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Abstract. The Saharan Air Layer (SAL) influences large-
scale environment from western Africa to eastern tropical
Americas, by carrying large amounts of dust aerosols. How-
ever, the vertical distribution of the SAL is not well estab-
lished due to a lack of systematic measurements away from
the continents. This can be overcome by using the observa-
tions of the spaceborne lidar CALIOP onboard the satellite
CALIPSO. By taking advantage of CALIOP’s capability to
distinguish dust aerosols from other types of aerosols through
depolarization, the seasonal vertical distribution of the SAL
is analyzed at 1◦ horizontal resolution over a period of 5 yr
(June 2006–May 2011). This study shows that SAL can be
identified all year round displaying a clear seasonal cycle. It
occurs higher in altitude and more northern in latitude dur-
ing summer than during winter, but with similar latitudinal
extent near Africa for the four seasons. The south border
of the SAL is determined by the Intertropical Convergence
Zone (ITCZ), which either prohibits dust layers from pene-
trating it or reduces significantly the number of dust layers
seen within or south of it, as over the eastern tropical At-
lantic. Spatially, near Africa, it is found between 5◦ S and
15◦ N in winter and 5–30◦ N in summer. Towards the Amer-
icas (50◦ W), SAL is observed between 5◦ S and 10◦ N in
winter and 10–25◦ N 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-
tude range 0–3 km off western Africa, decreasing to 0–2 km
close to South America. During summer, SAL is found to be
thicker and higher near Africa at 1–5 km, reducing to 0–2 km
in the Gulf of Mexico, farther west than during the other sea-
sons. SAL is confined to one layer, of which the mean alti-

tude decreases with westward transport by 13 mdeg−1 during
winter and 28 mdeg−1, after 30◦ W, during summer. Its mean
geometrical thickness decreases by 25 mdeg−1 in winter and
9 mdeg−1 in summer. Spring and fall present similar char-
acteristics for both mean altitude and geometrical thickness.
Wind plays a major role not only for the transport of dust
within the SAL but also by sculpting it. During winter, the
trade winds transport SAL towards South America, while in
spring and summer they bring dust-free maritime air masses
mainly from the North Atlantic up to about 50◦ W below the
SAL. The North Atlantic westerlies, with their southern bor-
der occurring between 15 and 30◦ N (depending on the sea-
son, the longitude and the altitude), prevent the SAL from de-
veloping further northward. In addition, their southward shift
with altitude gives SAL its characteristic oval shape in the
northern part. The effective dry deposition velocity of dust
particles is estimated to be 0.07 cm s−1 in winter, 0.14 cm s−1

in spring, 0.2 cms−1 in summer and 0.11 cms−1 in fall. Fi-
nally, the African Easterly Jet (AEJ) is observed to collocate
with the maximum dust load of the SAL, and this might pro-
mote the differential advection for SAL parts, especially dur-
ing summer.

1 Introduction

It is well known that large quantities of Saharan dust are
transported across the tropical Atlantic throughout the year
as a result of large-scale Saharan dust outbreaks, with the
maximum number of events occurring during summer. These
dust outbreaks are mostly confined to a deep mixed layer,
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commonly referred to as the Saharan Air Layer (SAL), that
can reach North America during summer and South Amer-
ica during winter. SAL is characterized not only by its load
in dust aerosols but also by dry and warm air (Dunion and
Marron, 2008). The SAL long-range transport is enhanced by
the persistent temperature inversions that exist at its base and
top, in part because of the interaction of dust aerosols with ra-
diation, thus keeping the SAL relatively warm and stable in
relation to its environment as it crosses the Atlantic (Karyam-
pudi et al., 1999). However, both the dust and low humidity
are essential for maintaining the temperature structure from
thermal relaxation in the SAL (Wong et al., 2009).

SAL, due to its load of dust aerosols, influences in many
ways the tropical environment from western Africa to the
Americas. The interaction of dust with radiation through
scattering and absorption in the visible and thermal infrared
spectra heats the lower atmosphere within the dust layer over
the tropical Atlantic Ocean (Alpert et al., 1998; Wang, 2009;
Davidi et al., 2012), thus affecting locally the radiative bud-
get and modifying the atmospheric stability. Simultaneously,
the impact of dust on radiation affects the ocean temper-
ature over the tropical Atlantic on interannual to decadal
timescales (Evan et al., 2009, 2011). A robust negative cor-
relation between atmospheric dust loading and Atlantic sea
surface temperature is found, consistent with the notion that
increased (decreased) Saharan dust is associated with cooling
(warming) of the Atlantic during the early hurricane season
(July to September) (Lau and Kim, 2007). Wu (2007) found
also an anticorrelation between SAL activity and hurricane
intensity andEvan et al.(2006) reported that SAL can sup-
press tropical cyclogenesis, whileJenkins et al.(2008) men-
tioned the possible role of Saharan dust in the invigoration of
convective bands associated with tropical cyclogenesis. The
tropical cyclone genesis and development may be affected
by the enhancement of the vertical shear, which takes place
to the south of the SAL due to dust-radiation effects (Chen
et al., 2010). During the last years the connection of SAL
with the activity of tropical cyclones has become an active
research area (Dunion and Velden, 2004; Sun et al., 2008;
Zipser et al., 2009) because of their strong socio-economic
impacts. However, a recent study noticed that the SAL’s ther-
modynamic and kinematic properties are not a determining
factor for the intensity change of tropical cyclones once they
become named storms (Braun, 2010), although the dust im-
pacts were not taken into account. On the other hand, SAL
suppresses convection over the eastern and central tropical
North Atlantic (Wong and Dessler, 2005), where the dust
load is important.

Further, SAL can shift rainfall northward by 1 to 4◦ along
the Intertropical Convergence Zone (ITCZ) (Wilcox et al.,
2010). In addition, Saharan dust may serve as cloud conden-
sation nuclei or ice nuclei, affecting cloud microphysics and
decreasing precipitation (DeMott et al., 2003; Mahowald and
Kiehl, 2003; Twohy et al., 2009). During dust events, the con-
centration of trace gases – like ozone, nitrogen oxides and or-

ganic radicals – is reduced due to heterogeneous reactions on
dust aerosols (de Reus et al., 2005; Jenkins et al., 2012), thus
changing the oxidizing capacity of the atmosphere. Besides,
SAL dust aerosols fertilize large areas of the Atlantic Ocean
and Amazon Basin by transport and deposition of micronu-
trients, like iron and phosphorus, which in turn may impact
many biogeochemical cycles (Jickells et al., 2005; Kaufman
et al., 2005; Bristow et al., 2010). It should be noted that the
deposition rates strongly depend on the vertical dust distribu-
tion, which varies with seasons (Schepanski et al., 2009).

The SAL has been studied at dedicated sites with obser-
vations at both sides of the tropical Atlantic (e.g.,Chiapello
et al., 1995; Prospero and Lamb, 2003), during specific cam-
paigns (e.g.,Reid et al., 2002; Ansmann et al., 2009) or us-
ing space observations (e.g.,Zhu et al., 2007; Doherty et al.,
2008). Some campaigns have used lidar observations in or-
der to describe the vertical distribution of SAL, e.g., LITE,
SHADE, AMMA, SAMUM, AMAZE-08 and SALTRACE.
However, local measurements do not offer a global and com-
plete view of dust outbreaks due to the lack of systematic
measurements away from the continents. The same holds for
campaigns, by definition limited in time, although they pro-
vide a plethora of observations at the regional scale. Satellite
observations can describe the whole phenomenon on a daily
basis, offering an almost global coverage (depending on the
swath width). Nevertheless, the retrieval of thermodynamic
variables from space, like temperature, is affected by the
presence of dust (Zhang and Zhang, 2008; Maddy et al.,
2012). On the other hand, aerosol satellite measurements in
the solar spectrum mostly provide column-integrated prop-
erties like the optical depth, without any information about
the vertical distribution. Indeed, the vertical global structure
of the SAL has been paid little attention, in part due to the
lack of available measurements before the CALIPSO mis-
sion. However, the vertical distribution of dust aerosols is
a key parameter for the radiative forcing, both in solar and
terrestrial spectra (Liao and Seinfeld, 1998; Meloni et al.,
2005; Shell and Somerville, 2007). In addition, the satel-
lite observations of dust are sensitive to the vertical distribu-
tion, especially in the ultraviolet and infrared spectra, which
makes the retrieval of dust characteristics from space more
challenging (Quijano et al., 2000; Ginoux and Torres, 2003;
Pierangelo et al., 2004; Torres et al., 2007). At the same time,
this sensitivity permits for new generation infrared sounders
to bring reliable information on the dust layer mean altitude
(Peyridieu et al., 2010, 2013), but their new established re-
sults still need further validation. An accurate determination
of the aerosol vertical distribution at the global scale can
be achieved with the two-wavelength polarization-sensitive
lidar CALIOP, launched onboard CALIPSO in April 2006
(Winker et al., 2007).

Recent studies using CALIPSO data have examined the
vertical structure of SAL, but these were either case studies
(e.g.,Liu et al., 2008b; Ben-Ami et al., 2010), and thus re-
stricted in time, or climatological studies (Generoso et al.,
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2008; Liu et al., 2008a; Ben-Ami et al., 2009; Braun, 2010;
Yu et al., 2010; Adams et al., 2012; Ridley et al., 2012;
Yang et al., 2012), restricted to the description of dust ver-
tical distribution by presenting means at the regional scale
or were less focused. In these studies mainly previous ver-
sions of CALIPSO data have been used, which showed sig-
nificant errors regarding the discrimination between clouds
and aerosols. Here, the seasonal vertical distribution of the
SAL at 1◦ spatial resolution is presented based on 5 yr of
CALIPSO observations, bringing a more detailed description
of its spatial structure at a relatively fine scale. Furthermore,
the CALIPSO aerosol types desert dust and polluted dust are
combined to avoid the potential misclassification of desert
dust aerosols as polluted dust in the algorithm. This combi-
nation allows also for aging of dust aerosols with transport
to be better accounted for. In this study, data from ECMWF
(European Centre for Medium-Range Weather Forecasts) re-
analysis are also used in order to examine the influence of
wind on the SAL shape. The data and method are described
in Sect. 2. Section 3 presents the vertical distribution of the
SAL. The connection between SAL and wind is presented in
Sect. 4, and finally the summary and conclusions are given
in Sect. 5.

2 Data

2.1 CALIPSO data and methodology

CALIOP has provided data since June 2006, and it is the pri-
mary instrument onboard CALIPSO, which is part of the “A-
Train” constellation of satellites. This space lidar is based
on a Nd: YAG laser measuring the backscatter signal at 532
and 1064 nm and the degree of linear polarization at 532 nm.
CALIOP observes aerosols and clouds with high vertical res-
olution of 30–60 m (up to 20 km) during its 16-day repeat
cycle, while its beam diameter is about 70 m at the Earth’s
surface (Winker et al., 2007). Winker et al.(2009) provide an
overview of CALIPSO data products and of the algorithms
used to produce them. In this study, we use CALIPSO level
2 data, the 5 km aerosol layer product (version 3.01) above
the Atlantic for the 5 yr period June 2006–May 2011.

In CALIOP data, the layer (aerosol or cloud) boundaries
are identified with a multiscale retrieval approach in order to
achieve an optimum balance between the signal-to-noise ra-
tio and spatial resolution (Vaughan et al., 2009). The aerosol
layer product is reported at the resolution of 5 km, which is
not always equal to the detection resolution (0.333, 1, 5, 20 or
80 km). The signal of layers detected at finer resolution is re-
moved before moving on to further averaging. However, lay-
ers detected with finer resolution may appear to overwrite or
overlap in the vertical dimension with layers found at coarser
resolution. In order to avoid counting several times the same
layer, this overwriting has been corrected. When two or more
layers appear to overlap in a column of 5 km, the top is de-

fined as the maximum top altitude of the overlapping lay-
ers and the bottom accordingly as the minimum base altitude
of the layers. A similar correction was applied byThorsen
et al. (2011) in the case of cirrus clouds. Figure1 presents
an example of CALIOP signal cross section (top) above the
Atlantic. The triangles show the boundaries of dust layers
(see below for their definition) as detected by CALIPSO al-
gorithms, while the white lines indicate the overlap.

CALIPSO discriminates between clouds and aerosols
based on statistical differences in their optical and physi-
cal properties by using five-dimensional probability distri-
bution functions in version 3 (Liu et al., 2009, 2010). The
confidence level of discrimination is provided by the cloud–
aerosol discrimination (CAD) score, which ranges from
−100 to 100, with negative values indicating aerosols and
high absolute values meaning high confidence. Here, only
aerosol layers with high confidence of discrimination are
used with feature type quality assessment (QA) equal to 3,
corresponding to CAD score≤ −70. It should be mentioned
that some misclassification of dust aerosols as clouds (mostly
cirrus) may still occur in the case of moderately dense dust
plumes transported to high latitudes or to high altitudes even
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-
gorithm classifies it as one of the six defined types: desert
dust, smoke, clean continental, polluted continental, clean
marine and polluted dust (Omar et al., 2009). Using depo-
larization at 532 nm, CALIOP is able to discriminate be-
tween dust and other types of aerosols (smoke, continental,
marine), which generally do not depolarize light as they are
mainly spherical (e.g.,Iwasaka et al., 2003; Ansmann et al.,
2009; Winker et al., 2010). Indeed, the better identification of
dust aerosols in comparison to other types from CALIOP has
been confirmed with AERONET measurements, with agree-
ment percentages of 91 and 53 % for dust and polluted dust
aerosol types, respectively (Mielonen et al., 2009). Polluted
dust corresponds to low depolarization values (< 20 %), and
this type of aerosol is detected about 20 % of the time (Omar
et al., 2009). There are, however, some misclassification is-
sues, and polluted dust is expected to be identified too often
(D. Winker, personal communication, 2012).

In order to take into account the possible change of dust
aerosol properties with transport, the two CALIPSO types
desert dust and polluted dust are thus combined in our analy-
sis, with their sum stated as dust for the rest of the study. In-
deed, after their emission from northern Africa, dust aerosols
can be mixed with other types of aerosols like biomass burn-
ing or anthropogenic pollution and then transported further
away (Ansmann et al., 2009; Rodriguez et al., 2011). On the
other hand, above the ocean they can be mixed with maritime
aerosols (Knippertz et al., 2011; Yang et al., 2012). Also, dust
aerosols can uptake trace gases on their surface (Andreae and
Crutzen, 1997; Formenti et al., 2011), thus changing their
composition and finally their optical characteristics. Away
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from the Sahara, the inclusion of polluted dust layers may
alter the results because of the non-desert origin of some of
these layers. Consequently, away from the Sahara and close
to biomass burning or pollution sources, like over Africa and
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 Fig.1, 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-
siderable averaging in space and in time is required for pro-
ducing statistically meaningful results (Winker et al., 2010).
Here, seasonal means with 1◦ resolution are calculated using
the first 5 yr of CALIOP’s available observations, including
both nighttime and daytime data. The nighttime data have a
better signal-to-noise ratio (Wu et al., 2011), and this is re-
flected in the percentage of daytime layers to the total number
of layers, which is about 30 %. In order to ensure a minimum
level of statistical significance, the number of at least 240
layers is imposed for every 1◦ bin.

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 ra-
tio for dust aerosols can vary significantly between 20 and
100 sr (Mattis et al., 2002; Balis et al., 2004), while statisti-
cal studies indicate values mostly between 30 and 70 sr (Cat-
trall et al., 2005; Muller et al., 2007). Different dust source
regions have distinct lidar ratios (Muller et al., 2007), while
even within the Sahara the variability of the lidar ratio is sig-
nificant (Schuster et al., 2012). In the CALIPSO algorithm
the lidar ratio at 532 nm is set to 40 sr for desert dust and to
55 sr for polluted dust aerosols (it was 65 sr in version 2),
within the range of possible lidar ratios for dust aerosols.
However, recent studies comparing CALIOP aerosol optical
depth with other instruments reveal that CALIOP is gener-
ally biased low (Breon et al., 2011; Kittaka et al., 2011; Re-
demann et al., 2012), especially in the case of dust aerosols
(Wandinger et al., 2010; Schuster et al., 2012). The dust oc-
currence frequency (DOF) used here is given by the equation

DOF(x,y,z) =
number of layers(x,y,z)

total number of layers in the bin(x,y)
. (1)

It is reported with vertical resolution of 100 m and hori-
zontal resolution of 1◦ so as to take advantage of the high-
resolution measurements and better account for local cloud
obscuration (nonlinearity in the calculation of the DOF). It
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 altitudez
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35

Fig. 1. An example of SAL as observed from CALIOP on 5 July
2007 at 03:49 UTC. Top: the latitude–altitude cross section of the at-
tenuated backscatter coefficient at 532 µm (km−1sr−1). The brown
features at about 1 km and the elevated ones at about 5, 15 and
22◦ N are clouds. The white lines mark the overlap (see text for
details) and the triangles (magenta, black or brown) show the top
and the base of dust layers as detected by CALIPSO. Bottom: the
CALIPSO track, with the part of the cross section presented above
highlighted in blue.

or in total inside the 1◦ bin) stands for dust layers (desert and
polluted dust) detected by CALIPSO with the highest quality
discrimination from clouds (Feature type QA= 3) and after
accounting for the vertical overlap in case that occurs. Also,
it should be noted that the lidar signal does not penetrate opti-
cally thick clouds, and thus the systematic presence of clouds
in some regions and/or at specific altitudes impacts on DOF
(one can note that all remote sensing instruments measuring
aerosols are affected by clouds and generally the given re-
sults are biased towards cloud-free conditions). The presence
of semi-transparent clouds is much less an issue as the lidar
can penetrate and the backscattered signal from below can be
analyzed to retrieve aerosol layers (Winker et al., 2013). Nev-
ertheless, the clouds’ impact is expected to be minimal here,
as only the number of dust layers with the aforementioned
quality criteria is used in the estimation of DOF, instead of
the total number of CALIPSO observations or cloud-free ob-
servations only.

Figure2 shows the number of dust layers (N ) detected by
CALIPSO at every bin for the four seasons. The spatial dis-
tribution of SAL (whereN is greater than about 500) and its
northward shift between winter and summer can be observed
clearly. A similar seasonal spatial distribution of dust above
the Atlantic has been provided by MODIS dust optical depth
(Ben-Ami et al., 2012, ; see their Fig. 1).
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2.2 Additional data sets

The MODIS/AQUA aerosol optical depth (AOD) at 550 nm
(level 3, collection 5.1), which has a spatio-temporal reso-
lution of 1◦ and 1 month, is used for the same period. The
aerosol characteristics from MODIS are derived over the
land and oceans separately, using independent algorithms,
while a third algorithm is used above bright surfaces, such as
deserts (Remer et al., 2005). Comparison of MODIS AOD re-
trievals with collocated AERONET measurements confirms
that 1 standard deviation of MODIS AOD falls within the
initial predicted uncertainty of1τ = ±0.03± 0.05τ over
ocean and1τ = ±0.05± 0.15τ over land, more than 60 %
of the time over ocean and more than 72 % of the time over
land (Remer et al., 2005, 2008). It should be noted that
MODIS observations have been used extensively to study
dust aerosols above the Atlantic Ocean (e.g.,Kaufman et al.,
2005; Wong and Dessler, 2005; Kalashnikova and Kahn,
2008; Peyridieu et al., 2010; Ben-Ami et al., 2012; Peyri-
dieu et al., 2013) due to their almost global coverage of the
Earth on a daily basis, their availability from both TERRA
and AQUA satellites and their good quality. MODIS AOD is
used here as an additional constraint to DOF from CALIPSO
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
collocate with AOD maxima (minima). In Fig.2 the MODIS
0.25 AOD isolines are superimposed to the number of dust
layers detected by CALIPSO. As both parameters are column
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
and CALIPSO are generally in agreement regarding the spa-
tial occurrence of the SAL. However, some differences exist
in winter and spring close to Africa south of the Equator,
in summer above the mid-Atlantic north of 20◦ N and in fall
west of 30◦ W. Nevertheless, these differences are minimized
by plotting the MODIS 0.2 AOD isolines, especially in win-
ter and spring, while in fall the differences persist west of
40◦ W (not shown). The discrepancies between CALIPSO’s
number of dust layers and MODIS’s AOD in summer and
fall will be further discussed in the next section. In any case
it should be kept in mind when comparing the two quantities
that a big number of dust layers does not necessarily mean
that the layers are optically thick, especially far away from
the Sahara or near the boundaries of SAL.

Wind strongly influences dust emission and transport (e.g.,
Maher et al., 2010). In order to examine the impact that
the wind may have on SAL during its transport, wind data
from ERA-Interim are used for the 5 yr of the study. ERA-
Interim is the latest global atmospheric reanalysis produced
by the ECMWF (Dee et al., 2011). The data are provided at
a spectral T255 horizontal resolution, which corresponds to
approximately 79 km spacing on a reduced Gaussian grid and
at 37 pressure levels (from 1000 to 1 hPa). Here, the monthly
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Fig. 2. Number of dust layers (desert dust and polluted dust) de-
tected by CALIPSO above the Atlantic during the 5 yr period from
June 2006 to May 2011 for the four seasons: winter (DJF – top
left), spring (MAM – bottom left), summer (JJA – top right) and
fall (SON – bottom right). The magenta lines are the 0.25 AOD iso-
lines from MODIS for each season.

means of daily means are used, as they are representative for
the entire month. The monthly means are then averaged to
seasonal means in order to be consistent with our CALIPSO
data set.

3 SAL seasonal vertical distribution

Figures3 and4 depict the seasonal vertical distribution of the
SAL above the Atlantic Ocean as depicted from CALIPSO
measurements of dust aerosols. For each season, five latitude
(x axis)–altitude (y axis) cross sections of DOF are shown
with the latitude ranging from 10◦ S to 40◦ N, from the west
coast of northern Africa (10◦ W, bottom) to the east coast
of South America and the east side of the Caribbean Sea
(50◦ W, top) with a step of 10◦. Although our database is
available at a resolution of 1◦, each cross section presents the
meridional average of±1◦ around the central longitude in
order to increase the number of available data and to reduce
the noise. The continuous bold color line at the top of each
cross section shows the MODIS AOD at 550 nm. Note that
the MODIS AOD at 10◦ W is not available from the standard
algorithm above the Sahara. White areas denote either very
low DOF (< 0.05) or a statistically insignificant number of
dust layers (< 480 for the±1◦ average). It can be seen in
Figs. 3 and4 that dust aerosols above the tropical Atlantic
are not found in general above the altitude level of 6.5 km
(DOF< 0.05 above it) all year round. An obvious seasonal
cycle can also be noticed with the SAL being in contact with
the surface and confined within a thin layer during winter,
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Fig. 3. Vertical distribution of the dust aerosols occurrence frequency above the Atlantic Ocean at five longi-

tudes (10◦ W, 20◦ W, 30◦ W, 40◦ W and 50◦ W) during winter (DJF – left) and spring (MAM – right) seasons

from 5 yr of CALIPSO observations. The abscissa is the latitude from 10◦ S to 40◦ N. The cyan line at 6.5km

of each cross section marks the ocean, while the colour line above it, between 7 and 8km, is the MODIS AOD

at 550nm. The colorbar of MODIS AOD is the same as that of the dust occurrencefrequency.
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Fig. 3.Vertical distribution of the dust aerosols occurrence frequency above the Atlantic Ocean at five longitudes (10, 20, 30, 40 and 50◦ W)
during winter (DJF – left) and spring (MAM – right) seasons from 5 yr of CALIPSO observations. The abscissa is the latitude from 10◦ S to
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
summer.

For completeness and in order to provide the spatial ex-
tension of the SAL as seen from CALIPSO, the DOF at six
vertical levels from CALIPSO for the four seasons can be
found in the Appendix (Figs.A1–A4). The six levels are
1 km (bottom left), 2 km (middle left), 3 km (top left), 3.5 km
(bottom right), 4.2 km (middle right) and 4.8 km (top right).
These levels have been chosen in order to offer a good ver-
tical description of the SAL and to match the existing pres-
sure levels of the ECMWF wind data (at 900, 800, 700, 650,
600 and 550 hPa), which will be used in the next section.
Also, the wind direction from ECMWF at these pressure lev-
els is denoted by the black vectors, while the wind speed is
given by the magenta isolines. It must be mentioned that for
these figures no averaging or smoothing has been applied to
CALIPSO results.

The SAL is located by using the thresholds for DOF of
0.35 and for AOD of 0.2–0.25. The DOF being a relative
magnitude is held constant for the whole region of interest,
whereas the AOD is an absolute magnitude and its decrease
with westward transport (e.g.,Kalashnikova and Kahn, 2008)
has been taken into account by applying a threshold of 0.25
close to Africa and 0.2 close to the Americas. These thresh-
olds are arbitrary, but they have been chosen by taking into
account that away from the Sahara and the main part of the
SAL the DOF can take values up to 0.3 and the AOD up to
0.2. For comparison, the Maritime Aerosol Network (MAN)
for the Atlantic indicated that 75 % of the data have AOD at
500 nm values less than 0.2 (Smirnov et al., 2011, see also
their Fig. 3a).

Atmos. Chem. Phys., 13, 11235–11257, 2013 www.atmos-chem-phys.net/13/11235/2013/
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3.1 Winter (DJF)

During winter (Fig.3, left), SAL is found within 5◦ S–15◦ N
off western Africa (taking DOF> 0.35), while close to the
coast of South America it is observed within 5◦ S–10◦ N.
This is in agreement with MODIS AOD shown at the top
of each cross section (taking AOD> 0.25) and with the re-
sults ofHuang et al.(2010). The dust aerosols detected close
to Africa (10 to 30◦ W) north of 15◦ N and below 1.5 km are
not part of the SAL, as will be demonstrated by its seasonal
evolution below and the wind fields in the next section. Verti-
cally, SAL is observed between the surface and 3 km close to
Africa, while its top goes down to about 2 km by the time it
reaches South America. The SAL signature can be observed
till 60◦ W (Figs. 2 andA1) with the top at the same level.
Close to Africa (20◦ W), the maximum DOF is 0.6, found at
2 km collocated with the AOD maximum in the interval 5–
10◦ N. Above South America (50◦ W), the maximum DOF
(> 0.5) is located at 0.5 km near the Equator.

South of 10◦ N, the biomass burning aerosols emitted dur-
ing this period of the year are mixed with desert dust (Hay-
wood et al., 2008). The important number of dust layers seen
to the south of 5◦ N (Fig. 2) is mostly due to the inclusion
of the polluted dust class in the analysis, even if this inclu-
sion does not impact on the results. In fact, taking into ac-
count only the desert dust class of CALIPSO and not the
combination of desert dust and polluted dust does not change
the vertical distribution of DOF in Fig.3 (left) (not shown).
Thus, the inclusion of the polluted dust class in the analy-
sis does not modify the results for this region during winter.
This can be explained by the fact that CALIPSO classifies the
aerosol layers with relatively high estimated particulate de-
polarization ratio (> 0.2) as desert dust (Omar et al., 2009),
which can comprise also dust and smoke mixtures. Indeed,
lidar measurements above Cape Verde observed aerosol mix-
tures of biomass burning and desert dust having wavelength-
independent depolarization ratios between 0.12 and 0.23
(Gross et al., 2011; Tesche et al., 2011; Weinzierl et al.,
2011). At 40◦ W, over South America it can be noticed that
DOF takes relatively high values (> 0.5) from the surface up
to 2 km. However, they are not part of the SAL as they are ob-
served south of 5◦ S (also notice that MODIS AOD is lower
than 0.05). The elevated DOF values could be related to the
lower number of detected dust layers above South Amer-
ica (< 300) than over the nearby ocean (Fig.2). It should
be mentioned that the majority of dust layers detected over
South America south of the Equator from CALIPSO are pol-
luted dust (not shown). Although the contamination from lo-
cal biomass burning aerosols cannot be totally excluded, the
fire activity to the north and east of the Amazon Basin peaks
in fall (van der Werf et al., 2003; Giglio et al., 2006), meaning
that the majority of these layers are transported from Africa
(Ansmann et al., 2009; Baars et al., 2011).

Near the African coast, measurements from recent cam-
paigns during winter indicated a two-layer aerosol struc-

ture with desert dust up to 1.5–2 km and mixed dust/smoke
aerosols above reaching an altitude of 5 km (Johnson et al.,
2008; McConnell et al., 2008; Tesche et al., 2011). Other
studies, based on CALIPSO data, reported dust top height
at about 3 km near the African coast (10–20◦ W) (Ben-Ami
et al., 2009; Huang et al., 2010), in agreement with our
results. As mentioned previously, this difference between
CALIPSO and the field studies can be explained by the use
of different ways (and instruments) to characterize a layer
as desert dust and to separate it from other aerosol types. It
should be noted that mineral dust is also found even in aged
elevated biomass burning layers over western Africa (at least
north of 8◦ N), accounting for 72 % of the estimated aerosol
mass (Formenti et al., 2008). Over the Atlantic, a ship-
borne campaign found dust maximum height just above 2 km
around 40◦ W (Voss et al., 2001), which is in agreement with
Fig.3 (left). Further away, above South America, two studies
reported Saharan dust below about 3 km, mostly well mixed
with smoke (Ben-Ami et al., 2010; Baars et al., 2011). The
Saharan dust aerosols fertilize the Amazon Basin during win-
ter, which is very important for the maintenance of its nu-
trition balance (Kaufman et al., 2005; Koren et al., 2006);
they also act as ice nuclei, thereby influencing precipitation
and radiation budget of the Amazon’s sensitive ecosystem
(Prenni et al., 2009). AlthoughBen-Ami et al.(2010) have
presented a case study of this transport, here a more gen-
eral and complete picture is given using climatological data.
However, there is still need of independent studies to further
validate our results, especially over the Amazon.

3.2 Spring (MAM)

Figure 3 (right) displays the results for spring. It can be
observed that SAL moves 5◦ northwards both off western
Africa (0–20◦ N) and off South America (0–15◦ N), although
the number of dust layers is reduced south of 5◦ N (Fig. 2).
CALIPSO results are in accordance with MODIS observa-
tions close to Africa, while off South America, although DOF
values do not seem to decrease significantly north of 15◦ N,
the number of dust layers is reduced to less than 500 (Fig.2).
This shows both the weakness of DOF as it does not pro-
vide any information about the dust load and the usefulness
of coupling DOF with MODIS AOD and the number of dust
layers provided from CALIPSO. Also, north of 20◦ N, dust
layers can be observed scattered over the entire North At-
lantic, in contrast to the other seasons (Fig.2), although their
number is less than 300. These can be either dust mixed with
anthropogenic pollution from North America or desert dust
transported from Asia (e.g.,Uno et al., 2009). Although the
possibility of dust from the Sahara cannot be excluded, the
wind pattern seen in Fig.A2 makes it less probable. Over
the eastern Atlantic, SAL occurs in the altitude range 1–
4 km for its northern part (10–20◦ N) and between the sur-
face and 3 km for its southern part (0–10◦ N). The higher al-
titude range at the northern part of SAL (Fig.3 (right) at 20

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 11235–11257, 2013
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Fig. 4. Same as Fig. 3 but for summer (JJA – left) and fall (SON – right) seasons.
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Fig. 4.Same as Fig.3 but for summer (JJA – left) and fall (SON – right) seasons.

and 30◦ W) results from the influence of the trade winds, as
shown in the next section. Its maximum altitude is reached at
about 14◦ N, which is 5◦ north of the AOD maximum. The
maximum DOF of 0.6 is found at 2–3 km, below the maxi-
mum altitude (14◦ N). Towards South America (and the south
Caribbean Sea for this season) SAL lies between the surface
and 2–2.5 km, while the maximum DOF (∼ 0.55) is found
around 10◦ N at 1.5 km. It can be detected as far as 70◦ W
around 10◦ N (Figs.2 andA2) at the same altitude range (not
shown). In the same figures one can notice dust layers be-
yond 70◦ W; however in northern South America, spring is
the season with the most fire activity (van der Werf et al.,
2003; Giglio et al., 2006). Thus, results westward of 60◦ W
over land should be used and interpreted with caution, keep-
ing in mind that the majority of dust layers there (Fig.2)
belong to the polluted dust class (not shown). Like in winter,
at 40◦ W over eastern South America (Fig.3, right) relatively
high DOF values can been seen below 2 km. However, this is
not part of SAL and the number of dust layers there is limited
(Fig. 2).

Analysis of 3 yr of observations over a coastal site of Sene-
gal (Leon et al., 2009), indicated that the dust layer top is lo-
cated a little higher between 4 and 5 km during spring than
what we found in this study. On the other hand, over north-
eastern South America,Formenti et al.(2001) found that dust
layers extended up to 700 hPa (∼ 3 km). These last results are
in agreement with Fig.3 (right). Despite the fact that the dust
transport to northern South America peaks in spring (Pros-
pero et al., 1981), studies on the vertical distribution of dust
in both sides of the Atlantic during this season are sparse.

3.3 Summer (JJA)

Although the characteristic oval shape of SAL (Karyampudi
et al., 1999; Liu et al., 2008b) starts to appear at its northern
part during spring, it can be more clearly observed during
summer (Fig.4, left). In summer, SAL moves farther north-
ward, occurring off western Africa between 5 and 30◦ N and
between 10 and 25◦ N east of the Caribbean Sea, and reach-
ing Central America, the southeastern USA and the Gulf of
Mexico (Figs.2, 5 andA3). Also, the northern edge of SAL

Atmos. Chem. Phys., 13, 11235–11257, 2013 www.atmos-chem-phys.net/13/11235/2013/
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Fig. 5. Same as Fig. 3 but only for summer (JJA) at the five longitudes: 50◦ W, 60◦ W, 70◦ W, 80◦ W and

90◦ W. The cross section at 50◦ W is repeated in order to facilitate the inspection of SAL evolution.
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Fig. 5. Same as Fig.3 but only for summer (JJA) at the five lon-
gitudes: 50, 60, 70, 80 and 90◦ W. The cross section at 50◦ W is
repeated in order to facilitate the inspection of SAL evolution.

moves southwards till 50◦ W reaching 25◦ N, and then starts
to turn northwards (Figs.2, 4 (left) and5), which is in ac-
cordance with the anticyclonic rotation of the SAL within
the ridge region mentioned byKaryampudi et al.(1999).
This is not obvious from the MODIS AOD 0.25 isoline in
Fig. 2, but it can be observed from the AOD plotted at the
top of each cross section of Figs.4 (left) and5. The com-
parison between winter and summer in Fig.2 depicts clearly
the seasonal latitudinal displacement of SAL and the longer
westward transport of dust during summer. Near Africa, SAL
lies in the altitude range 1 to 5 km, with its maximum top at
about 21◦ N when the AOD maximum is found at∼ 17◦ N,
as in spring. This meridional shift between the maximum
AOD and altitude observed in both seasons can be explained
by the lower DOF, which indicates a lower amount of dust
aerosols, below the northern part of SAL in comparison to
the southern one. A similar meridional shift was found be-
tween the maximum dust AOD and the temperature differ-
ence induced by dust outbreaks (Wilcox et al., 2010). At the

mid-Atlantic (30–40◦ W) the base of SAL increases to 1.5–
2 km (more evident for the southern part of SAL), while the
top decreases with westward transport, as for the other sea-
sons. Around 50◦ W, a transition is seen with SAL present-
ing two parts: the southern one (10–15◦ N), found between
the surface and 3.5 km, and the northern one (15–25◦ N), be-
tween 1.5 and 4 km (Fig.4, left). Again, this seems to be
a result of the influence of the trade winds (examined in the
next section). After 60◦ W, the SAL bottom appears to be in
contact with the surface, while the top continues to decrease,
reaching 2 km at 80◦ W (Fig.5). The maximum DOF (> 0.5)
is found about 3 km off western Africa (20◦ W) between 15
and 25◦ N, decreasing to below 1 km at 80◦ W around 20◦ N.
The maximum DOF appears to be collocated with the max-
imum warming of the SAL found at 2–3 km (Wang, 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 DOF (> 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 Fig.A3.
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 summer (Giglio et al., 2006). In the pre-
vious section, we noticed differences between CALIPSO’s
number of dust layers and MODIS AOD north of 20◦ N,
close to North America (Fig.2). This discrepancy is reduced
by taking the 0.2 AOD isoline, which is found 2–3◦ north-
ward of the 0.25 AOD isoline. The significant number of dust
layers north of 23◦ N can be attributed to anticyclonic circu-
lation observed close to 30◦ N and 50◦ W (Fig. A3). Indeed,
the wind vectors in Fig.A3 indicate that a contamination of
dust aerosols with North American pollution is unlikely. On
the other hand, the dust aerosols north of 20◦ N can be en-
trapped in the anticyclonic circulation, and thus either de-
posited at the mid-Atlantic or dispersed during the transport,
therefore decreasing their AOD. This can explain the discrep-
ancy between MODIS AOD and CALIPSO’s number of dust
layers.

In contrast with the other seasons, there are more obser-
vations of SAL during summer, and especially in the eastern
Atlantic. Above Cape Verde, measurements of the SAMUM-
2b campaign indicate that the dust layer top is at 4.4±0.7 km
with a mean layer depth of 4.1±0.7 km, above a 0.5–1.0 km
deep maritime boundary layer (Tesche et al., 2011). Airborne
measurements near Dakar above ocean registered dust up to
6 km (McConnell et al., 2008). Off western Africa, NAMMA
airborne observations pointed out that the SAL generally ex-
tends up to 4 to 6.5 km, with a characteristic temperature in-
version at its base at about 2 km (Ismail et al., 2010), which
agrees with shipborne lidar measurements in the same region
(Immler and Schrems, 2003). Also, SAGE II climatological
data reveal one dust layer in the eastern north tropical At-
lantic located between 2 and 6 km (Zhu et al., 2007). On the

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 11235–11257, 2013
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Fig. 6. Vertical distribution of the dust aerosols occurrence frequency above the Atlantic Ocean (from top to

bottom) during winter (DJF at 5◦ N), spring (MAM at 10◦ N), summer (JJA at 15◦ N) and fall (SON at 15◦ N).

The abscissa is the longitude from 80◦ W to 10◦ W. The cyan line at 6.5km of each cross section marks the

ocean, while the colour line above it, between 7 and 8km, is the MODIS AOD at 550nm. The colorbar of

MODIS AOD is the same as that of the dust occurrence frequency.
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Fig. 6. Vertical distribution of the dust aerosols occurrence fre-
quency above the Atlantic Ocean (from top to bottom) during winter
(DJF at 5◦ N), spring (MAM at 10◦ N), summer (JJA at 15◦ N) and
fall (SON at 15◦ N). The abscissa is the longitude from 80 to 10◦ W.
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.

west side of the Atlantic, results from the PRIDE campaign
indicate that dust aerosols can reach an altitude of 5 km, pre-
senting a highly variable vertical distribution and revealing
the presence of dust in the marine boundary layer at Puerto
Rico (Reid et al., 2002, 2003). Similar results were reported
over Florida with case studies of dust layers from 1 to 4 km
(DeMott et al., 2003) and from 1.7 to 5.5 km (Sassen et al.,
2003). According to this study, in the area of Puerto Rico
(20◦ N, 60–70◦ W), the dust layer is found mostly below
3 km, although some dust can be observed up to 4.5–5 km
(DOF∼ 0.1) (Fig.5).

3.4 Fall (SON)

Finally, during fall (Fig.4, right), SAL turns back southward,
lying between 0 and 25◦ N off western Africa and between
5 and 20◦ N at 50◦ W, taking into account also the MODIS
AOD and the number of dust layers from CALIPSO. In the
vertical, dust aerosols are found between the surface and
3 km close to Africa, while east of the Caribbean Sea, the top

decreases to 2 km. However, west of 40◦ W, MODIS AOD
is close to 0.1, a typical value for remote maritime regions
(Smirnov et al., 2011), thus indicating the absence of a sig-
nificant dust load farther west. On the other hand, CALIPSO
DOF does not present any obvious change, although the
available number of dust layers is reduced (Fig.2). This man-
ifests the limits of the DOF, which does not permit for a quan-
titative description of the dust load, and renders the position
of the northern border of SAL above the mid-Atlantic less
accurate during this season. Also, there is neither an obvious
maximum of DOF close to Africa nor close to the Caribbean
Sea. The high DOF values at 40◦ W above South America
can rather be linked to fire activity, which peaks in fall (van
der Werf et al., 2003; Giglio et al., 2006), confirmed by the
wind direction in Fig.A4. Leon et al.(2009) reported a layer
between 1 and 2 km above a coastal site in Senegal; their re-
sults also indicated that there is significant interannual vari-
ability with aerosols from the surface up to 3–4 km during
some years. It should be underlined that the lack of studies
during this season is partly due to the less strong dust out-
breaks (Ben-Ami et al., 2012).

3.5 Zonal evolution of the SAL characteristics

As the spatial extension of the SAL and its limits are de-
scribed previously, we focus now on its zonal evolution
above the Atlantic. Figure6 presents the vertical distribution
of CALIPSO DOF at one longitude for each season at 5◦ N
for winter, 10◦ N for spring and 15◦ N for summer and fall.
As SAL shifts latitudinally during the different seasons, the
latitudes have been chosen in order to be representative of
the central part of SAL during each season. Figure6 is simi-
lar to Figs.3 and4, but in this case the horizontal axis is the
longitude from 10 to 80◦ W. Data after 60◦ W for winter and
fall or after 70◦ W for spring have been removed because of
the limited number of dust layers (Fig.2).

It can be observed that the altitude decrease of SAL with
westward transport is smooth for all seasons. Once SAL
leaves Africa, it is found in contact with the ocean surface
during winter and fall. In contrast, during spring its base is
found at 1 km from 20 to 40◦ W. This is also the case in sum-
mer, with the base located at 1.5 km between 15 and 50◦ W,
while from 20 to 30◦ W the DOF is lower than 0.2. Figure6
further corroborates the results seen in Figs.3 (right) and4
(left) for spring and summer, with lower DOF values below
the SAL (especially its northern part) at the eastern Atlantic.
At the top of each cross section, a decrease of MODIS AOD
with westward transport can be seen, while the DOF values
do not seem to change significantly (although higher DOF
values are found over Africa). This underlies the difference
between the use of relative and absolute magnitudes in the
description of the SAL evolution.

Figures3, 4 and 6 indicate that the SAL is not charac-
terized by a multilayer structure, but rather it can be de-
scribed 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 Africa (−10◦ E) to the
Americas (−90◦ E). Each point is an average over 10◦ in 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 II off western
Africa during summer (Zhu et al., 2007) (a second dust layer
below 1 km seen in their Fig. 7 can be explained by the trans-
port of dust at lower levels during the rest of the year).Ben-
Ami et al. (2009), on the other hand, using the first year of
CALIPSO data, noticed a two-layer structure of dust above
the Atlantic especially during summer, with the lower one
attached or within the marine boundary layer. This is no
longer found here. In Fig.4 (left) south of 20◦ N, it can be
observed that below 1.5 km there are indeed dust aerosols
(DOF= 0.2–0.3), although below the SAL. The picture of
the SAL as a single layer is also in agreement with the stud-
ies ofKaryampudi et al.(1999), Liu et al. (2008b), Ben-Ami
et al.(2010), Braun(2010) andAdams et al.(2012), as well
as with the example in Fig.1. Thus, the use of notions like
mean altitude and mean geometrical thickness are adequate
to describe it.

Figure7 presents the mean altitude (a.s.l.) and geometri-
cal thickness, averaged over 10◦ in latitude, for the four sea-
sons between Africa (10◦ W) and the Americas (90◦ W). The
mean altitude and the mean geometrical thickness of the SAL
are calculated from the respective vertical frequency distribu-
tion at each bin in latitude and longitude, between the surface
and the altitude of 7 km, and then averaged to 10◦ latitudinal
zones for every 1◦ in longitude. The choice of a maximum
altitude of 7 km for the exploration range comes from the re-
sults of previous sections, based on Figs.3–6. The 10◦ zone
is different among the four seasons in order to depict the cen-
tral part of the SAL during its westward transport. Although
during spring and fall there are few data after 70 and 60◦ W,
respectively, these have been removed because of the limited
number of detected dust layers. The thin dotted lines are the
linear fit in the interval 10–50◦ W for winter, 20–60◦ W for
spring and fall and 30–80◦ W for summer. It should be kept
in mind that the results after 60◦ W in spring are less reliable
due to the peak of fire activity in northern South America.

Figure7 indicates that there is a clear distinction between
winter and summer both for the altitude (left) and the ge-
ometrical thickness (right) with higher values during sum-

mer. The transition seasons of spring and fall show simi-
lar characteristics with the values of altitude and geometri-
cal thickness bounded by the respective values of winter and
summer. Both mean altitude and geometrical thickness de-
crease from Africa to the Americas, except altitude during
summer, which stays approximately constant at 3 km up to
30◦ W and then decreases. The SAL mean altitude decreases
with westward transport by 13 mdeg−1 in winter, 24 mdeg−1

in spring and 23 mdeg−1 in fall (with the mean altitude be-
ing 200 m higher during spring) and 28 mdeg−1 in summer.
Ben-Ami et al.(2009) used the first year of CALIPSO data
and found that the top altitude decreases by 23 mdeg−1 in
winter (about twice than our results) and 27 mdeg−1 in sum-
mer (similar with our results). The SAL mean geometrical
thickness also regularly decreases, but with higher rates in
winter than in summer (contrary to altitude), while spring
and fall have similar rates. Between 10 and 20◦ W, SAL geo-
metrical thickness reduces sharply, due to the transition from
land to ocean, except during winter, when the central part of
SAL is mostly above ocean. The decrease rate is 25 mdeg−1

in winter, 13 mdeg−1 in spring, 9 mdeg−1 in summer and
14 mdeg−1 in fall. The decrease of SAL altitude and geomet-
rical thickness with westward transport can be attributed to
the descent of the dust aerosols by sedimentation and large-
scale subsidence due to general circulation with wet removal
modulating these processes (Colarco et al., 2003). On the
other hand, the clear sky subsidence due to longwave radia-
tive cooling – also depending on the water vapor content – is
another factor contributing to the observed decrease (Huang
et al., 2010).

Results of SAL mean altitude and its decrease with west-
ward transport (Fig.7), which is linear at first order, coupled
to the mean wind speed (Figs.A1–A4) allow for estimating
the effective dry deposition velocity (combining dynamical
forcings and dry sedimentation) of dust particles. The esti-
mation is based on the simple assumption that both the ef-
fective dry velocity and the wind speed can be thought as
almost constant during the westward transport of the SAL.
By using the equationsud =

1ZSAL
1t

, uz =
1x
1t

andα =
1ZSAL

1x
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we obtain

ud = α · uz (2)

and its uncertainty,δud = α ·δuz+uz·δα, whereud stands for
the effective dry velocity,uz is the mean zonal wind speed,
1x and1ZSAL are the zonal and vertical displacements in
the time period1t andα is the decrease of SAL mean alti-
tude (ZSAL) with the westward transport.

The mean altitude of SAL is between 1.5 and 2 km in
winter, 1.5 and 2.5 km in spring and fall, and 1.5 and 3 km
in summer (Fig.7, left). These values correspond to pres-
sure levels of about 800–850 hPa in winter, 750–850 hPa in
spring and fall and 700–850 hPa in summer. At these pres-
sure levels the mean wind speed from ECMWF (for the
same zones as for the mean altitude) is 6.6 ms−1 in winter
(longitudinal range: 5.5–8.5 ms−1), 6.6 ms−1 in spring (lon-
gitudinal range: 6–8 ms−1), 8 ms−1 in summer (longitudi-
nal range: 7.5–8.5 ms−1) and 5.2 ms−1 in fall (longitudinal
range: 5–5.5 ms−1) (for wind speed at 700 and 800 hPa see
Figs. A1–A4 and also Fig.9 (left) of the next section). By
taking 1◦ of longitude to be equal to about 110 km near the
Equator, this means that 1◦ is covered in about 5 h for wind
speed of 6 ms−1. In the same time period, the SAL mean al-
titude decreases with the values mentioned in the previous
paragraph. Thus, after accounting for the average seasonal
wind speed and applying Eq. (2), the effective dry deposi-
tion velocity of dust particles is 0.07± 0.04 cms−1 in winter,
0.14±0.05 cms−1 in spring, 0.2±0.05 cms−1 in summer and
0.11± 0.04 cms−1 in fall. Note that the summer effective dry
deposition velocity is about 3 times the winter one.

The term effective is used here because the velocities are
based on SAL mean altitude decrease and the wind speed
from ECMWF, which account for all the processes relevant
to the deposition of dust particles, like gravitational settling,
turbulent mixing, Brownian diffusion, particle inertia, parti-
cle drag (Noll and Aluko, 2006; Foret et al., 2006) and the
atmospheric subsidence. It should be noted that according to
PRIDE observations, Stokes settling is too strong and an up-
ward velocity is needed to account for the changes in dust
particle size distribution (Maring et al., 2003). Generally,
dry deposition velocities for dust particles based on collec-
tion of samples at the local scale have been estimated to be
close to 1 cms−1, with a possible range for a case study over
Mediterranean between 0.1 and 6.9 cms−1 depending on the
used aerosol distribution for its calculation, which in turn is
modulated by the contribution of large particles (Dulac et al.,
1992). Our results lie within this range.Prospero et al.(2010)
reported dry deposition velocities for different stations over
Florida in the range 0.23–0.89 cms−1 during summer, with
their “best” stations yielding very similar values of 0.23 and
0.30 cms−1. These values are in accordance with our results.
However, for winter months they found very large deposition
velocities in the range 1.30–3.13 cms−1 (with their “best”
stations yielding values of 1.30 and 1.72 cms−1), which are
much higher than our results. In addition, their winter results

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
that their results either are affected by local dust sources or
reflect a limited number of Saharan dust outbreaks reaching
Florida during winter. Furthermore, our estimation consid-
ers spatial analysis, which includes larger scale dynamical
forcings – and thus it may be different than local ones – es-
timated from time analysis. In any case there are not readily
implemented techniques to measure dust deposition to the
ocean (Prospero et al., 2010) and this is the reason for the
limited number of observation studies dealing with dry de-
position velocity and consequently its relatively high uncer-
tainties. Thus, further studies are needed at several locations,
especially during the winter period close to northern South
America.

4 Impact of wind on SAL shape

Once the vertical distribution of the SAL has been estab-
lished and validated against observations from other studies,
the next step is to examine the possible impact of the wind
field on the SAL shape. Figures8 and 9 present the sea-
sonal horizontal wind from the ERA-Interim data averaged
over the same period as CALIPSO observations at three pres-
sure levels: 900 (∼ 1 km, bottom), 700 (∼ 3 km, middle) and
500 hPa (∼ 5.5 km, top). In order to facilitate the interpreta-
tion of the interaction between SAL and wind, the MODIS
AOD isolines of 0.25 and 0.5 are plotted as indicative of the
SAL location and dust load. To avoid any misinterpretation
of the isolines above the Sahara, it should be kept in mind that
MODIS (standard algorithm) does not provide results above
deserts. As mentioned in the previous section, Figs.A1–A4
present the CALIPSO DOF at six levels with the wind direc-
tion and speed from ECMWF, and they are supplementary to
Figs.8 and9.

4.1 Winter

During winter, at low tropospheric levels (900 hPa), the wind
flow is northeasterly above the Equator bringing dust from
Africa to South America (Fig.8, left). However, away from
the SAL, it can be observed that north of 25◦ N the wind
direction changes from easterly to westerly due to high-
pressure systems located over the Atlantic between 20 and
30◦ N most of the year (Christopher and Jones, 2010). At
700 hPa, the wind in the eastern tropical Atlantic is easterly
up to 15◦ N and then shifts to westerly, with the shift arriving
now further south than the corresponding shift at 900 hPa.
This change in the wind direction with altitude is observed in
Fig. 3 (left) at 20◦ W with the quasi absence of dust aerosols
north of 15◦ N above 2 km (as already mentioned, this lati-
tude coincides with the northern border of the SAL during
winter). The southern shift of the wind direction change with
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Fig. 8. Horizontal wind from ECMWF at three pressure levels (900 hPa – bottom; 700 hPa – middle; and 500 hPa – top) during winter (DJF
– left) and spring (MAM – right) seasons averaged over the same period as for CALIPSO. The vectors indicate the direction, and the color
the wind speed (ms−1). The magenta isolines of 0.25 and 0.5 depict the MODIS AOD at 550 nm.

altitude can be discerned more easily in Fig.A1. No dust
aerosols are seen at 500 hPa in winter (see previous section).
In agreement with these results, winter observations at Cape
Verde indicate dust transport at low altitudes (below 1.5–
3 km) by the trade winds (Chiapello et al., 1995). Likewise,
a regional model study shows dust transport up to 2–3 km
within the trade wind layer (Schepanski et al., 2009).

4.2 Spring

Off western Africa at 900 hPa, the wind direction in spring
is north-northeast, which brings mostly clean maritime air
masses without dust aerosols from the North Atlantic down
to 10–15◦ N, while farther south, down to the Equator, the
flow brings air masses from the Sahara (Fig.8, right). This
observation can explain the decrease of DOF at low lev-

els seen in Fig.3 (right) (10–20◦ N, 20–40◦ W) and the
DOF local minimum in the same region (DOF< 0.35) ob-
served in Fig.A2 at 900 hPa. Farther west, dust aerosols are
found in contact with the surface due to the decrease of the
SAL altitude with transport, while the relatively high speed
(> 7 ms−1) of dust-free air masses in the mid-Atlantic be-
tween 10 and 20◦ N (Fig. 8, right) delays the efficient mixing
of the SAL dust aerosols inside the marine boundary layer
westward of around 40◦ W (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 20◦ N 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 of 10◦ N. This southern shift
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Fig. 9. Same as Fig. 8 but for summer (JJA – left) and fall (SON – right) seasons.
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Fig. 9.Same as Fig.8 but for summer (JJA – left) and fall (SON – right) seasons.

with altitude of the direction change can explain the ellipsoid
shape on the northern part of the SAL seen in Fig.3 (right).

4.3 Summer

At 900 hPa during summer, the trade winds import clean
air from both hemispheres below the SAL at least west-
ward of 40◦ W (Figs. 9 (left) and A3). The high speed of
the trade winds (> 7 ms−1) prevents the efficient mixing of
dust aerosols inside the marine boundary layer westward of
40◦ W for the southern part and up to 50◦ W for the northern
part, in accordance with Fig.4 (left). At 700 hPa, the flow
is easterly up to about 30◦ N, transporting the SAL directly
to the Caribbean Sea, with strong wind (> 7 ms−1) between
10 and 20◦ N, where the maximum AOD of the SAL is seen
(Fig. 4, left). After 60◦ W, the flow turns to southeasterly,
thus bringing dust aerosols to the southeastern USA and the
Gulf of Mexico. At 500 hPa, the flow remains easterly up to

25◦ N, while the wind magnitude is significant (> 7 ms−1)
westward of 40◦ W, meaning a faster westward transport of
dust aerosols at this altitude up to this longitude. As in spring,
the oval shape seen in the northern edge of the SAL (Fig.4,
left) can be explained by the southern shift of wind direc-
tion change with altitude (depicted in Fig.A3). The role of
relatively clean northeasterly trade winds that erode the low-
lying dust aerosols of the SAL during the westward transport
has also been noticed by previous studies (Karyampudi et al.,
1999; Colarco et al., 2003). The wet removal can also be
a contributing factor to dust erosion at low levels, while some
of the low-level dust may persist all the way across the ocean
(Colarco et al., 2003), as can be observed in Fig.4 (left) (be-
low SAL, DOF values 0.1–0.2). A model study showed as
well that in summer, dust is transported above the trade winds
inversion (Schepanski et al., 2009).
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4.4 Fall

During fall, at 900 hPa the wind is mostly easterly (south-
easterly below∼ 5◦ N and northeasterly around 20◦ N, Fig.9
(right)). In Fig. 4 (right) at 20◦ W and about 25◦ N, there is
a minimum of DOF in relation with the transport of dust-free
air masses from the north (see also Fig.A4). At 700 hPa, the
flow is easterly up to 20–25◦ N and then changes direction to
westerly. Again, there are no dust aerosols north of 20–25◦ N
(Fig. 4, right).

4.5 The role of the Intertropical Convergence Zone
(ITCZ)

The southern border of the SAL is closely connected all year
round to the position of the ITCZ (Marticorena et al., 2011;
Ben-Ami et al., 2012). Based on climatological data above
the Atlantic, the ITCZ stays north of the Equator almost the
entire year, and its position is about 3◦ N during winter and
spring (it may even be southern), 10◦ N during summer and
8◦ N during autumn (Waliser and Gautier, 1993; Hu et al.,
2007; Zagar et al., 2011). The same studies found the ITCZ
position over South America to be around 10◦ S during win-
ter (although large variations make it difficult to localize it
precisely) and 3◦ S during spring. The approximate ITCZ
position can be seen at 900 hPa in Figs.8 and9, where the
meridional wind is zero (Zagar et al., 2011, used the merid-
ional wind averaged over 10 pressure levels of ERA-Interim
data below 900 hPa). For the 5 yr period examined here, dur-
ing winter the ITCZ seems to be slightly north of the Equa-
tor (5◦ N close to Africa and 2◦ N close to South America)
above the Atlantic, moving down to at least 10◦ S over South
America. During spring, it seems to be over the Equator both
above the Atlantic and South America, while during summer
and fall it is at 10 and 8◦ N over the Atlantic, respectively.
From the results of the previous section and the approximate
position of the ITCZ, it can be observed that above the west-
ern Atlantic or South America, the SAL is either bounded
by the ITCZ in the south (spring, summer and fall) or it
never reaches the ITCZ (winter) (bottom plot of Figs.8 and
9). However, over the eastern Atlantic the restriction of the
SAL in the south by ITCZ can be clearly seen only during
spring, while during winter and summer both CALIPSO and
MODIS indicate the existence of dust aerosols, even south
of ITCZ. The possibility of an artifact during winter by the
inclusion of the polluted dust class (and thus biomass burn-
ing aerosols) in the analysis has been excluded in Sect. 3.1.
During summer and fall, it can be noticed that the number
of dust layers from CALIPSO is reduced south of the ITCZ
(located at 10 and 8◦ N, respectively) in comparison to north-
ern latitudes (Fig.2), while also only a part of SAL is found
south of 10◦ N at about 3 km during summer (Fig.4, 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

totally excluding the presence of SAL inside it. Possible rea-
sons for the fact that SAL penetrates into ITCZ are manifold.
It can be due to the influence of eddies related to African
easterly waves, the different definition of ITCZ over the At-
lantic and western Africa and consequently the improper use
of the tropical rain belt from remote sensing studies to denote
the ITCZ over western Africa (Nicholson, 2009) or the dis-
placement of ITCZ during time (e.g.,Doherty et al., 2012).
Especially during winter, the weaker intensity of ITCZ over
the east Atlantic may play a role (Waliser and Gautier, 1993,
see their Fig. 1).

4.6 African Easterly Jet and SAL

An important feature that can be noticed in Figs.8 and9 at
700 hPa (middle) is the collocation of SAL AOD maximum
with a local maximum of the wind speed over the coast of
western Africa for all seasons. This wind maximum, actu-
ally the African Easterly Jet (AEJ) (e.g.,Wu et al., 2009;
Lafore et al., 2011), is climatologically located at about 2◦ N
and vertically 700 hPa in winter and at 14◦ N and vertically
600 hPa in summer (Afiesimama, 2007), a few degrees south-
ward than seen in Figs.8 and9. The coincidence between
AEJ and SAL in the vertical mostly happens at the upper
levels of the SAL, as the AEJ is placed above 2 km in winter,
rising to above 3 km in summer. Thus, the transport of dust
aerosols in the upper levels of the SAL is realized within the
AEJ close to Africa, which promotes the differential advec-
tion between the upper and lower parts of SAL.Karyampudi
et al.(1999) mentioned that the SAL is transported westward
by the AEJ (in their study referred to as the middle-level east-
erly jet), located near the southern edge of the SAL. How-
ever, firstly the AEJ is found mostly near western Africa,
except for summer, in contrast to the SAL that reaches the
Americas, and secondly, SAL presents higher extension than
AEJ both spatially and vertically. These indicate that SAL
is not transported by AEJ, but only a part of SAL interacts
with AEJ. On the other hand,Tompkins et al.(2005) showed
that a better description of aerosols especially over the Sahara
in the ECMWF model significantly improved the forecast of
AEJ structure and strength, via the direct radiative forcing.
In addition, the AEJ is accelerated by approximately 4 ms−1

and is moved northward by 4–5◦ during dust outbreaks com-
pared to low-dust conditions (Wilcox et al., 2010). Thus,
the existence of a strong interconnection between SAL and
AEJ should be further studied. A first step to this end has
been realized during the AMMA campaign, where the impact
of SAL on African Easterly Waves (which develop though
barotropic and baroclinic energy conversions as they move
along the AEJ) has been examined (Zipser et al., 2009; Is-
mail et al., 2010; Lafore et al., 2011).
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5 Summary and conclusions

In this study, the vertical distribution of the Saharan Air
Layer (SAL) is presented based on the detection of dust
aerosols from CALIPSO above the Atlantic. Five-year
CALIPSO observations of desert dust and polluted dust lay-
ers are used to depict the seasonal vertical distribution of
SAL with 1◦ horizontal resolution. These results offer a bet-
ter description of the SAL, not accessible up to now, at least
vertically. The desert dust and polluted dust classes have been
merged in order to take into account the mixing of desert dust
with other aerosol types (pollution, biomass burning, mar-
itime), the aging of desert dust during its long-range transport
to the Americas and the possible misclassification of desert
dust as polluted dust by the CALIPSO algorithms. The pos-
sible overlap/overwrite of the layers has also been taken into
account and corrected. The dust occurrence frequency (DOF)
has been used in order to avoid the assumption about the li-
dar ratio, while the MODIS aerosol optical depth at 550 nm
is also used as an additional and independent parameter to
validate the spatial distribution of the SAL. The quality of
our results is conditioned by the good quality of CALIOP’s
signal and the sound performance of CALIPSO algorithms in
detecting the boundaries of aerosol or cloud layers, discrim-
inating aerosols from clouds and recognizing dust aerosols
from other classes due to depolarization ratio. It must be
noted that the majority of previous studies (e.g.,Karyam-
pudi et al., 1999; Dunion and Velden, 2004; Zhu et al., 2007;
Zipser et al., 2009; Braun, 2010; Nalli et al., 2011; Davidi
et al., 2012) examined the SAL characteristics mainly during
late spring to early fall, when the dust load is more significant
and the hurricane and tropical cyclone activity peaks. Here,
we show that SAL exists all year round at least in relation to
dust aerosols examined.

The CALIPSO data indicate that SAL presents a clear sea-
sonal cycle and appears northern in latitude and higher in
altitude during summer than during winter. This seasonality
is in agreement with the results ofProspero et al.(2012) (see
their Fig. 3). Its spatial extent at 20◦ W is found between 5◦ S
and 15◦ N in winter and between 5 and 30◦ N in summer. To-
wards the east Caribbean Sea (50◦ W), SAL is observed in
the interval 5◦ S–10◦ N in winter and at 10–25◦ N in summer,
although it can reach the longitudes of 60◦ W during win-
ter and 90◦ W in summer. During the transitory seasons of
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 altitude range 0–3 km at 20◦ W, reducing
to 0–2 km over eastern South America (50◦ W). During sum-
mer, SAL is found more elevated close to Africa (20◦ W) at
1 to 5 km going down to 0–2 km in the Gulf of Mexico (80–
90◦ W). These results are generally in good agreement with
previous studies, although the majority of these studies only
deal with a limited number of cases, mainly in summer and
close to western Africa.

The vertical distribution of SAL does not generally show
a multilayer structure, but rather only one dust layer, which
justifies the use of notions as mean altitude and mean ge-
ometrical thickness. During winter the mean altitude de-
creases with westward transport by 13 mdeg−1 and the mean
geometrical thickness by 25 mdeg−1, while in summer the
mean altitude decreases westward of 30◦ W by 28 mdeg−1

and the mean geometrical thickness by 9 mdeg−1. Thus, the
decrease tendency is inverted between the altitude and ge-
ometrical thickness during the two opposite seasons, while
the two transition seasons present similar characteristics. The
abovementioned results with the wind speed from ECMWF
permit the estimation of the effective dry deposition velocity
of dust particles. This is 0.07 cms−1 in winter, 0.14 cms−1 in
spring, 0.2 cms−1 in summer and 0.11 cms−1 in fall.

We have shown that the wind field not only determines the
transport of SAL but also modulates its shape. During win-
ter the trade winds transport SAL towards South America,
while in spring and summer they prevent its efficient mixing
inside the marine boundary layer and erode the lower part
of SAL by bringing dust-free maritime air masses from the
North Atlantic westward of about 50◦ W, which is in agree-
ment with previous studies. The trade winds from the South-
ern Hemisphere erode the low levels of the southern part of
the SAL less efficiently, but its structure can be still clearly
observed, especially during summer. On the other hand, the
North Atlantic westerlies, with their southern border occur-
ring between 15 and 30◦ N (depending on the season, the
longitude and the altitude), prevent the SAL from develop-
ing further northward. In addition, their southward shift with
altitude gives SAL its characteristic oval shape in its north-
ern part, as shown here, to the best of our knowledge, for
the first time. Concerning the southern part of the SAL, the
ITCZ is the central feature that determines its southern bor-
der. However, above the eastern tropical Atlantic some dust
layers can be seen in or south of the ITCZ, indicating that
ITCZ does not inhibit the penetration of dust aerosols but
rather reduces it significantly. It was also observed that the
AEJ collocates with the maximum dust load, a fact that may
induce the development of differential advection within the
SAL, especially during summer.

These results should be helpful to examine how well mod-
els reproduce the SAL vertical distribution on a seasonal
scale or could be used as input data to models describing
the vertical distribution of dust aerosols above the Atlantic
(e.g.,Koffi et al., 2012). Also, they can be used as a priori
information (vertical distribution of dust aerosols) in satel-
lite algorithms, which analyze data from instruments either
in the UV spectrum (like TOMS or OMI) or in the IR spec-
trum (like AIRS or IASI) in order to improve the quality of
their geophysical retrievals, as these instruments are sensi-
tive to the vertical distribution. Further, as there are growing
efforts to obtain the height of aerosols plumes from passive
satellite instruments (Kahn et al., 2007; Joseph et al., 2008;
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Kokhanovsky and Rozanov, 2010; Peyridieu et al., 2010,
2013), these results comprise a validation data set.

Finally, there is a need for systematic measurements of
the SAL vertical distribution not only at both sides of the
Atlantic but also over it in order to further validate the
CALIPSO results presented here. A step forward has been
achieved with the AEROSE shipborne campaigns (Nalli
et al., 2005, 2011), which observed the SAL vertical distribu-
tion using mainly radiosondes and sun photometer data at the
ship level. However, because dry air outbreaks from Africa
into the tropical Atlantic are not always related to African
dust outbreaks (Zhang and Pennington, 2004), and due to the
connection of SAL with wind (and AEJ), future campaigns or
long-term measurement sites should combine vertical mea-
surements of dust aerosols, temperature, humidity and wind
reaching at least up to 7 km in order not to miss the upper
parts of SAL. The combination of all these parameters is im-
portant if we want to understand in depth the impacts of SAL
on the environment over the Atlantic and the adjacent conti-
nents.

Appendix A

FiguresA1–A4 are presented here as additional material in
order to give a more complete picture of the SAL by ex-
ploiting the main advantage of CALIOP, which is its fine
vertical resolution. Also, they provide the spatial extension
of the SAL as seen from CALIPSO. For every season, the
DOF is depicted at six vertical levels, which correspond to
pressure levels of ERA-Interim data at 900 (∼ 1 km, bottom
left), 800 (∼ 2 km, middle left), 700 (∼ 3 km, top left), 650
(∼ 3.5 km, bottom right), 600 (∼ 4.2 km, middle right) and
550 hPa (∼ 4.8 km, top right). At every level the wind direc-
tion from ECMWF at this pressure is denoted by the black
vectors, and the wind speed is given by the magenta isolines
with a step of 3 ms−1.
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Fig. A1. Winter (DJF) CALIPSO dust occurrence frequency (col-
orscale) at six pressure levels with ECMWF horizontal wind di-
rection (black vectors) and speed (magenta isolines). See text for
details.
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Fig. 11. Same as Fig. 10 but for spring (MAM).
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Fig. A2. Same as Fig.A1 but for spring (MAM).

www.atmos-chem-phys.net/13/11235/2013/ Atmos. Chem. Phys., 13, 11235–11257, 2013



11252 C. Tsamalis et al.: SAL vertical distribution

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

3
3

3

33

3
3

3

6
6

6

6

6
66

6 6

6

9

99 9

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

700 hPa

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

3

3

3

3

3

3

3
3

3
3

6

6

6 6

6

6

66

6

69

9
9

9 9
−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

800 hPa

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

3

3

3

3

3
3

3

333

6 6

6
6

6 6

66
6

6
9

9

9

9
12

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

900 hPa

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

3 3

33

33

6
6

6
6

6
6

66

9
9

9

9 12

12

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

550 hPa

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

3 3

3 3

33

6
66

6 6

6666

66
9

9

9
912

12

−10˚

0˚

10˚

20˚

30˚

40˚

−10˚

0˚

10˚

20˚

30˚

40˚

600 hPa

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

3
3

33

3
3

3

6
66

6

6 6

6
6

6 6

9
9

9

9
9

9

12

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

−80˚ −70˚ −60˚ −50˚ −40˚ −30˚ −20˚ −10˚
−10˚

0˚

10˚

20˚

30˚

40˚

650 hPa

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. 12. Same as Fig. 10 but for summer (JJA).
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Fig. A3. Same as Fig.A1 but for summer (JJA).
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Fig. 13. Same as Fig. 10 but for fall (SON).
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Fig. A4. Same as Fig.A1 but for fall (SON).
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