer, L.
A.: The comparison of MODIS-Aqua (C5) and CALIOP (V2 &
V3) aerosol optical depth, Atmos. Chem. Phys., 12, 3025-3043,
doi:10.5194/acp-12-3025-20,12012.

Reid, J. S., Westphal, D. L., Livingston, J. M., Savoie, D. L., Mar-
ing, H. B., Jonsson, H. H., Eleuterio, D. P., Kinney, J. E., and
Reid, E. A.: Dust vertical distribution in the Caribbean during
the Puerto Rico Dust experiment, Geophys. Res. Lett., 29, 1151,
doi:10.1029/2001GL014092002.

T., Eck, T. F., Macke, A., Croot, P., Courcoux, Y., Sakerin, S. M.,
Smyth, T. J., Zielinski, T., Zibordi, G., Goes, J. I., Harvey, M.
J., Quinn, P. K., Nelson, N. B., Radionov, V. F., Duarte, C. M.,
Losno, R., Sciare, J., Voss, K. J., Kinne, S., Nalli, N. R., Joseph,
E., Krishna Moorthy, K., Covert, D. S., Guley, S. K., Milinevsky,
G., Larouche, P., Belanger, S., Horne, E., Chin, M., Remer, L.
A., Kahn, R. A, Reid, J. S., Schulz, M., Heald, C. L., Zhang, J.,
Lapina, K., Kleidman, R. G., Griesfeller, J., Gaitley, B. J., Tan,
Q., and Diehl, T. L.: Maritime aerosol network as a component
of AERONET - first results and comparison with global aerosol
models and satellite retrievals, Atmos. Meas. Tech., 4, 583-597,
doi:10.5194/amt-4-583-2012011.

Reid, J. S., Kinney, J. E., Westphal, D. L., Holben, B. N., Wel- Sun, D., Lau, K. M., and Kafatos, M.: Contrasting the 2007 and

ton, E. J., Tsay, S.-C., Eleuterio, D. P., Campbell, J. R., Christo-
pher, S. A,, Colarco, P. R., Jonsson, H. H., Livingston, J. M.,
Maring, H. B., Meier, M. L., Pilewskie, P., Prospero, J. M.,
Reid, E. A., Remer, L. A., Russell, P. B., Savoie, D. L.,

2005 hurricane seasons: evidence of possible impacts of Saharan
dry air and dust on tropical cyclone activity in the Atlantic basin,
Geophys. Res. Lett., 35, L15405, dif):1029/2008GL034529
2008.

Smirnov, A., and Tanre, D.: Analysis of measurements of Sa-Tesche, M., Gross, S., Ansmann, A., Muller, D., Althausen, D.,
haran dust by airborne and groundbased remote sensing methods Freudenthaler, V., and Esselborn, M.: Profiling of Saharan

during the Puerto Rico Dust Experiment (PRIDE), J. Geophys.
Res., 108, 8586, ddi0.1029/2002JD002492003.
Remer, L. A., Kaufman, Y. J., Tanre, D., Matoo, S., Chu, D. A.,

dust and biomass-burning smoke with multiwavelength po-
larization Raman lidar at Cape Verde, Tellus, 63, 649-676,
doi:10.1111/j.1600-0889.2011.005482011.

Martins, J. V., Li, R.-R., Ichoku, C., Levy, R. C.,Kleidman, R. G., Thorsen, T. J., Fu, Q., and Comstock, J.: Comparison of the

Eck, T. F., Vermote, E., and Holben, B. N.: The MODIS aerosol
algorithm, products, and validation, J. Atmos. Sci., 62, 947-973,
doi:10.1175/JAS3385,2005.

CALIPSO satellite and ground-based observations of cirrus
clouds at the ARM TWP sites, J. Geophys. Res., 116, D21203,
doi:10.1029/2011JD01597@011.

Remer, L. A, Kleidman, R. G., Levy, R. C., Kaufman, Y. J., Tompkins, A. M., Cardinali, C., Morcrette, J.-J., and Rod-

Tanre, D., Mattoo, S., Martins, J. V., Ichoku, C., Koren, I.,
Yu, H., and Holben, B. N.: Global aerosol climatology from

Atmos. Chem. Phys., 13, 112334257 2013

well, M.: Influence of aerosol climatology on forecasts of
the African Easterly Jet, Geophys. Res. Lett.,, 32, L10801,
d0i:10.1029/2004GL022182005.

www.atmos-chem-phys.net/13/11235/2013/


http://dx.doi.org/10.5194/acp-13-6065-2013
http://dx.doi.org/10.5194/acp-4-1813-2004
http://dx.doi.org/10.5194/acp-4-1813-2004
http://dx.doi.org/10.1038/NGEO517
http://dx.doi.org/10.1126/science.1089915
http://dx.doi.org/10.1038/289570a0
http://dx.doi.org/10.1029/2009JD012773
http://dx.doi.org/10.1126/science.1217447
http://dx.doi.org/10.1029/1999GL011235
http://dx.doi.org/10.5194/acp-12-3025-2012
http://dx.doi.org/10.1029/2001GL014092
http://dx.doi.org/10.1029/2002JD002493
http://dx.doi.org/10.1175/JAS3385.1
http://dx.doi.org/10.1029/2007JD009661
http://dx.doi.org/10.1029/2011JD016794
http://dx.doi.org/10.5194/acp-11-6663-2011
http://dx.doi.org/10.5194/acp-11-6663-2011
http://dx.doi.org/10.1029/2003GL017371
http://dx.doi.org/10.5194/acp-9-1173-2009
http://dx.doi.org/10.5194/acp-12-7431-2012
http://dx.doi.org/10.1029/2006JD007198
http://dx.doi.org/10.5194/amt-4-583-2011
http://dx.doi.org/10.1029/2008GL034529
http://dx.doi.org/10.1111/j.1600-0889.2011.00548.x
http://dx.doi.org/10.1029/2011JD015970
http://dx.doi.org/10.1029/2004GL022189

C. Tsamalis et al.: SAL vertical distribution

11257

Torres, O., Tanskanen, A., Veihelmann, B., Ahn, C., Braak, R.,Winker, D. M., Pelon, J., Coakley Jr., J. A., Ackerman, S. A., Charl-

Bhartia, P. K., Veefkind, P., and Levelt, P.: Aerosols and
surface UV products from Ozone Monitoring Instrument ob-

son, R. J., Colarco, P. R., Flamant, P., Fu, Q., Hoff, R. M.,
Kittaka, C., Kubar, T. L., Le Treut, H., McCormick, M. P.,

servations: an overview, J. Geophys. Res., 112, D24S47,
doi:10.1029/2007JD008802007.

Megie, G., Poole, L., Powell, K., Trepte, C., Vaughan, M. A.,
and Wielicki, B. A.: The CALIPSO mission: a global 3D view
Twohy, C. H., Kreidenweis, S. M., Eidhammer, T., Browell, E. V., of aerosols and clouds, B. Am. Meteorol. Soc., 91, 1211-1229,
Heymsfield, A. J., Bansemer, A. R., Anderson, B. E., Chen, G., do0i:10.1175/2010BAMS3009,2010.
Ismail, S., DeMott, P. J., and Van Den Heever, S. C.: Saharan dustVinker, D. M., Tackett, J. L., Getzewich, B. J., Liu, Z., Vaughan,
particles nucleate droplets in eastern Atlantic clouds, Geophys. M. A., and Rogers, R. R.: The global 3-D distribution of tro-
Res. Lett., 36, L01807, ddi0.1029/2008GL03584&009. pospheric aerosols as characterized by CALIOP, Atmos. Chem.
Uno, I., Eguchi, K., Yumimoto, K., Takemura, T., Shimizu, A., Ue- Phys., 13, 3345-3361, ddD.5194/acp-13-3345-2012013.
matsu, M., Liu, Z., Wang, Z., Hara, Y., and Sugimoto, N.: Asian Wong, S. and Dessler, A. E.: Suppression of deep convection over
dust transported one full circuit around the globe, Nat. Geosci., the tropical North Atlantic by the Saharan Air Layer, Geophys.
2, 557-560, 2009. Res. Lett., 32, L09808, ddi0.1029/2004GL022292005.
van der Werf, G. R., Randerson, J. T., Collatz, G. J., and Giglio, L.:Wong, S., Dessler, A. E., Mahowald, N. M., Yang, P., and Feng, Q.:
Carbon emissions from fires in tropical and subtropical ecosys- Maintenance of lower tropospheric temperature inversion in the

tems, Glob. Change Biol., 9, 547-562, d@i:1046/j.1365-
2486.2003.00604,2003.

Saharan Air Layer by dust and dry anomaly, J. Climate, 22,
5149-5162, doi0.1175/2009JCLI2847,2009.

Vaughan, M. A., Powell, K. A., Kuehn, R. E., Young, S. A.,, Wu, D. L., Chae, J. H., Lambert, A., and Zhang, F. F.: Character-

Winker, D. M., Hostetler, C. A., Hunt, W. H., Liu, Z.,
McGill, M. J., and Getzewich, B. J.: Fully automated de-
tection of cloud and aerosol layers in the CALIPSO li-

istics of CALIOP attenuated backscatter noise: implication for
cloud/aerosol detection, Atmos. Chem. Phys., 11, 2641-2654,
doi:10.5194/acp-11-2641-2012011.

dar measurements, J. Atmos. Ocean. Tech., 26, 2034-2050)u, L.: Impact of Saharan air layer on hurricane peak intensity,

doi:10.1175/2009JTECHA1228.2009.

Voss, K. J., Welton, E. J., Quinn, P. K., Johnson, J., Thomp-
measurements Wu, M.-L. C., Reale, O., Schubert, S. D., Suarez, M. J.,

son, A. M., and Gordon, H. R.: Lidar

Geophys. Res. Lett., 34, L09802, dd):1029/2007GL029564
2007.

during Aerosols99, J. Geophys. Res., 106, 20821-20831, Koster, R. D., and Pegion, P. J.: African Easterly Jet:

doi:10.1029/2001JD900212001.

Waliser, D. E. and Gautier, C.: A satellite-derived climatology
of the ITCZ, J. Climate, 6, 2162-2174, db.1175/1520-
0442(1993)006<2162:ASDCOT>2.0.CQD93.

Wandinger, U., Tesche, M., Seifert, P., Ansmann, A., Muller, D.,

structure and maintenance, J. Climate, 22, 4459-4480,
doi:10.1175/2009JCLI2584,.2009.

Yang, W., Marshak, A., Varnai, T., Kalashnikova, O. V., and Kostin-

ski, A. B.: CALIPSO observations of transatlantic dust: verti-
cal stratification and effect of clouds, Atmos. Chem. Phys., 12,

and Althausen, D.: Size matters: Influence of multiple scattering 11339-11354, dal0.5194/acp-12-11339-2012012.
on CALIPSO light-extinction profiling in desert dust, Geophys. Yu, H., Chin, M., Winker, D. M., Omar, A. H., Liu, Z., Kittaka, C.,

Res. Lett., 37, L10801, ddi0.1029/2010GL042812010.

and Diehl, T.: Global view of aerosol vertical distributions from

Wang, K.-Y.: Profiles of the atmospheric temperature response CALIPSO lidar measurements and GOCART simulations: re-

to the Saharan dust outbreaks derived from FORMOSAT-

3/COSMIC and OMI Al, Atmos.

doi:10.1016/j.atmosres.2009.11.02D09.
Weinzierl, B., Sauer, D., Esselborn, M., Petzold, A., Veira, A.,

Rose, M., Mund, S., Wirth, M., Ansmann, A., Tesche, M.,

Res., 96, 110-121,

gional and seasonal variations, J. Geophys. Res., 115, DOOH30,
doi:10.1029/2009JD013362010.

Zagar, N., Skok, G., and Tribbia, J.: Climatology of the ITCZ

derived from ERA Interim reanalyses, J. Geophys. Res., 116,
D15103, doi10.1029/2011JD015693011.

Gross, S., and Freudenthaler, V.: Microphysical and optical prop-Zhang, C. and Pennington, J.: African dry air outbreaks, J. Geophys.

erties of dust and tropical biomass burning aerosol layers in

Res., 109, D20108, ddi0.1029/2003JD003972004.

the Cape Verde region-an overview of the airborne in situ andZhang, J. and Zhang, Q.: Aerosol impact and correction on tem-

lidar measurements during SAMUM-2, Tellus, 63, 589-618,
doi:10.1111/.1600-0889.2011.005662011.
Wilcox, E. M., Lau, K. M., and Kim, K.-M.: A northward shift of

the North Atlantic Ocean Intertropical Convergence Zone in re-

perature profile retrieval from MODIS, Geophys. Res. Lett., 35,
L13818, doi10.1029/2008GL034412008.

Zhu, A., Ramanathan, V., Li, F., and Kim, D.: Dust plumes

over the Pacific, Indian, and Atlantic oceans: climatol-

sponse to summertime Saharan dust outbreaks, Geophys. Res.ogy and radiative impact, J. Geophys. Res., 112, D16208,

Lett., 37, L04804, doi0.1029/2009GL041774£2010.
Winker, D. M., Hunt, W. H., and McGill, M. J.: Initial perfor-

doi:10.1029/2007JD008422007.

Zipser, E. J., Twohy, C. H., Tsay, S.-C., Lee Thornhill, K,

mance assessment of CALIOP, Geophys. Res. Lett., 34, L19803, Tanelli, S., Ross, R., Krishnamurti, T. N., Ji, Q., Jenk-

doi:10.1029/2007GL030132007.

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Pow-
ell, K. A., Liu, Z, Hunt, W. H., and Young, S. A.
Overview of the CALIPSO mission and CALIOP data pro-

ins, G., Ismail, S., Hsu, N. C., Hood, R., Heymsfield, G. M.,
Heymsfield, A., Halverson, J., Goodman, H. M., Ferrare, R.,
Dunion, J. P., Douglas, M., Cifelli, R., Chen, G., Browell, E. V.,
and Anderson, B.: The Saharan Air Layer and the fate of

cessing algorithms, J. Atmos. Ocean. Tech., 26, 2310-2323, African Easterly Waves-NASA’'s AMMA field study of trop-

doi:10.1175/2009JTECHA1281,.2009.

www.atmos-chem-phys.net/13/11235/2013/

ical cyclogenesis, B. Am. Meteorol. Soc., 90, 1137-1156,
doi:10.1175/2009BAMS2728,2009.

Atmos. Chem. Phys., 13, 1123257 2013


http://dx.doi.org/10.1029/2007JD008809
http://dx.doi.org/10.1029/2008GL035846
http://dx.doi.org/10.1046/j.1365-2486.2003.00604.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00604.x
http://dx.doi.org/10.1175/2009JTECHA1228.1
http://dx.doi.org/10.1029/2001JD900217
http://dx.doi.org/10.1175/1520-0442(1993)006%3C2162:ASDCOT%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006%3C2162:ASDCOT%3E2.0.CO;2
http://dx.doi.org/10.1029/2010GL042815
http://dx.doi.org/10.1016/j.atmosres.2009.11.017
http://dx.doi.org/10.1111/j.1600-0889.2011.00566.x
http://dx.doi.org/10.1029/2009GL041774
http://dx.doi.org/10.1029/2007GL030135
http://dx.doi.org/10.1175/2009JTECHA1281.1
http://dx.doi.org/10.1175/2010BAMS3009.1
http://dx.doi.org/10.5194/acp-13-3345-2013
http://dx.doi.org/10.1029/2004GL022295
http://dx.doi.org/10.1175/2009JCLI2847.1
http://dx.doi.org/10.5194/acp-11-2641-2011
http://dx.doi.org/10.1029/2007GL029564
http://dx.doi.org/10.1175/2009JCLI2584.1
http://dx.doi.org/10.5194/acp-12-11339-2012
http://dx.doi.org/10.1029/2009JD013364
http://dx.doi.org/10.1029/2011JD015695
http://dx.doi.org/10.1029/2003JD003978
http://dx.doi.org/10.1029/2008GL034419
http://dx.doi.org/10.1029/2007JD008427
http://dx.doi.org/10.1175/2009BAMS2728.1

