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[1] Shipborne aerosol lidar observations were performed aboard the research vessel
Polarstern in 2009 and 2010 during three north-south cruises from about 50ıN to 50ıS.
The aerosol data set provides an excellent opportunity to characterize and contrast the
vertical aerosol distribution over the Atlantic Ocean in the polluted northern and relatively
clean southern hemisphere. Three case studies, an observed pure Saharan dust plume, a
Patagonian dust plume east of South America, and a case of a mixed dust/smoke plume
west of Central Africa are exemplarily shown and discussed by means of their optical
properties. The meridional transatlantic cruises were used to determine the latitudinal
cross section of the aerosol optical thickness (AOT). Profiles of particle backscatter and
extinction coefficients are presented as mean profiles for latitudinal belts to contrast
northern- and southern-hemispheric aerosol loads and optical effects. Results of lidar
observations at Punta Arenas (53ıS), Chile, and Stellenbosch (34ıS), South Africa, are
shown and confirm the lower frequency of occurrence of free-tropospheric aerosol in the
southern hemisphere than in the northern hemisphere. The maximum latitudinal mean
AOT of 0.27 was found in the northern tropics (0–15ıN) in the Saharan outflow region.
Marine AOT is typically 0.05˙ 0.03. Particle optical properties are presented separately
for the marine boundary layer and the free troposphere. Concerning the contrast between
the anthropogenically influenced midlatitudinal aerosol conditions in the 30–60ıN belt
and the respective belt in the southern hemisphere over the remote Atlantic, it is found
that the AOT and extinction coefficients for the vertical column from 0–5 km (total
aerosol column) and 1–5 km height (lofted aerosol above the marine boundary layer) are
a factor of 1.6 and 2 higher at northern midlatitudes than at respective southern
midlatitudes, and a factor of 2.5 higher than at the clean marine southern-hemispheric site
of Punta Arenas. The strong contrast is confined to the lowermost 3 km of the atmosphere.
Citation: Kanitz, T., A. Ansmann, R. Engelmann, and D. Althausen (2013), North-south cross sections of the vertical aerosol
distribution over the Atlantic Ocean from multiwavelength Raman/polarization lidar during Polarstern cruises, J. Geophys. Res.
Atmos., 118, 2643–2655, doi:10.1002/jgrd.50273.

1. Introduction
[2] Atmospheric aerosols influence the radiation budget

of the Earth and the water cycle via aerosol-cloud inter-
actions. The impact is especially sensitive over the oceans
[Stevens and Feingold, 2009]. For instance, investigations
suggest a potential aerosol impact on the strengths of hur-
ricanes [Rosenfeld et al., 2011]. Gaps in our knowledge
regarding the vertical distribution of aerosols around the
world, in particular over the oceans, and the variability of
aerosols in terms of particle concentration, type, and mix-
ing state, lead to discrepancies between results of different
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global aerosol transport models [Textor et al., 2006]. An
improved consideration of aerosol effects in climate models
can only be achieved by extending the observation and char-
acterization of aerosol layers towards the relevant regions.
The vast, hardly accessible oceans embodied a poorly char-
acterized area in atmospheric science until the end of the
1960s. First investigations were based on in situ observa-
tions within the marine boundary layer (MBL) [Fitzgerald,
1991; Heintzenberg et al., 2000; Smirnov et al., 2002]. A
systematic global mapping of aerosols above the oceans
started with the first spaceborne aerosol observations in
the 1970s [Prospero et al., 2002]. In the 1990s, a vari-
ety of satellite sensors was developed and permitted an
improved particle characterization on a global scale. The
mean aerosol optical thickness (AOT) at 550-nm wave-
length was determined by the Moderate Resolution Imaging
Spectroradiometer (MODIS), the Sea-viewing Wide field-
of-view sensor (SeaWifs), and the Advanced Very High
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Resolution Radiometer (AVHRR-2) to be in the range of
0.10–0.16 above the oceans [Remer et al. 2008; Myhre et al.
2005].

[3] Continuous ground-based aerosol observations have
been performed at single islands in the framework of
Aerosol Robotic Network (AERONET) activities since June
1994, when observations were started at Mauna Loa, Hawaii
[Holben et al. 2001]. A comparison between observations
on islands showed values of AOT at 500 nm of 0.13–0.14
and 0.07–0.08 over the Atlantic and the Pacific Ocean,
respectively [Smirnov et al., 2002]. Large progress was
achieved with the introduction of the handheld Microtops
Sun photometer observations that are used aboard research
vessels (RV) to determine the AOT above the oceans in
the framework of Maritime Aerosol Network (MAN) since
October 2004 [Smirnov et al., 2009, 2011]. These obser-
vations revealed the lowest AOT of 0.06 ˙ 0.02 over the
Southern Ocean, which may be representative for clean
marine conditions.

[4] The AOT above the ocean is often much higher
than 0.06 because of the presence of lofted aerosol lay-
ers caused by long-range transport of continental aerosols
across the ocean. The MBL typically extends to 300–900 m
height [Franke et al., 2001; Sugimoto et al., 2001; Groß
et al. 2011a]. The lofted continental aerosol can account
for 30–60% of total marine AOT [Ansmann et al., 2001;
Franke et al., 2003]. The long residence time of these lofted
particles, their relevance for the evolution of clouds and pre-
cipitation, and their impact on radiative fluxes motivated a
number of field campaigns in oceanic and coastal regimes
(TRACE A [Fishman et al., 1996], ACE1 [Bates et al.,
1998], TARFOX [Russell et al., 1999], ACE2 [Russell and
Heintzenberg, 2000], INDOEX [Ramanathan et al. 2001],
ACE Asia [Huebert et al., 2003], SAFARI [Swap et al.,
2003], ABC [Nakajima et al. 2007], NAMMA [Zipser et al.
2009], and SAMUM [Ansmann et al., 2011a]). Ground-
based and airborne lidars became more and more involved
in these intensive field campaigns to provide vertically
resolved aerosol observations in the MBL as well as in
the free troposphere. Although complex campaigns provide
detailed insights into the aerosol properties and the impact
of aerosols on climatically relevant processes, these find-
ings are representative for a certain area only. The global
context remained an open issue. The situation improved sig-
nificantly since 2006 when the CALIPSO mission began
and the satellite-based lidar (CALIOP) started its opera-
tion [Winker et al., 2007]. This dual-wavelength backscatter
lidar provides worldwide observations of lofted aerosol and
cloud layers. Kiliyanpilakkil and Meskhidze [2011] deter-
mined a global mean AOT of 0.052 ˙ 0.038 for clean
marine environments at 532 nm. However, CALIPSO over-
passes the same location at a velocity of 7000 m s–1 each
16th day and thus provides only snapshot-like observations.
Although CALIOP measurements allow to assess climato-
logical mean aerosol profiles, a detailed study of regional
aerosol features and evolution of aerosol layers is not pos-
sible. Furthermore, CALIOP is a backscatter lidar. Thus,
aerosol type characterization is more difficult as well as the
estimation of the extinction-to-backscatter ratio (lidar ratio)
that is necessary to derive profiles of the extinction coeffi-
cient [Sasano et al., 1985]. Advanced ground-based lidars
use various techniques (e.g., Raman scattering) to directly

determine profiles of particle extinction coefficients and to
allow a much more comprehensive aerosol characterization
by means of measured lidar ratios [Ansmann et al., 1992;
Müller et al., 2007].

[5] Attempts to characterize the aerosol distribution over
the ocean with shipborne lidars started in the 1990s. Single-
wavelength micropulse lidars (MPL, [Spinhirne et al.,
1995; Campbell et al., 2002]) were used during field cam-
paigns like INDOEX [Welton et al., 2002], ACE2 [Welton
et al., 2000], ACE-Asia [Schmid et al. 2003], SAFARI
2000 [Campbell et al., 2003], and during a meridional
Atlantic cruise of the RV Ron Brown in the framework of
AEROSOL99 [Bates et al., 2001]. Several cruises of the
RV Mirai were used to perform dual-wavelength backscat-
ter (532 and 1064 nm) and polarization lidar measurements
from 1999 to 2001 in the northern west Pacific region
[Sugimoto et al., 2000; Sugimoto et al., 2001]. Aboard the
RV Polarstern the Lidar Atmospheric Measurements Pro-
gram (LAMP) backscatter lidar (355, 532, and 1064 nm)
observed the Mt. Pinatubo plume [Philbrick et al., 1992;
Stevens et al., 1994] from October 1991 to January 1992.
The Mobile Aerosol Raman Lidar (MARL) was deployed
at Polarstern in 1996 and 2000. During the cruise in 2000,
two Saharan dust plumes extending from 2–6 km and from
2–4 km height were observed [Immler and Schrems, 2003].
Recently, a single-backscatter and polarization lidar aboard
the RV Marion Dufresne observed mixed layers of marine
and biomass burning aerosol at the east coast of South Africa
during the KAMASUTRA campaign [Duflot et al., 2011].

[6] Even though shipborne lidar observations have
been performed since about 20 years, mostly standard
backscatter lidars were used for continuous operation.
Tropospheric observations with Raman lidar or high-
spectral-resolution lidar (HSRL) are much more suited
for comprehensive aerosol studies, as mentioned. The use
of such lidars is recommended by the GAW Aerosol
Lidar Observation Network (GALION) working group
[Bösenberg and Hoff, 2008].

[7] On RV Polarstern, we deployed a multiwavelength
Raman lidar with a polarization-sensitive receiver chan-
nel. The cruises were performed in the framework of
the OCEANET project [Macke et al., 2010] in October–
November of 2009, April–May of 2010, and October–
November of 2010. In addition, extended lidar observations
in the southern hemisphere for two 4 month campaigns at
Punta Arenas (Chile, December 2009 to April 2010) and
Stellenbosch (South Africa, December 2010 to April 2011)
were conducted, while Polarstern was operated in Antarctica
during southern-hemispheric summer time [Kanitz et al.,
2011]. Further information about the experiment and the
involved instruments is given in section 2. In section 3, the
main findings are presented. Several case studies are dis-
cussed in detail to highlight the appreciable contribution of
lofted aerosol layers to the overall aerosol load. A summary
of the results and an outlook towards future investigations is
given in section 4.

2. Experiment
[8] The lidar observations were performed as part of

the OCEANET project [Macke et al., 2010] 24/7, when-
ever the weather conditions were appropriate (groundswell
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<6 m, no precipitation). The goal of OCEANET is to con-
tinuously investigate the transfer of energy and material
between ocean and atmosphere. The lidar was housed in
a container aboard the German research vessel Polarstern,
which is mostly operating under summer polar conditions
either in the Arctic or in the Antarctic. The resulting trans-
fer routes between Germany and either South America or
South Africa provide an excellent opportunity to perform
atmospheric and oceanic observations under tropical, sub-
tropical, and midlatitudinal conditions in both hemispheres
and to contrast atmospheric conditions and underlying pro-
cesses [Kanitz et al., 2011]. The performed cruises and
lidar locations are shown in Figure 1. The OCEANET
lidar participated in a meridional cruise of Polarstern for
the first time in the fall of 2009. The cruise went from
Bremerhaven, Germany (16 October 2009, ANT-XXVI/1)
to Punta Arenas, Chile (25 November 2009). Polarstern
went on to Antarctica, while the lidar was unmounted
from the container and deployed at Punta Arenas. The
lidar was remounted onto Polarstern after a 4 month mea-
surement campaign at the University of Magallanes to go
from Punta Arenas (7 April 2010, ANT-XXVI/4) back to
Bremerhaven (17 May 2010). The third cruise started in
Bremerhaven (25 October 2010, ANT-XXVII/1) towards
Cape Town, South Africa (25 November 2010) and a further
campaign in Stellenbosch, South Africa from 2 December
2010 to 13 April 2011.

2.1. OCEANET Lidar PollyXT

[9] The multiwavelength Raman and polarization lidar
PollyXT [Althausen et al., 2009] enables the determination
of vertical profiles of volume extinction coefficients of parti-
cles at 355 and 532 nm, backscatter coefficients at 355, 532,
and 1064 nm, and the cross-polarized backscatter coefficient
at 355 nm with 30 m vertical resolution. Hence, aerosol lay-
ers can be characterized by means of the lidar ratio at 355
and 532 nm, which depends on the size, shape and chem-
istry of aerosol particles. For example, sea-salt consists of
non-absorbing coarse mode particles with a low lidar ratio
of about 20 sr [Groß et al., 2011b]. In turn, smoke efficiently
absorbs radiation and belongs to the fine mode. Thus, the
lidar ratio is high with values >70 sr [Tesche et al., 2011].
In addition, the spectral dependence of the backscatter and
extinction coefficient, the backscatter and extinction-related
Ångström exponents [Ansmann et al., 2002] provide further
information about the size of the particles [Dubovik et al.,
2002]. The particle shape is characterized by the vertical
profiles of the particle linear depolarization ratio at 355 nm,
too [Freudenthaler et al., 2009]. Further details of the data
analysis methods are described by Ansmann and Müller
[2005] and Freudenthaler et al. [2009]. Before OCEANET,
PollyXT was operated in the Amazon basin from January to
November 2008 [Ansmann et al., 2009, Baars et al., 2011,
2012].

[10] The incomplete overlap between the footprint of
the transmitted laser beams and the receiver field of view
complicates the measurement of lidar return signals in the
near field at heights below about 350–400 m, which thus
defines the minimum measurement height. The backscat-
ter and extinction values in the MBL at heights below the
minimum measurement height were set constant and equal
to values determined for 400 m height. In this way, it is
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Figure 1. Map of the three meridional transatlantic cruises
of Polarstern. The first cruise started at Bremerhaven and
ended at Punta Arenas (solid line, fall 2009, ANT-XXVI/1).
The second was from Punta Arenas back to Bremerhaven
(dotted line, spring 2010, ANT-XXVI/4). For the third
cruise, Polarstern departed from Bremerhaven and arrived
at Cape Town (dashed line, fall 2010, ANT-XXVII/1). The
lidar field sites of Punta Arenas and Stellenbosch in the
southern hemisphere are indicated by stars.

assumed that the MBL is well mixed, which was found to
be usually the case by comparing the photometer and lidar-
derived AOTs for the marine boundary layer in the absence
of lofted aerosol layers.

[11] Because the boundary layer usually contains a much
higher aerosol load than the free troposphere (see the discus-
sion on Figure 9), the MBL top can be accurately determined
with the wavelet method [Baars et al., 2008]. The MBL con-
sists mainly of marine aerosol particles constantly emitted
from the oceans. Therefore, the AOT of the MBL can be
estimated by integrating the backscatter coefficient up to the
MBL-top height and by multiplying this column backscat-
ter value with a characteristic marine lidar ratio of 20 sr
[Groß et al., 2011b]. Because of possible contamination of
the clean marine environment by continental aerosols [Groß
et al. 2011a], the uncertainty in the MBL AOT estimation is
about 20%.

2.2. Microtops Sun Photometer
[12] In the framework of MAN shipborne Sun

Photometer, measurements have been performed since 2004
[Smirnov et al., 2009]. Handheld Microtops photometers
[Morys et al., 2001] measure the spectral AOT at 340,
440, 500, 675, and 870 nm. The AOT is defined as the
column-integrated particle extinction coefficient (integrated
over the vertical column). We use the cloud-screened and
quality-assured level 2 data over the Atlantic Ocean.

2.3. Supplementary Information
[13] Air-mass transport analysis was partly based on

the Flexible Lagrangian Particle Dispersion Model (FLEX-
PART) [Stohl et al., 2005]. It simulates long-range and
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mesoscale transport, as well as diffusion by resolved wind
information and parameterized subgrid motions. The model
uses archived meteorological data with a temporal resolu-
tion of 6 h and a horizontal resolution of 1ı�1ı provided
by the Computational & Information Systems Laboratory
that is managed by the National Center for Atmospheric
Research. FLEXPART offers daily and cumulative snap-
shots of a density distribution of backward trajectories of
50, 000 air parcels whose anchor points are distributed in the
altitude range of interest above the observation site. For fur-
ther approaches backward and forward trajectories were also
calculated with the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model [Draxler and Rolph,
2003]. The local dust load in the area of Polarstern was
estimated with the Dust Regional Atmospheric Model
(DREAM) [Pérez et al., 2006]. Information about the mete-
orological conditions were obtained from the US National
Weather Service’s National Center for Environmental Pre-
diction that is based on the Global Data Assimilation System
(GDAS) [Kanamitsu, 1989]. For a horizontal grid of 1ı�1ı,
meteorological standard properties are stored in the GDAS1
data set, which contains 23 vertical layers up to about 30 km
height and is available every 3 h.

3. Observations
[14] We begin with an overview of the aerosol condi-

tions over the Atlantic in terms of AOT as determined by a
variety of sensors. This part is followed by the discussion
of three case studies to provide a detailed insight into the
vertical aerosol layering. Finally, latitude-dependent verti-
cal aerosol profiles of backscatter and extinction coefficients
are presented, and mean profiles for latitudinal belts in the
midlatitudes and tropics are compared with special focus
on differences between northern- and southern-hemispheric
aerosol conditions.

3.1. Column-Integrated Optical Properties
[15] Figure 2a shows the aerosol conditions over the

Atlantic Ocean in terms of the mean AOT at 500 nm and
its standard deviation as derived from MAN observations
between October 2004 and June 2011. Daily mean values
of the AOT as determined with Sun photometer during the
three performed cruises aboard Polarstern in 2009 and 2010
are shown in addition. Our 2009–2010 observations are in
good agreement with the long-term (2004–2011) AOT data
set. The highest values of AOT values were always found
in the latitudinal belt between 0ı to 20ıN, i.e., in the out-
flow regime of Saharan dust. Maximum daily mean AOT
was 0.46, 0.28, and 0.32 at 500 nm in the fall of 2009, the
spring of 2010, and the fall of 2010, respectively. In con-
trast, the smallest values of AOT of about 0.02 occurred in
the southern hemisphere (fall 2009, 50ıS, spring and fall
2010, around 20ıS). The weak shift in the accumulation
of our 2009–2010 AOT values towards lower values in the
southern hemisphere compared to the 2004–2011 data set
may result from the fact that the Polarstern cruises do not
cover the full year, but only fall and spring seasons, and thus
do not coincide with the biomass burning season in South
America, taking place predominantly from July to October
[Baars et al., 2012]. The shown MBL heights in Figure 2b
are derived from the lidar observations. In 78% out of
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Figure 2. Latitudinal distribution of (a) mean aerosol opti-
cal thickness (solid line) and its standard deviation (shaded
area) at 500 nm in 5ı latitude bins over the Atlantic from
October 2004 to June 2011 as derived from MAN observa-
tions [Smirnov et al., 2009, extended time period]. Symbols
indicate aerosol optical thickness (AOT) as derived from
Sun photometer observations during the three Polarstern
cruises. Latitudinal distribution of (b) maritime boundary
layer height as derived from shipborne lidar observations.
Right columns (in each of the two plots) show the number
of observations within each of the 20ı intervals.
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Figure 3. Frequency of occurrence of 532-nm AOT for
(a) the marine boundary layer (MBL) and (b) the free tro-
posphere (FT). The AOTs are calculated from respective
column backscatter coefficients multiplied by a lidar ratio of
20 sr (MBL) and 50 sr (FT).

all cases, the MBL top height was between 400 and 900 m.
This is in good agreement with measurements in the tropical
Indian Ocean [Franke et al., 2001] and the tropical North
Atlantic [Groß et al. 2011a]. Latitudinal and hemispheric
differences in the vertical depth of the MBL were not found.

[16] An important contribution of lidar to aerosol research
is the potential to separate the optical properties of the
MBL particles and free-tropospheric aerosols. In the free
troposphere, particles can be transported over thousands
of kilometers (from continent to continent, e.g., see Mattis
et al. [2008] and Baars et al. [2011]) without removal by dry
or wet deposition. Assuming a constant vertical extent of the
MBL (Figure 2b) and a constant emission of marine aerosol
particles from the ocean, advected aerosol layers in the free
troposphere might be responsible for the increased AOTs in
the northern tropics and the northern hemisphere. Figure 3
shows the frequency of occurrence of the AOT in the (a)
MBL and the (b) free troposphere. Here, the strong contri-
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Figure 4. (Top) Mean AOT at 532 nm for different latitu-
dinal belts derived from PollyXT observations during three
transatlantic cruises of Polarstern in 2009 and 2010 (black),
from CALIOP overpasses (532 nm, blue) during Polarstern
observations, and from MAN Sun photometer observations
(500 nm) above the Atlantic from 2004–2011 (red), com-
pared to MODIS satellite observations [Kaufman et al.,
2005] (green), and AOT values modeled with GOCART
(pink) [Chin et al., 2002]. Error bars show the range of
measured AOTs (standard deviation for MAN, PollyXT,
CALIOP observations). Exact latitudinal ranges are given in
the text. (Bottom) Mean AOT at 532 nm from PollyXT obser-
vations and CALIOP observations for the height range from
1 to 5 km height (free troposphere). P.A. and Ste. denote
the measurement sites at Punta Arenas (53ıS), Chile and
Stellenbosch (34ıS), South Africa.

bution of lofted layers to the aerosol load in the atmospheric
column above the Atlantic becomes obvious. The AOT val-
ues in the free troposphere are much higher than the MBL
values. Whereas the AOT in the MBL is <0.05 in more than
80% out of all cases, the free-tropospheric AOT is >0.05 in
almost 75% of the observations.

[17] Figure 4 (top) provides an overview of AOT observa-
tions, satellite retrievals, and results of a large-scale model.
The AOTs derived in the framework of MAN (500 nm),
from PollyXT (532 nm), and CALIOP (532 nm) are given
for the latitudinal belts of 60ı–30ıN, 30ı–15ıN, 15ı–0ıN,
0ı–15ıS, 15ı–30ıS, and 30ı–60ıS. An excellent agree-
ment was found between the AOTs derived with the Sun
photometers and from the PollyXT observations. The dif-
ference in the AOTs is only ˙0.02 and indicates the high
accuracy of the lidar-derived AOT values. The mean AOT
derived from CALIOP observations [Anderson et al., 2003;
Winker et al., 2009] during 41 overpasses within a distance
of 200 km to Polarstern and within 1 h related to the PollyXT

observational period are lower than the respective ones
from MAN Sun photometer and PollyXT measurements,
except for the latitudinal belt from 15ıN–0ı. Especially

large discrepancies are found for the Saharan outflow region
(15ı–30ıN). The reason may be the low number of con-
sidered CALIOP observations so that the measurements
are not representative. Figure 4 (top) includes also AOT
derived from MODIS retrievals (June–August 2002) for lat-
itudinal belts from 60ı–30ıN, 30ı–5ıN, 5ıN–20ıS, and
20ı–30ıS [Kaufman et al., 2005]. Results from the Global
Ozone Chemistry Aerosol Radiation and Transport model
(GOCART) [Chin et al., 2002] for latitudinal belts from
60ı–40ıN, 30ı–10ıN, and 0ı–20ıS for January, April, July,
and October 1997 are added to Figure 4 (top) as well. The
best agreement of the AOT observations is obtained for
the southern tropics. GOCART seems to overestimate the
AOT in the northern midlatitudes. Here, the AOT is higher
than in the southern hemisphere, because the aerosol con-
ditions are widely determined by anthropogenic pollution
from North America, Europe, and East Asia, desert dust
emissions in Africa, America, and Asia, and release of for-
est fire and other biomass burning smoke [Mattis et al.,
2008]. In the northern tropics, lofted layers of continental
aerosol from the outflow of the Saharan desert and Sahel
region contribute highly to the aerosol concentration in the
atmospheric column [Kaufman et al., 2005; Ansmann et al.,
2011a]. In contrast, the aerosol conditions at the southern
midlatitudes are widely controlled by MBL particles alone
because of the absence of strong sources of anthropogenic
haze and the comparably lower desert area. These results
are corroborated by the AOT values determined from the
PollyXT observations at the coastal field site of Punta Arenas
(Chile, 53ıS). Here, the lowest AOT was determined. At
Stellenbosch (South Africa, 34ıS) the AOT is comparable
to the respective one for the latitudinal belt between 15ı and
30ıS.

[18] Regarding free-tropospheric AOT, we can only com-
pare PollyXT and CALIOP observations. The AOTs for
the vertical column from 1–5 km height are shown in
Figure 4 (bottom). AOTs in the free troposphere range from
0.01 (CALIOP, 0ı to 15ıS) to 0.17 (CALIOP, 15ıN to 0ı).
The AOT in the height range up to 1 km is 0.03–0.11 (40%–
67% of the total AOT) as derived from PollyXT observations
and 0.01–0.14 (22%–90%) according to CALIOP measure-
ments. During ACE-2 and INDOEX, the boundary layer
contributed, on average, 40%–70% to the total AOT
[Ansmann et al., 2001; Franke et al., 2003]. Groß et al.
[2011a] determined contributions from 5%–76% over Praia,
Cape Verde during SAMUM–2.

[19] When contrasting the AOT values for the latitudi-
nal belts of 30ı–60ıN and 30ı–60ıS, we find values of
0.12 (0–5 km height) and 0.05 (1–5 km height) for the north-
ern midlatitudes and 0.075 (0–5 km) and 0.025 (1–5 km)
for the southern midlatitudes. Thus, the mean AOT over
the remote ocean in the polluted northern midlatitudes is
roughly a factor of 1.6, and in the free troposphere (1–5 km),
a factor of 2 higher than in the comparably clean south-
ern midlatitudes. Regarding the indirect effect of aerosol
particles, one can further expect that the cloud condensa-
tion nuclei (CCN) concentration over the remote ocean is
a factor of > 2 higher at northern midlatitudes compared
to southern midlatitudes when keeping the shift of the
particle size distribution (fine mode) towards smaller
radii with increasing contribution by pollution aerosol
into account.
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Figure 5. Map of (a) FLEXPART 10-day backward simu-
lation of the observed air mass between 800–2500 m height
on 31 October 2009 (3:20–5:20 UTC) advected from the
surface to 2000 m height. The most probable air mass advec-
tion path is illustrated by a white arrow. The position of
Polarstern is given by the star. (b) Height-time display of the
range-corrected signal observed at 1064 nm with the PollyXT

lidar. A thick Saharan dust plume with lidar-derived AOT of
0.22 passed above the Polarstern.

3.2. Profiling Aerosol Optical Properties
[20] Three case studies of observed free-tropospheric

aerosol layers are presented in the following. In doing so, we
provide a deeper view into the occurrence of lofted aerosol
layers, their dynamics, and the variability of particle opti-
cal properties with height. The first two measurements (31
October 2009 and 21 November 2009) were conducted dur-
ing the first cruise and show pure dust plumes originating
from the Saharan and Patagonian deserts. The third obser-
vation presents a complex mixture of Saharan desert dust,
biomass burning aerosol, and marine aerosol.

[21] During the first cruise in the fall of 2009 Polarstern
passed the west coast of northern Africa at the end of
October. On 31 October 2009, a dense and extended Saha-
ran dust plume was observed with PollyXT (Figure 5b). The
aerosol-laden air mass was well separated from the MBL,
which reached to heights of 500–800 m. The base of the
lofted layer was at about 900 m, the top at about 2.5 km
height. After 10:00 UTC the clear separation of the layer
from the MBL disappeared (Figure 5b). Sun-photometer-
derived AOT increased to 0.54 at 500 nm (12:30 UTC). The
spectral dependence of the AOT in terms of the Ångström
exponent was <0.11 at 440/870 nm indicating the presence
and dominance of mineral dust [Dubovik et al., 2002].

[22] FLEXPART 10-day backward simulations reveal the
Saharan region as origin of the aerosol (dark red colors in
Figure 5a). A high-pressure system off the west coast of
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Figure 6. Map of (a) South America and location of
Patagonia, (b) geopotential height (gpdm) at 500 hPa and
position of Polarstern (white star) on 21 November 2009.
White arrow indicates the air mass advection along the
isohypses (height contours) with surface wind speeds of
25 m s–1. (c) Lidar observation, performed on 21 November
2009, of the arrival of a Patagonian dust plume with AOT
around 0.03.

Morocco advected air masses along the western flank of the
Atlas Mountains (indicated by white arrow in Figure 5a).
The Mediterranean air masses dried out, heated up and
started to mobilize dust above the northern Sahara in
Algeria. The optical properties of the aerosol layers are dis-
cussed below, after the introduction of the other two cases.

[23] The second case deals with Patagonian mineral dust.
During the first cruise, Polarstern changed its direction
towards southwest when arriving at 20ıS and reached
the Strait of Magellan on 23 November 2009 and finally
Punta Arenas on 25 November 2009. The vessel passed the
Patagonian desert (Figure 6a) at a distance of about 1000 km
to the east on 21 November 2009. Besides Australia,
Patagonia is the only source of desert dust in the high south-
ern latitudes. Its climate is dominated by westerly winds,
which cross the Andean Mountains and lead to lee-effects
in Patagonia. As a consequence, low amounts of precipi-
tation and sparse vegetation consisting mainly of grass are
characteristic for this area. Pressure gradients associated
with cyclones to the south often produce winds exceed-
ing 25 m s–1 and dust emissions from the gravel desert
surface by erosion [Labraga, 1994; Gaiero et al., 2007;
Gassó et al., 2010]. This dust can be transported across the
southern Atlantic [Gassó and Stein, 2007; Li et al., 2010;
Johnson et al., 2011]. However, AOTs <0.1 at 500 nm were
measured with Sun photometer aboard Polarstern (Figure 2,
left) during the period from 13 to 23 November 2009 when
the lidar continuously detected optically thin aerosol layers.
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[24] Figure 6c shows the height-time display of the lidar
observation in the morning of 21 November 2009. At the
beginning, a shallow boundary layer with top at 350 m
height was found. After 4:00 UTC, distinct lofted aerosol
layers occurred. The layers extended up to 4 km height
at about 7:30 UTC and decreased below 1 km height until
11:30 UTC (not shown). On that day, a cyclone of the
Antarctic low-pressure belt was situated southwest of South
America (denoted by L in Figure 6b). Strong westerly winds
occurred in the latitudinal belt from 40ı–45ıS. According
to the isohypse 10 min average wind speeds at 10 m height
were about 25 m s–1 and likely triggered the dust uptake
into the atmosphere and the transport to the Atlantic (as
confirmed by FLEXPART calculation, not shown). AOTs
derived in the framework of MAN ranged from about 0.06 at
12:40 UTC on 20 November to 0.03 on 21 November 2009
and indicate background aerosol conditions [Smirnov et al.
2009].

[25] The final observational example discussed here is
taken from the lidar measurements between 30 April 2010
and 5 May 2010 and shows extended lofted aerosol lay-
ers occurring at the west coast of northern Africa from
8ı–21ıN, 23ıW (over a north-south distance of more than
1400 km) over several days (Figure 7c). The photometer-
derived 500-nm AOTs showed maximum values of 0.3 on
2 May 2010 and Ångström exponents dropped to values
<0.3. As shown in Figure 7a Polarstern was located more
than 1000 km west of an extended area of biomass-burning
activity in western Africa on 30 April 2010, 18:00 UTC.
Marine aerosols most probably prevailed in the MBL,
whereas the lofted aerosol layer contained considerable
amounts of biomass-burning smoke and dust. HYSPLIT
backward trajectories are presented for arrival heights above
the Polarstern from 1.5 to 4.5 km in Figure 7a. Only on
3 May 2010, the backward trajectories in the range from 1.5
to 2.5 km height do not cross the area of biomass-burning
activity. DREAM calculations given in Figure 7b show an
increased dust concentration north of 8ıN and a further
increase at about 13ıN, which is in agreement with the lidar
observation (Figure 7c).

[26] Figure 8 presents an overview of the particle opti-
cal properties of the three cases. Profiles of the par-
ticle backscatter coefficient (Figures 8a–8c), extinction
coefficient (Figures 8d–8f), corresponding lidar ratios
(Figures 8g–8i), and Ångström exponents (Figures 8j–8l)
are shown. In addition, for the Saharan and Patagonian
dust plumes, observed profiles of temperature and relative
humidity from GDAS1 are given in Figures 8m and 8n,
respectively.

[27] The Saharan dust plume extended from about 800–
3000 m height. Relative humidity in the plume was only
20–30%. The data analysis for the time period from
3:20 to 5:20 UTC reveals wavelength-independent particle
backscatter and extinction coefficients at 355 and 532 nm
(Figures 8a and 8d) for the height range from 800–3000 m.
The low extinction and backscatter-related Ångström expo-
nents of 0.09˙0.16 and 0.12˙0.02, respectively, at heights
from 1.1 to 2.4 km clearly indicate the presence of Saha-
ran dust. The backscatter coefficient at 1064 nm (red profile
in Figure 8a) was about 20% lower than at 532 nm, corre-
sponding to an Ångström exponent of 0.33˙0.06 (red curve
in Figure 8j). This is in good agreement with SAMUM-

8.6°N 14.9°N 20.8°N23°W16.9°N

Range-Corrected Signal (1064 nm)

30.04

(Arb. Units)

0

2

4

6

01.05 02.05 03.05 04.05 05.05

H
ei

gh
t a

sl
 (

km
)

day at 18:00 UTC

15

18

21

Saharan dust

MBL

(c)
smoke + Saharan dust

0°20°W

10°N

20°N

410.05

DREAM dust load
30 Apr 2010, 18 UTC 

Column dust load (gm-2)

0°

20°N

40°N

0°20°W40°W

MODIS firemap
from 25 Apr 2010
to 2 May 2010

1.5 km
2.5
3.5
4.5

120 hours backward trajectories

1 May 2010 (5:00 UTC, 10°N)
2 May 2010 (1:00 UTC, 13°N)
3 May 2010 (7:00 UTC, 16°N)

(b)(a)

Figure 7. (a) Fire map derived from MODIS measure-
ments and HYSPLIT 120-h backward trajectories for differ-
ent arrival heights (indicated by different colors). Trajectory
arrival times are given below the map. The white arrow
shows the Polarstern cruise track from 30 April to 5 May
2010. (b) DREAM simulations of column dust load on
30 April 2010, 18:00 UTC. (c) Height-time display of the
lidar backscatter signal from 30 April to 5 May 2010 show-
ing complex aerosol layering of dust and smoke (>1000 m)
above the marine boundary layer (MBL). Lidar overlap
effects (for heights <400 m) are not corrected.

1 and SAMUM-2 observations [Tesche et al., 2009, 2011;
Groß et al., 2011b]. Mean desert-dust lidar ratios of 50–
60 sr (Figure 8g) in the center of the dust layer at both
wavelengths (355 and 532 nm) are also in very good agree-
ment with the SAMUM results. The AOT for dust was 0.22,
which was about two-thirds of the total AOT.

[28] The in-depth analysis of the lidar observation con-
cerning the Patagonian dust plume was difficult because of
the rather low AOT of the lofted aerosol plume of 0.02–0.03.
Taking the high surface wind speeds above the Patagonian
desert into consideration (see Figure 6b), the low AOT sug-
gests less available particulate material in the Patagonian
desert that can be lifted into the atmosphere than in the Saha-
ran desert. The vertical smoothing length was set to 750 m to
reduce signal noise, and for technical reasons, the signal pro-
files could be used only above 1000 m height. With respect
to the signal-to-noise ratio, the uncertainty is estimated
to be 40%. The profiles of particle backscatter coefficient
(Figure 8b) show an increased aerosol loading up to 4 km
height. According to the temperature profile available from
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GDAS1 in Figure 8n, the MBL reached up to 500 m, and
the base of the lofted layer was at 1000 m. The 532-nm pro-
file of the extinction coefficient determined with the Raman
method is given in Figure 8e by the green curve. The extinc-
tion coefficient was rather low with values around 10 Mm–1.
A mean lidar ratio of 42 ˙ 17 sr was calculated, which is
in the range of dust-related lidar ratios found in the Middle

East (42.6 sr and 45 sr) and Kanpur, India (43.8 sr) [Müller
et al., 2001; Schuster et al., 2012]. In addition, the pro-
file of the extinction coefficient at 532 nm was reproduced
by analyzing the 532-nm elastic backscatter signals with
the so-called Klett method [Klett, 1981]. In this approach,
a height-constant lidar ratio has to be assumed. We used
lidar ratios of 42 sr (suggested for Patagonian desert dust),
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20 sr (indicating pure marine aerosol [Groß et al., 2011b]),
and 75 sr (indicating smoke [Tesche et al., 2011]). These
approximated profiles of extinction lead to AOTs of 0.03,
0.02, and 0.05 for the plume, which are much smaller than
AOTs of the observed Saharan dust event presented before.
A low backscatter-related Ångström exponent of 0.4 ˙ 0.1
at 532 and 1064 nm (see Figure 8k) indicates the presence
of coarse-mode particles.

[29] Another hint for the presence of large dust particles
are the ice virgae shown at the top of the aerosol layer at
about 7:15 UTC in Figure 6c. Dust particles are known to
be favorable ice nuclei and can trigger heterogeneous ice
nucleation at comparably high temperatures [Seifert et al.,
2010]. In the present case, the ice nucleation was initiated at
cloud top temperatures of roughly –10ıC.

[30] The bottom panel of Figure 8 provides the profiles
of the particle backscatter coefficient (Figure 8c), extinc-
tion coefficient (Figure 8f), and corresponding lidar ratios
(Figure 8i), Ångström exponents (Figure 8l), and linear
depolarization ratios (Figure 8o), which were determined
from lidar measurements on 1 May 2010. Two lofted layers
show up in the profiles of the particle backscatter coeffi-
cient (Figure 8c). The lower layer extends from 1.3 to 1.9 km
height, the upper layer extends from 2.4 to 3.5 km height.
AOTs of 0.15 and 0.11 (355 and 532 nm) for the upper
layer, and 0.08 and 0.05 for the lower layer are derived
from the extinction profiles. The lidar ratios are, on average,
61˙4 sr and 45˙11 sr for the upper layer and 59˙5 sr and
45˙2 sr for the lower layer at 355 and 532 nm, respectively.
For the extinction-related (355/532) and backscatter-related
(355/532 and 532/1064 nm) Ångström exponents of the
upper layer (lower layer), we obtained values of 0.7 ˙ 0.3
(1.1˙ 0.2), 0.0˙ 0.1 (0.2˙ 0.1), and 0.9˙ 0.0 (1.0˙ 0.1),
respectively. The particle linear depolarization ratio is, on
average, 21%˙ 2% in the upper layer and 22%˙ 3% in the
lower layer. The layer mean lidar ratio at 355 nm is higher
than the typical value for pure dust (55 sr), and the parti-
cle linear depolarization ratio is smaller than the pure-dust
values of >26% [Groß et al., 2011b]. Together with the com-
parably high Ångström exponents, these values indicate a

mixture of biomass-burning smoke aerosol and dust [Tesche
et al., 2011].

[31] A new lofted aerosol layer was observed on 3 May
2010 (Figure 7c). The layer extended from about 1.5 to
3.0 km height. The mean AOT of this layer was around 0.11.
The extinction-related Ångström exponent was around 0.4˙
0.4, and the particle linear depolarization ratio increased to
values of 27% ˙ 2%. By assuming a particle linear depo-
larization ratio of 25%–29% for pure dust, and of 3%–5%
for smoke, the first observed lofted layers showed a smoke
fraction of 10%–30% when applying the dust/smoke separa-
tion method of Tesche et al. [2009]. The second lofted layer
contained only dust.

3.3. Latitudinal Mean Particle Backscatter and
Extinction Profiles

[32] For a statistical analysis 246 cloud-free measurement
periods (about 260 h) were selected. All single profiles of
the particle backscatter coefficients at 532 nm for the north-
ern midlatitudes (60ı–30ıN), the tropics (30ıN–30ıS),
and the southern midlatitudes (30ı–60ıS) are presented in
Figures 9a–9c. Averaged profiles of the backscatter coef-
ficients in each region are shown by red lines. The error
bars indicate the mean standard deviation. The profiles of
the particle backscatter coefficient over Punta Arenas and
Stellenbosch are added in Figures 9d–9e. Below the MBL
top height, well-mixed homogeneous particle conditions
are assumed. Thus, the particle backscatter coefficient is
set constant from the minimum measurement height down
to the ground. Signals are smoothed with 330 m vertical
window length for the analysis.

[33] The distribution of the 532-nm backscatter coeffi-
cient profiles show that lofted aerosol layers occur most
frequently in the tropics (Figure 9b), and more often in the
northern midlatitudes (Figure 9a) than in the southern mid-
latitudes (Figure 9c) over the Atlantic. Note the comparably
clean conditions over the field sites of Punta Arenas and
Stellenbosch (Figures 9d–9e).

[34] An overview of the mean profiles of the backscat-
ter coefficient is given in Figure 10a. Figure 10b shows the

2651



KANITZ ET AL.: ATLANTIC SHIPBORNE LIDAR MEASUREMENTS

15°-30°S

30°-15°N
15°N-0°

0°-15°S

60°N-30°N
30°N-30°S

30°S-60°S

Punta Arenas

30°N-30°S
Stellenbosch

0

1

2

3

4

5
H

ei
gh

t a
gl

 (
km

)

3 43

(c)(a)

60°N-30°N

30°N-30°S

30°S-60°S

Punta Arenas
Stellenbosch

0

1

2

3

4

5

H
ei

gh
t a

gl
 (

km
)

1 2 4 1 2

25 50 10075

Ext. Coef. at 532 nm (Mm-1sr-1)

Bsc. Coef. at 532 nm (Mm-1sr-1)

25 50 10075

(d)(b)

15°-30°S

30°-15°N
15°N-0°

0°-15°S

30°N-30°S

Figure 10. Mean particle backscatter and extinction coef-
ficients at 532 nm (a–b) for the northern midlatitudes
(60ı–30ıN), tropics (30ı N–30ıS), southern midlatitudes
(30ı–60ıS), Punta Arenas, Stellenbosch, and (c–d) for five
latitudinal belts of the tropics.

corresponding profiles of the extinction coefficient above
1 km height. The extinction values are estimated from the
backscatter coefficients in Figure 10a by multiplying them
with a lidar ratio of 50 sr. The extinction coefficient in the
tropics is a factor of two higher than in the northern mid-
latitudes in the height range from 2–4.5 km. In agreement
with the observed AOT difference (a factor of 1.5–2 higher
values at northern midlatitudes), the extinction coefficient in
the northern midlatitudes is higher than in the southern mid-
latitudes. The difference in the optical properties is visible
up to about 3 km height.

[35] The extinction coefficients at the most southern mea-
surement site of Punta Arenas are the lowest observed and
are close to zero at already 2 km height. The aerosol profiles
at Punta Arenas (Figure 9d), are almost completely deter-
mined by marine sources. In comparison to the shipborne
observations in the northern midlatitudes or previous lidar
observations in the frame of the European Aerosol Lidar
Network (EARLINET) [Mattis et al., 2008] the occurrence
of free-tropospheric aerosol layers at Punta Arenas in the
southern midlatitudes is rather low because of the absence of
continental aerosol sources. At Stellenbosch lofted layers of
smoke and soil dust from local sources are usually observed
up to about 4 km height (Figure 9e).

[36] Mean profiles of the backscatter and extinction coef-
ficient for 30ı–15ıN, 15ıN–0ı, 0ı–15ıS, and 15ı–30ıS
are presented in Figures 10c–10d. The highest aerosol con-
centration is found in the latitudinal belt from 15ıN–0ı
(3.3 times higher than the northern midlatitudes shown in
Figure 10a), followed by 30ı–15ıN (2.5 times higher),
0ı–15ıS (96%), and 15ı–30ıS (72%). Tesche [2011] deter-
mined mean particle backscatter coefficients at 532 nm of
0.4 and 1.2 Mm–1 sr–1 in the main lofted layers from 1.5

to 4 km height at Cape Verde during winter (15 January to
14 February 2008) and summer (24 May to 16 June 2008),
respectively. In the same height range, we found mean parti-
cle backscatter coefficients of 0.8 and 0.65 Mm–1 sr–1 for the
latitudinal belts from 15ıN–0ı and from 30ı–15ıN. The dif-
ference between the aerosol conditions in the northern and
southern tropics is most pronounced in the height range from
2 to 4 km (Figure 10d). While in the northern tropics, the
mean extinction coefficient is up to 50 Mm–1, the extinction
coefficient in the southern tropics decreases down to nearly
zero at about 3 km height.

4. Conclusion and Outlook
[37] The vertical distribution of aerosols above the North

and South Atlantic was analyzed with shipborne multi-
wavelength Raman/polarization lidar. The presented results
were based on lidar measurements in the framework of the
OCEANET project aboard the research vessel Polarstern
during three transfer cruises over the Atlantic Ocean,
between Germany and either South America or South
Africa. Each of the meridional cruises covered a distance of
about 10,000–14,000 km and corresponding periods of
4–6 weeks. Layers of Saharan dust partly mixed with
biomass-burning smoke were observed at the west coast
of North Africa. Based on the lidar depolarization mea-
surements, a biomass-burning smoke contribution to light
backscattering of up to 30% was found in an observed mixed
layer. For the first time, plumes of Patagonian desert dust
were characterized with lidar. The shipborne lidar observa-
tions revealed a 532–nm lidar ratio of 42˙ 17 sr. Although
the wind speed above the Patagonian desert was high with
�25 m s–1, the AOT was low with 0.02–0.03.

[38] The statistical analysis revealed that the marine
boundary layer extended up to about 0.4–0.9 km height and
lofted layers were frequently observed up to 4–5 km height.
The MBL AOT for 532 nm accumulated around 0.05. The
free-tropospheric aerosol layers of continental origin signif-
icantly contribute to the observed total AOT and frequently
cause total AOTs >0.1–0.15. Distinct differences in the
meridional distribution of aerosol profiles were found. The
highest optical thickness was determined in the northern
tropics (0.27), mainly in the outflow region of Saharan dust.
South of the equator, a sharp decrease in the amount of free-
tropospheric aerosol in the tropics was found. The strong
north-to-south difference in the aerosol load also holds for
the midlatitudes. It was found that the AOT and extinc-
tion coefficients for the vertical column from 0–5 km (total
aerosol column) and 1–5 km height (lofted aerosol above the
marine boundary layer) at northern midlatitudes are a fac-
tor of 1.5–2 higher than at respective southern midlatitudes,
and even a factor of 2.5 higher than at the clean marine
southern-hemispheric site of Punta Arenas. The strong con-
trast is confined to the lowermost 3 km of the atmosphere.
The higher aerosol concentrations over remote ocean sites
in the northern midlatitudes might not only partly reflect the
higher impact of desert areas but also clearly indicate the
distinct contribution from anthropogenic emissions.

[39] The meridional transatlantic cruises of Polarstern
cover only the spring and fall seasons. Thus, our observa-
tions do not capture all the intra- and interannual variability
of the aerosols in the atmosphere. However, we found
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promising agreement to long-term shipborne Sun photome-
ter measurements and spaceborne observations. The lidar
measurements will be continued aboard Polarstern for the
next 5–10 years. The increasing data set will enable a more
detailed latitudinal investigation of tropospheric aerosols,
and serve as a unique ground-based validation of height-
resolved spaceborne observations over the Atlantic. In the
poorly investigated southern hemisphere, the shipborne lidar
measurements are even more valuable, because measure-
ment stations on shore are limited [Antuña et al., 2012].
Synergistic measurements of microwave radiometer, and
pyranometer aboard Polarstern will improve the understand-
ing of the global influence of aerosols and aerosol-cloud
interactions.

[40] Acknowledgments. Funding by the Gottfried Wilhelm Leibniz
Association (OCEANET project in the framework of PAKT) is appreci-
ated. We thank the RV Polarstern team, the Alfred Wegener Institute for
Polar and Marine Research (AWI) and the project leader of OCEANET,
Prof. Dr. Andreas Macke for their permanent support and interest in
this work during the cruises ANT-XXVI and ANT-XXVII. In addi-
tion, we appreciate the effort of the MAN, CALIPSO, HYSPLIT, and
FLEXPART teams.

References
Althausen, D., R. Engelmann, H. Baars, B. Heese, A. Ansmann, D. Müller,

and M. Komppula (2009), Portable Raman lidar PollyXT for automated
profiling of aerosol backscatter, extinction, and depolarization, J. Atmos.
Oceanic Technol., 26, 2366–2378, doi:10.1175/2009JTECHA1304.1.

Anderson, T. L., R. J. Charlson, D. M. Winker, J. A. Ogren, and K. Holmén
(2003), Mesoscale variations of tropospheric aerosols, J. Atmos. Sci., 60,
119–136, doi:10.1175/1520-0469(2003)060<0119:MVOTA>2.0.CO;2.

Ansmann, A., U. Wandinger, M. Riebesell, C. Weitkamp, and W. Michaelis
(1992), Independent measurement of extinction and backscatter profiles
in cirrus clouds by using a combined Raman elastic-backscatter lidar,
Appl. Opt., 31, 7113–7131, doi:10.1364/AO.31.007113.

Ansmann, A., and D. Müller (2005), Lidar and atmospheric aerosol
particles, in Lidar: Range-Resolved Optical Remote Sensing of the Atmo-
sphere, edited by Weitkamp, C, Springer, New York, USA, 105–138.

Ansmann, A., F. Wagner, D. Althausen, D. Müller, A. Herber, and U.
Wandinger (2001), European pollution outbreaks during ACE 2: Lofted
aerosol plumes observed with Raman lidar at the Portuguese coast, J.
Geophys. Res., 106, 5–20734, doi:10.1029/2000JD000091.

Ansmann, A., F. Wagner, D. Müller, D. Althausen, A. Herber, W. von
Hoyningen-Huene, and U. Wandinger (2002), European pollution out-
breaks during ACE 2: Optical particle properties inferred from multi-
wavelength lidar and star-Sun photometry, J. Geophys. Res., 107, 4259,
doi:10.1029/2001JD001109.

Ansmann, A., H. Baars, M. Tesche, D. Müller, D. Althausen, R.
Engelmann, T. Pauliquevis, and P. Artaxo (2009), Dust and smoke
transport from Africa to South America: Lidar profiling over Cape
Verde and the Amazon rainforest, Geophys. Res. Lett., 36, 11802, doi:
10.1029/2009GL037923.

Ansmann, A., A. Petzold, K. Kandler, I. Tegen, M. Wendisch, D. Müller, B.
Weinzierl, T. Müller, and J. Heintzenberg (2011a), Saharan mineral dust
experiments SAMUM-1 and SAMUM-2: what have we learned?, Tellus
Ser. B., 63, 403–429, doi:10.1111/j.1600-0889.2011.00555.X.

Antuña, J. C., E. Landulfo, B. Clemesha, F. Zaratti, E. Quel, A. Bastidas,
R. Estevan, and B. Barja (2012), Lidar Community in Latin America:
A decade of challenges and successes, Reviewed and Revised Papers of
the 26th International Laser Radar Conference, 25–29 June 2012, Porto
Heli, Greece.

Baars, H., A. Ansmann, R. Engelmann, and D. Althausen (2008), Continu-
ous monitoring of the boundary-layer top with lidar, Atmos. Chem. Phys.,
8, 7281–7296, doi:10.5194/acp-8-7281-2008.

Baars, H., A. Ansmann, D. Althausen, R. Engelmann, P. Artaxo, T.
Pauliquevis, and R. Souza (2011), Further evidence for significant smoke
transport from Africa to Amazonia, Geophys. Res. Lett., 382, 20802, doi:
10.1029/2011GL049200.

Baars, H., A. Ansmann, D. Althausen, R. Engelmann, B. Heese, D. Müller,
P. Artaxo, M. Paixao, T. M. Pauliquevis, and R. Souza (2012), Aerosol
profiling with lidar in the Amazon Basin during the wet and dry season,
J. Geophys. Res., 117, D21201, doi:10.1029/2012JD018338.

Bates, T. S., B. J. Huebert, J. L. Gras, F. B. Griffiths, and P. A. Durkee
(1998), International Global Atmospheric Chemistry (IGAC) project’s
first aerosol characterization experiment (ACE 1): Overview, J. Geo-
phys. Res., 1031, 16297–16318, doi:10.1029/97JD03741.

Bates, T. S., P. K. Quinn, D. J. Coffman, J. E. Johnson, T. L. Miller, D. S.
Covert, A. Wiedensohler, S. Leinert, A. Nowak, and C. Neusüss (2001),
Regional physical and chemical properties of the marine boundary layer
aerosol across the Atlantic during Aerosols99: An overview, J. Geophys.
Res., 106, 20767–20782, doi:10.1029/2000JD900578.

Bösenberg, J., and R. Hoff, (2008), Plan for the implementation of the
GAW aerosol lidar observation network GALION, Rep. 178, World
Meteorological Organization, Geneva, Switzerland, 53 pp.

Campbell, J. R., D. L. Hlavka, E. J. Welton, C. J. Flynn, D. D. Turner,
J. D. Spinhirne, V. S. Scott III, and I. H. Hwang (2002), Full-
time, eye-safe cloud and aerosol lidar observation at Atmospheric
Radiation Measurement program sites: Instruments and data process-
ing, J. Atmos. Oceanic Technol., 19, 431–442, doi: 10.1175/1520-
0426(2002)019<0431:FTESCA>2.0.CO;2.

Campbell, J. R., E. J. Welton, J. D. Spinhirne, Q. Ji, S.-C. Tsay, S. J.
Piketh, M. Barenbrug, and B. N. Holben (2003), Micropulse lidar obser-
vations of tropospheric aerosols over northeastern South Africa during
the ARREX and SAFARI 2000 dry season experiments, J. Geophys.
Res., 108, 8497, doi:10.1029/2002JD002563.

Chin, M., P. Ginoux, S. Kinne, O. Torres, B. N. Holben, B. N. Duncan, R. V.
Martin, J. A. Logan, A. Higurashi, and T. Nakajima (2002), Tropospheric
aerosol optical thickness from the GOCART model and comparisons
with satellite and Sun photometer measurements, J. Atmos. Sci., 59,
461–483, doi:10.1175/1520-0469(2002)059<0461:TAOTFT>2.0.CO;2.

Draxler, R. R., and G. D. Rolph (2003), HYSPLIT (HYbrid single-
particle Lagrangian integrated trajectory) model access via NOAA ARL
READY website (http://www.arl.noaa.gov/ready/hysplit4.html), NOAA
Air Resources Laboratory, Silver Spring.

Duflot, V., P. Royer, P. Chazette, J. L. Baray, Y. Courcoux, and R. Delmas
(2011), Marine and biomass burning aerosols in the southern Indian
Ocean: Retrieval of aerosol optical properties from shipborne lidar and
Sun photometer measurements, J. Geophys. Res., 116, D18208, doi:
10.1029/2011JD015839.

Dubovik, O., B. Holben, T. F. Eck, A. Smirnov, Y. J. Kaufman, M.
D. King, D. Tanr, and I. Slutsker (2002), Variability of absorption
and optical properties of key aerosol types observed in world-
wide locations, J. Atmos. Sci., 59, 590–608, doi: 10.1175/1520-
0469(2002)059<0590:VOAAOP>2.0.CO;2.

Fishman, J., J. M. Hoell Jr., R. D. Bendura, R. J. McNeal, and V. W. J.
H. Kirchhoff (1996), NASA GTE TRACE A experiment (September–
October 1992): Overview, J. Geophys. Res., 101, 23865–23879, doi:
10.1029/96JD00123.

Fitzgerald, J. W. (1991), Marine aerosols: A review, Atmos. Environ., 25,
533–545, doi:10.1016/0960-1686(91)90050-H.

Franke, K., A. Ansmann, D. Müller, D. Althausen, F. Wagner, and R.
Scheele (2001), One-year observations of particle lidar ratio over the
tropical Indian Ocean with Raman lidar, Geophys. Res. Lett., 28,
4559–4562, doi:10.1029/2001GL013671.

Franke, K., A. Ansmann, D. Müller, D. Althausen, C. Venkataraman, M. S.
Reddy, F. Wagner, and R. Scheele (2003), Optical properties of the Indo-
Asian haze layer over the tropical Indian Ocean, J. Geophys. Res., 108,
4059, doi:10.1029/2002JD002473.

Freudenthaler, V., et al. (2009), Depolarization ratio profiling at several
wavelengths in pure Saharan dust during SAMUM 2006, Tellus Ser. B.,
61, 165–179, doi:10.1111/j.1600-0889.2008.00396.X.

Gaiero, D. M., F. Brunet, J. L. Probst, and P. J. Depetris (2007), A uni-
form isotopic and chemical signature of dust exported from Patagonia:
Rock sources and occurrence in southern environments, Chem. Geol.,
238, 107–120, doi:10.1016/j.chemgeo.2006.11.003.

Gassó, S., and A. F. Stein (2007), Does dust from Patagonia reach the
sub-Antarctic Atlantic Ocean, Geophys. Res. Lett., 34, L01801, doi:
10.1029/2006GL027693.

Gassó, S., A. Stein, F. Marino, E. Castellano, R. Udisti, and J. Ceratto
(2010), A combined observational and modeling approach to study mod-
ern dust transport from the Patagonia desert to East Antarctica, Atmos.
Chem. Phys., 10, 8287–8303, doi:10.5194/acp-10-8287-2010.

Groß, S., et al. (2011a), Characterization of the planetary boundary layer
during SAMUM-2 by means of lidar measurements, Tellus Ser. B., 63,
695–705, doi:10.1111/j.1600-0889.2011.00557.X.

Groß, S., M. Tesche, V. Freudenthaler, C. Toledano, M. Wiegner, A.
Ansmann, D. Althausen, and M. Seefeldner (2011b), Characterization of
Saharan dust, marine aerosols and mixtures of biomass-burning aerosols
and dust by means of multi-wavelength depolarization and Raman lidar
measurements during SAMUM-2, Tellus Ser. B., 63, 706–724, doi:
10.1111/j.1600-0889.2011.00556.X.

2653

(http://www. arl. noaa. gov/ready/hysplit4. html)


KANITZ ET AL.: ATLANTIC SHIPBORNE LIDAR MEASUREMENTS

Heintzenberg, J., D. C. Covert, and R. van Dingenen (2000), Size
distribution and chemical composition of marine aerosols: A com-
pilation and review, Tellus Ser. B., 52, 1104–1122, doi: 10.1034/j.
1600-0889.2000.00136.X.

Holben, B. N., et al. (2001), An emerging ground-based aerosol clima-
tology: Aerosol optical depth from AERONET, J. Geophys. Res., 106,
12,067–12,098, doi:10.1029/2001JD900014.

Huebert, B. J., T. Bates, P. B. Russell, G. Shi, Y. J. Kim, K.
Kawamura, G. Carmichael, and T. Nakajima (2003), An overview of
ACE-Asia: Strategies for quantifying the relationships between Asian
aerosols and their climatic impacts, J. Geophys. Res., 108, 8633, doi:
10.1029/2003JD003550.

Immler, F., and O. Schrems (2003), Vertical profiles, optical and micro-
physical properties of Saharan dust layers determined by a ship-borne
lidar, Atmos. Chem. Phys., 3, 1353–1364.

Johnson, M. S., N. Meskhidze, V. P. Kiliyanpilakkil, and S. Gassó (2011),
Understanding the transport of Patagonian dust and its influence on
marine biological activity in the South Atlantic Ocean, Atmos. Chem.
Phys., 11, 2487–2502, doi:10.5194/acp-11-2487-2011.

Kanamitsu, M. (1989), Description of the NMC global data assimila-
tion and forecast system, Weather and Forecasting, 4, 335–342, doi:
10.1175/1520-0434(1989)004<0335:DOTNGD>2.0.CO;2.

Kanitz, T., P. Seifert, A. Ansmann, R. Engelmann, D. Althausen, C.
Casiccia, and E. G. Rohwer (2011), Contrasting the impact of aerosols
at northern and southern midlatitudes on heterogeneous ice formation,
Geophys. Res. Lett., 38, L17802, doi:10.1029/2011GL048532.

Kaufman, Y., I. Koren, L. Remer, D. Rosenfeld, and Y. Rudich (2005),
The effect of smoke, dust, and pollution aerosol on shallow cloud
development over the Atlantic Ocean, PNAS, 102, 11207–11212, doi:
10.1073/pnas.0505191102.

Kiliyanpilakkil, V. P., and N. Meskhidze (2011), Deriving the effect of
wind speed on clean marine aerosol optical properties using the A-Train
satellites, Atmos. Chem. Phys., 11, 11401–11413, doi:10.5194/acp-11-
11401-2011.

Klett, J. D (1981), Stable analytical inversion solution for processing lidar
returns, Appl. Opt., 20, 211–220, doi:10.1364/AO.20.000211.

Labraga, J. (1994), Extreme winds in the Pampa del Castillo Plateau,
Patagonia, Argentina, with reference to wind farm settlement,
J. Appl. Meteorol., 33, 85–95, doi: 10.1175/1520-0450(1994)033<
0085:EWITPD>2.0.CO;2.

Li, F., P. Ginoux, and V. Ramaswamy (2010), Transport of
Patagonian dust to Antarctica, J. Geophys. Res., 115, D18217, doi:
10.1029/2009JD012356.

Macke, A., J. Kalisch, Y. Zoll, and K. Bumke (2010), Radiative effects
of the cloudy atmosphere from ground and satellite based observations,
EPJ Web of Conferences, 9, 83–94, doi:10.1051/epjconf/201009006.

Mattis, I., D. Müller, A. Ansmann, U. Wandinger, J. Preißler, P. Seifert,
and M. Tesche (2008), Ten years of multiwavelength Raman lidar obser-
vations of free-tropospheric aerosol layers over central Europe: Geomet-
rical properties and annual cycle, J. Geophys. Res., 113, D009636, doi:
10.1029/2007JD009636.

Morys, M., F. M. Mims III, S. Hagerup, S. E. Anderson, A. Baker, J. Kia,
and T. Walkup (2001), Design, calibration, and performance of MICRO-
TOPS II handheld ozone monitor and Sun photometer, J. Geophys. Res.,
106, 573–582, doi:10.1029/2001JD900103.

Müller, D., K. Franke, F. Wagner, D. Althausen, A. Ansmann, J. Heintzen-
berg, and G. Verver (2001), Vertical profiling of optical and physical
particle properties over the tropical Indian Ocean with six-wavelength
lidar: 2. Case studies, J. Geophys. Res., 106(D22), 28,577–28,595, doi:
10.1029/2000JD900785.

Müller, D., A. Ansmann, I. Mattis, M. Tesche, U. Wandinger, D.
Althausen, and G. Pisani (2007), Aerosol-type-dependent lidar ratios
observed with Raman lidar, J. Geophys. Res., 112, D16202, doi:
10.1029/2006JD008292.

Myhre, G., et al. (2005), Intercomparison of satellite retrieved aerosol opti-
cal depth over ocean during the period September 1997 to December
2000, Atmos. Chem. Phys., 5, 1697–1719, doi:10.5194/acp-5-1697-2005.

Nakajima, T., et al. (2007), Overview of the Atmospheric Brown Cloud
East Asian Regional Experiment date=2005 and a study of the aerosol
direct radiative forcing in east Asia, J. Geophys. Res., 112, D24S91, doi:
10.1029/2007JD009009.

Pérez, C, S. Nickovic, J. M. Baldasano, M. Sicard, F. Rocadenbosch,
and V. E. Cachorro (2006), A long Saharan dust event over the west-
ern Mediterranean: Lidar, sun photometer observations, and regional
dust modeling, J. Geophys. Res, 111, 18,113–18, D15214, doi:
10.1029/2005JD006579.

Philbrick, C. R, D. B. Lysak, T. D. Stevens, P. A. T. Haris, and Y. C. Rau
(1992), Atmospheric measurements using the LAMP lidar during the
LADIMAS campaign, in 16th International Laser Radar Conference,
Cambridge, Massachusetts, USA.

Prospero, J. M, P. Ginoux, O. Torres, S. E. Nicholson, and T. E. Gill
(2002), Environmental characterization of global sources of atmospheric
soil dust identified with the NIMBUS 7 Total Ozone Mapping Specrom-
eter (TOMS) absorbing aerosol product, Rev. Geophys., 40, 1002, doi:
10.1029/2000RG000095.

Ramanathan, V., et al. (2001), Indian Ocean experiment: An integrated
analysis of the climate forcing and effects of the great Indo-Asian haze,
J. Geophys. Res., 106, 28,371–28,398, doi:10.1029/2001JD900133.

Remer, L. A., et al. (2008), Global aerosol climatology from the
MODIS satellite sensors, J. Geophys. Res., 113, D14S07, doi:
10.1029/2007JD009661.

Rosenfeld, D., M. Clavner, and R. Nirel (2011), Pollution and dust aerosols
modulating tropical cyclones intensities, Atmos. Res., 102, 66–76, doi:
10.1016/j.atmosres.2011.06.006.

Russell, P. B., and J. Heintzenberg (2000), An overview of the ACE-2
clear sky column closure experiment, Tellus Ser. B, 52, 463–483, doi:
10.1034/j.1600-0889.2000.00013.X.

Russell, P. B., P. V. Hobbs, and L. L. Stowe (1999), Aerosol proper-
ties and radiative effects in the United States East Coast haze plume:
An overview of the Tropospheric Aerosol Radiative Forcing Observa-
tional Experiment (TARFOX), J. Geophys. Res., 104, 2213–2222, doi:
10.1029/1998JD200028.

Sasano, Y., E. V. Browell, and S. Ismail (1985), Error caused by using a
constant extinction/backscattering ratio in the lidar solution, Appl. Opt.,
24, 3929–3932, doi:10.1364/AO.24.003929.

Schmid, B., et al. (2003), Column closure studies of lower tropospheric
aerosol and water vapor during ACE-Asia using airborne Sun photome-
ter and airborne in situ and ship-based lidar measurements, J. Geophys.
Res., 108, 8656, doi:10.1029/2002JD003361.

Schuster, G. L., M. Vaughan, D. MacDonnell, W. Su, D. Winker,
O. Dubovik, T. Lapyonok, and C. Trepte (2012), Comparison of
CALIPSO aerosol optical depth retrievals to AERONET measure-
ments, and a climatology for the lidar ratio of dust, Atmos. Chem.
Phys. Discussions, 12, 11641–11697, doi: 10.5194/acpd-12-11641-
2012.

Seifert, P., A. Ansmann, I. Mattis, U. Wandinger, M. Tesche, R. Engelmann,
D. Müller, C. Pérez, and K. Haustein (2010), Saharan dust and
heterogeneous ice formation: Eleven years of cloud observations at a
central European EARLINET site, J. Geophys. Res., 115, D20201, doi:
10.1029/2009JD013222.

Smirnov, A., B. N. Holben, Y. J. Kaufman, O. Dubovik, T. F. Eck,
I. Slutsker, C. Pietras, and R. N. Halthore (2002), Optical properties
of atmospheric aerosol in maritime environments, J. Atmos. Sci., 59,
501–523, doi:10.1175/1520-0469(2002)059<0501:OPOAAI>2.0.CO;2.

Smirnov, A., et al. (2009), Maritime aerosol network as a component
of Aerosol robotic network, J. Geophys. Res., 114, D06204, doi:
10.1029/2008JD011257.

Smirnov, A., et al. (2011), 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-
583-2011.

Spinhirne, J. D., J. A. R. Rall, and V. S. Scott (1995), Compact eye safe
lidar systems, Rev. Laser Eng., 23, 26–132.

Stevens, B., and G. Feingold (2009), Untangling aerosol effects on clouds
and precipitation in a buffered system, Nature, 461, 607–613, doi:
10.1038/nature08281.

Stevens, T. D., P. A. T. Haris, Y.-C. Rau, and C. R. Philbrick (1994), Latitu-
dinal lidar mapping of stratospheric particle layers, Adv. Space Res., 14,
193–198, doi:10.1016/0273-1177(94)90136-8.

Stohl, A., C. Forster, A. Frank, P. Seibert, and G. Wotawa (2005), Technical
note: The Lagrangian particle dispersion model FLEXPART version 6.2,
Atmos. Chem. Phys., 5, 2461–2474, doi:10.5194/acp-5-2461-2005.

Sugimoto, N., I. Matsui, Z. Liu, A. Shimizu, I. Tamamushi, and K. Asai
(2000), Observation of aerosols and clouds using a two-wavelength
polarization lidar during the Nauru99 experiment, Sea and Sky, 76,
90–95.

Sugimoto, N, I. Matsui, Z. Liu, A. Shimizu, K. Asai, K. Yoneyama, and
M. Katsumata (2001), Latitudinal distribution of aerosols and clouds in
the western Pacific observed with a lidar on board the research vessel
Mirai, Geophys. Res. Lett., 28, 4187–4190, doi:10.1029/2001GL013510.

Swap, R. J., H. J. Annegarn, J. T. Suttles, M. D. King, S. Platnick, J. L.
Privette, and R. J. Scholes (2003), Africa burning: A thematic analysis
of the Southern African Regional Science Initiative (SAFARI 2000), J.
Geophys. Res., 108, 8465, doi:10.1029/2003JD003747.

Tesche, M. (2011), Vertical profiling of aerosol optical properties with mul-
tiwavelength aerosol lidar during the Saharan Mineral Dust Experiments,
Ph.D. thesis, Faculty of Physics and Geoscience, University of Leipzig,
Leipzig, Germany.

Tesche, M., A. Ansmann, D. Müller, D. Althausen, R. Engelmann,
V. Freudenthaler, and S. Groß (2009), Vertically resolved separation of

2654



KANITZ ET AL.: ATLANTIC SHIPBORNE LIDAR MEASUREMENTS

dust and smoke over Cape Verde using multiwavelength Raman and
polarization lidars during Saharan Mineral Dust Experiment 2008, J.
Geophys. Res., 114, D13202, doi:10.1029/2009JD011862.

Tesche, M., et al. (2009), Vertical profiling of Saharan dust with Raman
lidars and airborne HSRL in southern Morocco during SAMUM, Tellus
Ser. B., 61, 144–164, doi:10.1111/j.1600-0889.

Tesche, M., S. Gross, A. Ansmann, D. Müller, D. Althausen,
V. Freudenthaler, and M. Esselborn (2011), Profiling of Saharan dust
and biomass-burning smoke with multiwavelength polarization Raman
lidar at Cape Verde, Tellus Ser. B., 63, 649–676, doi:10.1111/j.1600-
0889.2011.00548.X.

Textor, C., et al. (2006), Analysis and quantification of the diversities of
aerosol life cycles within AeroCom, Atmos. Chem. Phys., 6, 1777–1813,
doi:10.5194/acp-6-1777-2006.

Welton, E. J., K. J. Voss, H. R. Gordon, H. Maring, A. Smirnov, B. Holben,
B. Schmid, J. M. Livingston, P. B. Russell, and P. A. Durkee (2000),
Ground-based lidar measurements of aerosols during ACE-2: Instru-
ment description, results, and comparisons with other ground-based and

airborne measurements, Tellus B., 52, 636–651, doi: 10.1034/j.1600-
0889.2000.00025.X.

Welton, E. J., K. J. Voss, P. K. Quinn, P. J. Flatau, K. Markowicz, J. R.
Campbell, J. D. Spinhirne, H. R. Gordon, and J. E. Johnson (2002),
Measurements of aerosol vertical profiles and optical properties during
INDOEX 1999 using micropulse lidars, J. Geophys. Res., 107, 8019, doi:
10.1029/2000JD000038.

Winker, D. M., W. H. Hunt, and M. J. McGill (2007), Initial perfor-
mance assessment of CALIOP, Geophys. Res. Lett., 341, L19803, doi:
10.1029/2007GL030135.

Winker, D. M., M. A. Vaughan, A. Omar, Y. Hu, K. A. Powell, Z. Liu,
W. H. Hunt, and S. A. Young (2009), Overview of the CALIPSO mission
and CALIOP data processing algorithms, J. Atmos. Oceanic Technol.,
26, 2310–2323, doi:10.1175/2009JTECHA1281.1.

Zipser, E. J., et al. (2009), The Saharan air layer and the fate
of African easterly waves-NASA’s AMMA field study of tropical
cyclogenesis, Bull. Am. Meteorol. Soc., 90, 1137–1156, doi:10.1175/
2009BAMS2728.1.

2655


	North-south cross sections of the vertical aerosol distribution over the Atlantic Ocean from multiwavelength Raman/polarization lidar during Polarstern cruises
	Introduction
	Experiment
	OCEANET Lidar PollyXT
	Microtops Sun Photometer
	Supplementary Information

	Observations
	Column-Integrated Optical Properties
	Profiling Aerosol Optical Properties
	Latitudinal Mean Particle Backscatter and Extinction Profiles

	Conclusion and Outlook
	References


