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Radiative effect of aerosols above the northern and southern Atlantic
Ocean as determined from shipborne lidar observations
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[1] The direct solar radiative effect of aerosols over the Atlantic Ocean was investigated
on the basis of aerosol Raman/polarization lidar observations aboard the research vessel
Polarstern between Germany (50°N) and either South America (50°S) or South Africa
(40°S) in 2009 and 2010. First, a case study of complex aerosol conditions with marine
aerosol, dust, and smoke particles in the boundary layer and free troposphere is presented
to demonstrate that detailed knowledge of aerosol layering (boundary layer, free
troposphere) and aerosol mixing state is required for an accurate determination of the
resulting radiative effects. A statistical analysis based on all lidar observations revealed
the highest daily mean radiative effect (—43 &= 59 W m 2 at the surface, —14 4+ 18 W m 2
at top of atmosphere) in the latitudinal belt from 0°N—15°N in the Saharan dust outflow
region. Mean aerosol radiative effects of the polluted northern and clean southern
midlatitudes were contrasted. In the northern midlatitudes, the averaged aerosol radiative
effect of all simulations was —24 =+ 33 W m2 at the surface which is a factor of 1.6
higher than at similar southern hemispheric latitudes. The simulations based on the lidar
observations are in good agreement with colocated pyranometer measurements.
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1. Introduction

[2] The Earth’s energy budget is a result of complex
interactions of a multitude of processes in the atmosphere
[Trenberth et al., 2009]. One reason for the high uncer-
tainties in current climate prediction modeling [Forster et
al., 2007] is the spatial and temporal variability of aerosols
[Textor et al., 2006] as well as the variations in the aerosol
microphysical properties as size, shape, and chemical com-
position. Global aerosol models embedded in chemistry-
transport or general circulation models have begun to resolve
the aerosol vertical distribution and have validated their
results with height-resolved observations [e. g., Koffi et al.,
2012]. However, in radiative transfer models, aerosols are
often approximated simply by an unrealistic exponential
increase in the aerosol load from the top of atmosphere
(TOA) to the surface [Shettle, 1979; Haywood and Shine,
1997; Mayer and Kylling, 2005].
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[3] The need for height-resolved measurements was
shown by Wendisch et al. [1996] who studied combined air-
borne in situ and radiation measurements under atmospheric
conditions with two temperature inversions that sensitively
influenced the vertical distribution of aerosols. Keil and
Haywood [2003] determined a conversion from the usual
cooling effect of aerosols to a warming effect at TOA
by biomass-burning aerosol during cloud-free and cloudy
observations during the Southern African Aerosol Regional
Science Initiative (SAFARI 2000).

[4] Inaddition to airborne in situ observations of aerosols,
lidars are suitable to obtain the vertical distribution of lofted
aerosol layers, cloud base heights, or profiles of the extinc-
tion coefficient to perform radiative transfer calculations
[Redemann et al., 2000; Podgorny and Ramanathan, 2001;
Johnson et al., 2008; Mallet et al., 2008; Bauer et al., 2011].

[s] To our knowledge, Wagner et al. [2001] presented
the first radiative transfer calculations that directly included
height-resolved aerosol information as determined with lidar
[Ansmann et al., 2000] during the Indian Ocean Experiment.
Single scattering albedo and asymmetry parameter were
inverted using optical properties derived from multiwave-
length lidar measurements [Miiller et al., 1999]. Profiles
of the extinction coefficient and its spectral dependence as
determined with lidar in the framework of the European
Aerosol Research Lidar Network [Mattis et al., 2004] were
used to investigate the feasibility of simple backscatter lidars
to determine the solar aerosol radiative effect and to improve
in this way the estimation of aerosol effects on Earth’s radi-
ation budget [Wendisch et al., 2006]. However, a validation
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of the findings with colocated radiation measurements was
missing both times.

[6] Huang et al. [2009] used extinction profiles of a
dust plume from the Taklimakan desert as determined from
spaceborne lidar observations by the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) [Winker et al.,
2009] in radiative transfer calculations to determine
the aerosol effect more realistically. Single scattering
albedo, asymmetry parameter, and spectral dependen-
cies were adjusted to colocated radiation measurements
of the cloud and the Earth’s energy budget scanner [ Wielicki
etal., 1996].

[7] In the presented paper the vertical distribution of
aerosols above the Atlantic as determined with a shipborne
Raman/polarization lidar between 51°N and 53°S [Kanitz
et al., 2013] was used to perform one-dimensional plane-
parallel radiative transfer calculations and to contrast the
direct aerosol effect on the solar radiation budget in the
Northern and Southern Hemispheres over the Atlantic based
on observed profiles of aerosol properties. In section 2, the
applied instruments will be presented. Afterward, a case
study of an aerosol layer of a mixture of Saharan dust
and biomass-burning smoke will show the necessity of
Raman/polarization lidar measurements to derive accurate
aerosol profile information for radiative transfer calcula-
tions. Section 4 presents a north-south cross section of the
direct aerosol effect on the solar radiation budget over the
Atlantic and the results from an intensive comparison to
shipborne pyranometer observations. Concluding remarks
are given in section 5.

2. Experiment

[8] In the framework of the OCEANET project, the
transfer of energy and material between ocean and atmo-
sphere was investigated aboard the German research vessel
Polarstern during three meridional cruises [Macke et al.,
2010]. Continuous observations of acrosol and cloud profiles
with lidar, temperature and humidity profiles, and liquid-
water path with microwave radiometer, incident solar and
thermal radiation with pyranometer and pyrgeometer, as
well as sensible and latent heat fluxes with turbulence and
CO; flux measurements were performed to determine the
radiative budget at the surface of the highly variable atmo-
sphere [e.g., Kalisch and Macke, 2012]. Vertical aerosol
profiling was performed with lidar to determine the lati-
tudinal cross section of the direct solar aerosol radiative
effect. The transfer routes between the Northern and South-
ern Hemispheres offered an excellent opportunity to con-
trast aerosol conditions and underlying processes between
both hemispheres [Kanitz et al., 2011; 2013]. The first
cruise went from Bremerhaven, Germany (16 October 2009,
ANT-XXVI/1) to Punta Arenas, Chile (25 November 2009).
Here, the lidar was unmounted from the ship and deployed
at the University of Magallanes, Punta Arenas for a 4
month measurement campaign (4 December 2009 to 4 April
2010). Afterward, the lidar was remounted at the ship to
go from Punta Arenas (7 April 2010, ANT-XXVI/4) back
to Bremerhaven (17 May 2010). The last cruise started in
Bremerhaven (25 October 2010, ANT-XXVII/1) toward
Cape Town, South Africa (25 November 2010), which was
concluded by a 4 month lidar measurement campaign

in Stellenbosch, South Africa from 2 December 2010 to
13 April 2011 [Kanitz et al., 2013].

2.1. OCEANET-Atmosphere

[o] In the framework of OCEANET, particle extinc-
tion profiles were determined from measurements of
the multiwavelength Raman/polarization lidar PollyXT
[Althausen et al., 2009] at 355 and 532 nm by measur-
ing the nitrogen vibrational Raman signals at 387 and
607 nm [Ansmann et al., 1990]. Profiles of the extinction-
related Angstrdm exponent [Angstrom, 1929] were deter-
mined from the extinction values at 355 nm and 532 nm
wavelength [Ansmann et al., 2002] for radiative transfer
calculations, too. Particle backscatter coefficients at 355,
532, and 1064 nm were determined with the Raman method
[Ansmann et al., 1992]. Thus, aerosol layers were charac-
terized in terms of the extinction-to-backscatter ratio and
Angstrém exponents [Miiller et al., 2007]. During day-
time and high solar background, particle extinction and
backscatter coefficient profiles were determined with the
Klett method considering the lidar ratio as derived during
nighttime and stable atmospheric conditions [Klett, 1981;
Sasano et al., 1985]. In addition, the 355-nm particle lin-
ear depolarization ratio was determined as described by
Freudenthaler et al. [2009] to discriminate spherical and
nonspherical aerosol particles [Tesche et al., 2009].

[10] In the near range at heights below about 350—400 m,
the incomplete overlap between the transmitted laser beams
and the receiver field of view prohibits the measurement of
reliable lidar return signals (minimum height). Below this
height, the backscatter and extinction values in the marine
boundary layer (MBL) were set constant and equal to values
determined for 400 m height. So, we assume a well-mixed
MBL at heights <400 m on the basis of our gained experi-
ence during the analysis of the entire shipborne lidar data
set [Kanitz et al., 2013]. In addition, the profile of the
extinction coefficient between 400 and 1000 m was cor-
rected with an overlap function as explained in Wandinger
and Ansmann [2002].

[11] Radiation measurements were performed in the solar
range from 305 to 2800 nm with the pyranometer Kipp and
Zonen CM21 following the ISO9060 standard with a reso-
lution of 1s and an uncertainty of £2% [Kipp and Zonen,
2004]. Including effects of the ship movements and the
ship’s superstructure, e. g., the crow’s nest, we assume an
uncertainty of £4%.

[12] A sky imager [Kalisch and Macke, 2008] took four
pictures of the hemisphere above OCEANET-Atmosphere
each minute at daytime. The pictures yield the information
about cloud coverage.

2.2. Library Radiative Transfer (libRadtran)

[13] The UVSPEC program [Kylling, 1992] of the
libRadtran library version 1.6-beta was chosen to calculate
the broadband solar downward and upward irradiances at
the surface to derive the direct solar aerosol radiative effect
[Mayer and Kylling, 2005]. The libRadtran library includes
the discrete ordinate solver DISORT version 2.0 [Stamnes
et al., 1988] and the spectral integration by the correlated-
k approximation [Kato et al., 1999]. DISORT was applied
with 16 streams with respect to the built-in bidirectional
reflectance distribution function (BRDF) [Cox and Munk,
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1954a, 1954b; Bellouin et al., 2004] for the surface albedo.
The dependence of the surface albedo on the 10 m sur-
face wind speed and thus on the sea swell was considered
based on the wind speed measurements of RV Polarstern
(1 min resolution) whenever data were available. Solar
zenith angles were determined as a function of ship position
and time [Blanco-Muriel et al., 2001]. Particle-free and
cloud-free atmospheric conditions were described with stan-
dard atmospheres [Anderson et al., 1986] as implemented
in libRadtran for trace gases and with profiles of pressure,
temperature, and relative humidity from the Global Data
Assimilation System 1 [Kanamitsu, 1989]. The profiles of
the meteorological standard parameters are provided with
1° x 1° resolution every 3 h. Vertically resolved aerosol con-
ditions were included in terms of the lidar-derived extinction
profiles. Single scattering albedo and asymmetry param-
eter were taken from the literature in dependence of the
lidar-derived aerosol type [Dubovik et al., 2002; Fiebig and
Ogren, 2006; Miiller et al., 2011; Heinold et al., 2011]. The
vertical model grid was set to the maximum resolution of
0.1 km below 6km height and to 1km above. The lidar-
derived extinction profiles were downscaled to that grid. The
comparisons to pyranometer measurements were performed
in the spectral range from 305 to 2800 nm in agreement to
the detected range of the pyranometer.

3. Observations and Calculations

[14] On the basis of the lidar observations during three
meridional cruises of Polarstern, one-dimensional radia-
tive transfer calculations were performed and compared to
colocated pyranometer measurements. In the following, we
will present our approach in detail for a case of complex
dust/smoke layering. Afterward, we show an overall com-
parison to the pyranometer measurements, which motivated
a statistical analysis of the north-south cross section of the
direct solar aerosol radiative effect over the Atlantic Ocean.

3.1. Case Study—Mixed Dust/Smoke Layer

[15] During the second Polarstern cruise ANT-XXVI1/4,
extended lofted aerosol layers were observed off the west
coast of northern Africa from 8°N-21°N, 23°W (over
1400 km) between 30 April 2010 and 5 May 2010. Figure 1
shows the lidar measurements from 18:00 UTC on 30 April
to 8:00UTC on 2May 2010 together with simultaneous
pyranometer measurements. Short-time minima in the pyra-
nometer measurements and white coloring in the lidar
height-time display (strong backscatter) indicate the fre-
quent occurrence of MBL clouds on 1May. In the lidar
measurements, two lofted aerosol layers were first detected
at 19:00 UTC on 30 April 2010 (Figure 1). The lower layer
extended roughly from 1.3 to 1.9 km height, the upper layer
from 2.4 to 3.5km height. With lidar, we derived aerosol
optical thicknesses (AOTs) of the free-tropospheric aerosol
of about 0.2 from the extinction profiles at 532 nm (Figure 2,
left). Mean extinction-related Angstrom exponents were 0.8.
The particle linear depolarization ratio was, on average,
21% =+ 2% in the upper layer and 22% =+ 3% in the lower
layer which indicates the presence of nonspherical dust par-
ticles. Nevertheless, the layer mean Angstrom exponent was
higher than the typical value for pure dust (of around 0), and
the 355 nm particle linear depolarization ratio was smaller
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Figure 1. (top) Solar irradiance measured with pyra-
nometer and (bottom) height-time display of the range-
corrected 1064-nm lidar backscatter signal from 18:00 UTC
on 30 April to 8:00 UTC on 2 May 2010, showing complex
aerosol layering of dust and smoke above 800 m height and
the marine boundary layer below. Lidar overlap effects (for
heights <400 m) are not corrected. Black columns in the
height-time display result from measurement interruptions
due to high solar altitude and maintenance.

than the pure dust values of >26% [Freudenthaler et al.,
2009; Grof et al., 2011b]. Mean lidar ratios of 59—61 sr at
355nm were in the range of pure dust-related lidar ratios
of 48-70 sr and mixed-dust related lidar ratios of 57-98 sr
[Grof et al., 2011b]. These values indicate a mixture of
dust and biomass-burning smoke aerosol in agreement with
findings from the Saharan Mineral Dust Experiment at Cape
Verde (SAMUM-2) [Tesche et al., 2011]. After Tesche et al.
[2009], the fractions of dust and smoke can be derived on
the basis of the particle linear depolarization ratio. In this
study, we assumed a particle linear depolarization ratio of
25%—-29% for pure dust and of 3%—-5% for smoke [Kanitz
et al., 2013]. By means of this approach, a smoke fraction
of roughly 30% was determined.

[16] On the basis of the lidar-derived extinction profiles,
the direct solar aerosol radiative effect was determined. Sin-
gle scattering albedo (SSA) and asymmetry parameter for
dust, smoke, and marine aerosol were adapted from Dubovik
et al. [2002] as presented in Table 1. The authors found typ-
ically higher asymmetry parameters with Sun photometer
for smoke than reported from in situ measurements before
[Reid et al., 1998]. Taking into account that the asymmetry
parameter for smoke derived from lidar observations dur-
ing SAMUM-2 was lower as well [Tesche et al., 2011],
we decided to decrease the asymmetry parameter generally
by 10%.
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Figure 2. Overview of aerosol conditions assumed in the
radiative transfer calculations for 1 May 2010. The micro-
physical properties are listed in Table 1.

[17] An overview of the aerosol conditions used in the
following calculations is given in Figure 2. Three different
scenarios were assumed in the radiative transfer simula-
tions. Calculations were performed for lofted layers of pure
dust or pure smoke in the presence of a pure marine MBL
(cases 1 and 2). In addition, for case 3, the mixing ratio of
smoke and dust in the free troposphere was set to 30%:70%
as derived with lidar. Furthermore, a mixed MBL with a
dust and marine particle fraction of each 50% was assumed,
reflecting the observed comparably high AOT of the MBL
and the significantly enhanced depolarization at the top of
the MBL [Grof3 et al., 2011a; Kanitz et al., 2013]. The sur-
face albedo was estimated for a mean wind speed of 5.5 m s}
in the simulations.

[18] Figure 3b shows the observed irradiance (black line)
at the surface on 1 May 2010 from 6:00 to 18:00 UTC. Sim-
plified calculations for nonmixed aerosol layers (cases 1 and
2, blue and orange lines) are presented, too. In between is
the modeled irradiance that includes a MBL with a frac-
tion of 50% dust and a lofted layer with a smoke fraction
of 30% (case 3, red line) as suggested from the lidar anal-
ysis. Overall, the simulations show a promising agreement
with the diurnal process of the pyranometer measurements,
despite the peaks in the measurement due to unconsidered
clouds. However, the uncertainties in the radiative transfer
calculations remain high because of the atmospheric vari-
ability during the day as well as the uncertainty of assumed
input parameters. Especially, the necessary assumption of
the microphysical parameters is crucial [Tegen and Lacis,
1996; Liao and Seinfeld, 1998; Sokolik et al., 2001]. In
the case of smoke, the single scattering albedo can range
between 0.6 and 0.93 in dependence of the combustion
process, the fuel type, and the aging process as discussed
in Dubovik et al. [2002] and Reid et al. [2005]. For
smoldering and aged smoke, only small deviations were
found and single scattering albedos approaching roughly
0.93. Dust-related microphysical properties are influenced
by the chemical composition, the size distribution, and the

nonspherical shape of the dust particles [Tegen and Lacis,
1996; Mishchenko et al., 1997; Sokolik and Toon, 1999; Otto
et al., 2009; Osborne et al., 2011]. However, Dubovik et al.
[2002] presented a comprehensive data set of microphysical
properties of different aerosol types and source regions on
the basis of AERONET Sun photometer observations which
were adapted in our calculations. For an overall error analy-
sis, we varied the main input parameters as shown in Table 2.
The largest uncertainty is produced from the assumed single
scattering albedo.

[19] In addition, the extinction profile changed according
to the evolution of the dust plume during the day (Figure 1).
Changes in the profiles of temperature and relative humidity
were considered in our calculations only with low time res-
olution of 3 h. Depolarization and three-dimensional effects
caused by inhomogeneities of the aerosol layers were not
considered in the simulation. For example, peaks in the
observed downward irradiance above the modeled irradi-
ance for cloud-free conditions (Figure 3b) are the result of
three-dimensional effects by the broken-cloud field [Schade
et al.,2007]. However, under consideration of Table 2, coun-
terbalancing effects [Roger et al., 2006], and the generally
good agreement between the pyranometer measurements
and the modeling results (Figure 3b), we assume an uncer-
tainty of roughly 15% at the surface and 20% at the TOA.

[20] Figure 3a shows the results of the performed simula-
tions and the pyranometer measurements in more detail. The
modeled irradiance for an aerosol-free atmosphere (green) is
highest. The simulation of a mixed lofted layer that includes
30% smoke (red, case 3) agrees well with the measured inci-
dent irradiance. In the case of a pure dust layer, the modeled
irradiance is slightly higher than the measured irradiance
(case 1, underestimated absorption), whereas it is too low
when only a pure smoke layer is considered (case 2, over-
estimated absorption). Especially the adjusted SSA for the
lidar-derived aerosol layer composition is responsible for
this agreement. The higher absorption efficiency of smoke
[Bond and Bergstrom, 2006] is indicated in Figure 3¢ by
the highest direct solar aerosol radiative effect in the case of
pure smoke in the lofted layer (case 2, orange) which reaches
up to —102 W m2 (instantaneous) at a solar zenith angle of
40°. The daily mean solar aerosol radiative effect for aerosol
conditions determined with lidar (50% dust in the MBL,
30% smoke in the lofted layer) is —33 &= 5W m™ at the
surface and reaches instantaneous values of ~78 W m™2. In
contrast, the daily mean solar aerosol radiative effect for a
pure dust or smoke layer is —26 & 4 and —44 = 7W m2,
respectively.

[21] Figure 4 presents the calculation results for TOA.
The lowest upward irradiance was obtained for aerosol-free

Table 1. Overview of Single Scattering Albedo (SSA) and Asym-
metry Parameter (g) That Were Used in Radiative Transfer Calcula-
tions of Dust, Smoke, and Marine Aerosol Observations (Adapted
From Dubovik et al. [2002])

Marine Dust Smoke
Wavelength (nm) SSA/g SSA/g SSA/g
440 0.98/0.75 0.93/0.73 0.79/0.64
670 0.97/0.71 0.98/0.71 0.76/0.53
870 0.97/0.69 0.99/0.71 0.72/0.48
1020 0.97/0.68 0.99/0.71 0.70/0.47
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Figure 3. (a) Solar irradiance observed (black) and modeled (colored lines for cases 1, 2, and 3 shown
in Figure 2) at the surface on 1 May 2010. (b) Observed (black) and modeled solar irradiance (cases 1,
2, and 3) on 1 May 2010 (6:00 to 18:00 UTC). (c) Direct solar aerosol radiative effect (colored lines
indicate the different cases 1, 2, and 3) and solar zenith angle (black). The uncertainty of the simulations

is assumed to be 15% and is similar for all curves.

conditions (Figure 4, left, light green). In the presence of
aerosol, more incident radiation is scattered to TOA than
during aerosol-free conditions over the ocean, i.e., the plan-
etary albedo for incident radiation is increased by the atmo-
spheric albedo in comparison to aerosol-free conditions and
an albedo of the ocean water surface of ~0.05. The simu-
lated upward irradiance at TOA for the aerosol conditions
as determined with lidar (red, case 3) are smaller than for
the lofted pure dust layer (blue, case 1) and higher than for
the lofted pure smoke layer (orange, case 2). The difference
reaches instantaneous values of 3.5 and 7.5 W m™ which
is a factor of 4-6 smaller than at the surface (Figure 3).
The change in the aerosol radiative effect for the different
aerosol conditions, i. e., the different microphysical proper-
ties (Table 1) is less pronounced at TOA than at the surface
(Figure 4, right). The solar radiative effect for aerosol condi-
tions as determined with lidar and supported by the radiative
transfer calculations at the surface (red, case 3) reaches val-
ues as low as -39 & 8 W m™. The daily mean radiative
effect is —15 £ 3 W m2 which is almost the same for all
three scenarios.

[22] In the presented case study daily mean solar radia-
tive efficiencies of -79W m™ at the surface and of
—41 W m2 at TOA were obtained from the radiative trans-
fer calculations under consideration of mixed aerosol layers
as suggested from lidar observations. Radiative transfer
modeling results of such mixed aerosol layers are rare. Dur-
ing SAMUM-2, Heinold et al. [2011] determined mean
radiative efficiencies of a mixed dust/smoke plume of
—42W m? at the surface and £0W m2 at the TOA.
The smoke fraction was higher (during the main period
of biomass burning in western Africa) than the dust frac-
tion and single scattering albedos were selected for fresh
flaming phase smoke. Due to the very low smoke related
single scattering albedo, the planetary albedo was almost

the same as for aerosol-free conditions over the ocean sur-
face. Further east close to Niamey, Niger mean radiative
efficiencies of mixed dust/smoke plumes of -69.9 W m at
the surface and —40.0 W m at TOA were determined with
one-dimensional radiative transfer simulations based on air-
borne nephelometer measurements of the extinction coeffi-
cient in the framework of the Dust And Biomass Experiment
(DABEX) [Johnson et al., 2008]. The aircraft measurements
were validated with lidar-derived extinction profiles before
the calculations.

[23] A promising way to account for the aerosol com-
position in radiative transfer calculations was presented in
the case of mixed aerosol conditions in the free troposphere,
resulting in a good agreement to coincident pyranometer
measurements. However, the separation of aerosol types
in mixed layers is currently a time-consuming approach
and inappropriate for the investigation of the role of free-
tropospheric aerosol over the Atlantic Ocean during the three
meridional trans-Atlantic cruises. In many cases, the free-
tropospheric aerosol concentration is very low, the signal-
to-noise ratio decreased, and a source apportionment is
only possible with additional aerosol transport simulations.

Table 2. Error Budget for Radiative Transfer Simulations of
the Solar Aerosol Radiative Effect in Scenario Three Shown in
Figure 2 for 1 May 2010

A Solar Aerosol Effect (%)

Surface TOA
EMBL :l: 5% :|:4 :|:6
grr £ 5% +3 +5
SSAueL £ 5% +13 +8
SSApr £ 5% +9 +10
AOT £ 10% +8 +14
Wind = 5% (surface albedo) +3 +2
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Thus, in the following section, the aerosol properties used
in the radiative transfer calculations are simplified to save
computational time at the expense of higher uncertainties.

4. Statistics

[24] Radiative transfer calculations were performed for
246 analyzed lidar measurements. In this effort, the pro-
files of the aerosol extinction coefficient were approxi-
mated by step functions with MBL aerosol (for heights
<1000m, Figure 5, green) and free-tropospheric aerosol
(from 1 to Skm height, Figure 5, red). In the MBL, pure
marine aerosol was assumed and treated with an asym-
metry parameter of 0.65 and a single scattering albedo of
0.99 [Fiebig and Ogren, 2006; Miiller et al., 2011]. In the
free troposphere, a rather complex composition of continen-
tal aerosols from natural and anthropogenic sources occurs
[Mattis et al., 2008] which might be mixed with marine
aerosol by entrainment at the MBL top as well. Under these
conditions, the single scattering albedo can vary between
almost 1 for marine aerosol and sulfate particles, to val-
ues >0.8 for dust, urban haze, and smoke from smolder-
ing and to smaller values for fresh smoke from flaming
and black carbon [Takemura et al., 2002; Reid et al., 2005;
Meloni et al., 2006; Petzold et al., 2011; Kim et al., 2011].
Dubovik et al. [2002] presented asymmetry parameters from
0.47 for smoke particles and 0.75 for marine particles in
the wavelength range from 440 to 1020 nm. In our simpli-
fied approach, we defined a SSA of 0.9 and an asymmetry
parameter of 0.62 for the free-tropospheric aerosol which
represents a compromise between the main observed and
reported free-tropospheric aerosol types over the Atlantic,
dust and smoke, respectively [Reid et al., 2004; Tesche
et al., 2009; Yu et al., 2010; Duflot et al., 2011; Kanitz
et al., 2013; Preifler et al., 2013]. An overview of the
idealized aerosol conditions is shown in Figure 5. In addi-
tion, the computations were simplified by assuming standard
atmospheric conditions [Anderson et al., 1986] and Inter-
national Geosphere-Biosphere Programme surface-albedo
values that are offered in spectral bands for different surface
types within libRadtran [Mayer and Kylling, 2005].

[25] The simulation results were then compared with the
ground-based pyranometer measurements. Each analyzed

lidar profile was used to determine the downward irradiance
at the surface at the position of Polarstern during the day
(24 h) of the lidar observation in steps of 15 min under the
assumption of stable atmospheric conditions. The analyzed
lidar data set was cloud screened to ensure that the simu-
lated irradiance was influenced by aerosols only. However,
in the observation of irradiance, clouds play an important
role. The cloud coverage as determined with the sky imager
[Kalisch and Macke, 2008] was considered to classify obser-
vations during cloud-free conditions. By default, only these
observations can be approximated with the simulations.

[26] Figure 6 shows a scatterplot of the modeled and
measured irradiance at the surface for cases with a cloud
coverage of less than 30%. In general, the simulations of the
irradiance at the surface are in good agreement with the pyra-
nometer measurements. Overestimations of the model result
from the presence of small boundary layer clouds exactly in
the pathway of the direct incident irradiance which causes
a significant additional cloud radiative effect which is not
considered in the model [Ramanathan et al., 1989]. Cases
with measured irradiance higher than modeled irradiance
can occur due to reflections produced by the superstructure
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Figure 5. Overview of aerosol profile conditions assumed
in radiative transfer calculations for 246 lidar measurements.
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Figure 6. Comparison of modeled and measured solar irra-
diances at the surface. The color code represents the cloud
coverage as determined with a sky imager.

of the ship and scattering by broken clouds at high Sun
elevation.

[27] The performed radiative transfer calculations served
for the first latitude-dependent investigation of the direct
solar aerosol radiative effect based on lidar-derived aerosol
profile data. Lidar provides the advantage to discuss the
effect of the overall (atmospheric column) aerosol effect
under consideration of the contribution of the free tropo-
spheric and boundary-layer aerosol. An overview of the
corresponding aerosol conditions is given in terms of the
AOT (from 0 to 5km height) in Table 3. AOTs as derived
with hand-held Microtops Sun photometer in the framework
of the maritime aerosol network (MAN) from 2004 to 2011
[Smirnov et al., 2009] are shown for comparison. The high-
est mean AOT (from O to 5km height) was determined
in the northern tropics (0°N-30°N), the outflow region of
the Saharan desert. The mean AOT in the southern mid-
latitudes is roughly half of the mean AOT in the northern
midlatitudes. This distinct difference in the aerosol condi-
tions of both midlatitudes is also expressed in terms of the
direct solar radiative effect shown in Figure 7 (black cir-
cles). At the surface, mean radiative effects of 24 + 33

Table 3. Overview of the Aecrosol Conditions for Certain Lat-
itudinal Belts in Terms of AOT as Determined With Lidar for
Different Height Ranges During Three Cruises of Polarstern and
With Microtops in the Framework of MAN From 2004 to 2011

Latitudinal Belt AOT 0-5km AOT 0-1km AOT MAN
60°N-30°N 0.12 £ 0.06 0.04 £ 0.03 0.13 £0.03
30°N-15°N 0.20 £ 0.09 0.05 £ 0.03 02£0.1
15°N-0°N 027 +0.14 0.07 £ 0.05 0.27 £0.08
0°S-15°S 0.14 £ 0.07 0.05 £ 0.03 0.12 £ 0.02
15°S-30°S 0.09 £ 0.05 0.03 £0.02 0.09 £ 0.01
30°S-60°S 0.07 £ 0.05 0.02 £ 0.02 0.07 £0.01
Punta Arenas 0.05 £ 0.03 0.02 £ 0.01

Stellenbosch 0.07 £ 0.03 0.03 £ 0.02

and —15 & 22'W m were calculated for the northern and
the southern midlatitudes (Figure 7, bottom). This differ-
ence is caused exclusively by the different aerosol load
(AOT), neglecting the complex aerosol composition (SSA,
asymmetry parameter) of anthropogenic pollution, desert
dust, and biomass-burning smoke in the northern midlati-
tudes [Mattis et al., 2008]. The number of anthropogenic
aerosol sources is much lower in the southern midlatitudes
[Dentener et al., 2006]. Aerosol layers in the free tropo-
sphere are limited to biomass burning in Australia [Dirksen
et al., 2009], South Africa [Duflot et al., 2011], South
America [Singh et al, 2000], and dust outbreaks from
the Patagonian desert [Kanitz et al., 2013]. The less vari-
able effect of the marine boundary-layer aerosol (0-1 km,
Figure 7, green diamonds) possibly suggests a minor role
of the boundary-layer aerosol in the determination of the
difference between northern and southern midlatitudes. The
mean radiative effect is in the range of -3 to —7 W m? at
the surface for all observed latitudinal belts. In the MBL, the
permanent aerosol emission of the ocean leads to a uniform
aerosol loading (Table 3) with almost nonabsorbing marine
aerosol [Miiller et al., 2011]. However, the importance of the
contribution of marine aerosol to the global aerosol effect is
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Figure 7. Mean solar aerosol radiative effect at the (top)
top of atmosphere (TOA) and the (bottom) surface for
different latitudinal belts as determined from libRadtran sim-
ulations on the basis of lidar observations performed during
three trans-Atlantic cruises of Polarstern in 2009 and 2010
as input for the vertical aerosol distribution according to
Table 3. Black-filled circles show simulation results includ-
ing free-tropospheric and boundary-layer aerosol. Green dia-
monds show results of simulations with only boundary-layer
aerosol. Error bars indicate the standard deviation.
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due to the global distribution of water surfaces on the Earth
[Haywood et al., 1999]. The atmosphere over large remote
areas in the Pacific Ocean and the Southern Ocean con-
tains marine aerosol only [Smirnov et al., 2009]. The large
error bars in Figure 7 are caused by the variability of the
prevailing aerosol conditions and by the different distribu-
tions of solar zenith angles at different locations. In addition,
the solar radiative effect is a nonmonotonic function of the
solar zenith angle with maximum values at intermediate
angles [Boucher et al., 1998], which lead to differences of
the solar radiative effect of the same aerosol layer in the
midlatitudes and tropics.

[28] Within both hemispheres, the direct solar aerosol
effect increases in the tropics toward the equator. The high-
est solar radiative effect occurs in the northern tropics from
15°N to 0°N (43 £ 59 W m2). Even in the area of the trop-
ics, a step from the northern to the southern hemisphere is
visible, which is related to the Saharan dust outflow.

[29] The TOA solar acrosol radiative effect (Figure 7, top)
shows the same patterns as a function of latitude as the sur-
face radiative effects (Figure 7, bottom). However, they are
smaller in range by a factor of 2-3. In the northern midlati-
tudes, the solar aerosol radiative effect is —10 £ 13 W m™,
in the southern midlatitudes it is -6 & 9 W m2. Spaceborne
instruments found solar aerosol radiative effects of -8 W m™
for the northern midlatitudes above the Atlantic [Kaufman
et al., 2005] and -2 W m? for the latitudinal belt from 20°S
to 40°S above the Pacific [Christopher and Zhang, 2002]
and confirm the difference between northern and southern
midlatitudes. In the northern tropics, direct solar aerosol
radiative effects of —13 W m™ (latitudinal belt from 30°N
to 10°N) [Christopher and Zhang, 2002] and —14 W m™
(30°N-5°N) [Kaufman et al., 2005] were determined. Based
on the lidar measurements of this study, direct solar aerosol
radiative effects of —12 & 16 and —14 & 18 W m were esti-
mated from the simulations for the tropical belts from 30°N
to 15°N and from 15°N to 0°N at TOA, i.e., very good
agreement to the spaceborne observations is obtained.

[30] The direct solar acrosol radiative effect was also
determined for the two measurement campaigns performed
in the southern hemisphere. The surface type was changed
from ocean surface to grassland (Punta Arenas) and savanna
(Stellenbosch). Thus, the absorption efficiency of the surface
was reduced. In the boundary layer and the free troposphere,
continental aerosol was assumed with the same microphys-
ical properties as in the settings before. At the surface
(Figure 7, top), a solar aerosol radiative effect of about —12
and —10 W m2 was determined at Stellenbosch and Punta
Arenas, respectively. At Punta Arenas, the lowest deter-
mined AOT values [Kanitz et al., 2013] lead also to the
lowest determined direct solar aerosol radiative effect. At
TOA, the change of the surface albedo from ocean (x0.05)
to savanna (=0.18) strongly affects the radiative influence
of the aerosol. Although the mean AOT determined at Stel-
lenbosch (0.07) is in the range of the determined AOT for
the latitudinal belts from 30°S to 60°S (AOT of 0.08, solar
aerosol radiative effect of -6 W m2) and 15°S-30°S (AOT
of 0.08, solar aerosol radiative effect of -8 W m2), the
direct solar aerosol radiative effect is —1 W m2. The aerosol
effectively enhances the reflectance above the ocean surface,
but a distinct influence on the reflectance above savanna or
grassland cannot be found. In agreement, Zhou et al. [2005]

found solar aerosol radiative effects of dust from —17 to
—44W m2 per unit AOT at the TOA and —48 to —80 Wm™
per unit AOT at the surface from the Saharan desert (surface
albedo &~ 0.35) to the surrounding oceans (surface albedo
~ 0.05). The change in surface albedo can even lead to a
change of the radiative effect at the TOA from a general
cooling effect to a heating effect [Bierwirth et al., 2009;
Tegen et al., 2010].

5. Conclusion and Outlook

[31] In the framework of this study, vertical profiles of
particle extinction were obtained with a shipborne Raman
lidar aboard the German research vessel Polarstern during
three meridional trans-Atlantic cruises [Kanitz et al., 2013]
and used as input for radiative transfer calculations. In the
case of a lofted mixed layer with Saharan dust and biomass-
burning smoke, a daily solar aerosol radiative effects of
~15W m at TOA and —33 W m™2 at the surface were deter-
mined. The simulation of the incident irradiance was in good
agreement to coincident pyranometer measurements.

[32] The complete lidar data set served for the first
latitude-dependent investigation of the solar aerosol radia-
tive effect of free-tropospheric and boundary-layer aerosol
based on lidar-derived aerosol profile data. According to the
determined frequent occurrence of free-tropospheric aerosol
layers during the three meridional trans-Atlantic cruises, the
direct solar aerosol radiative effect was highest in the latitu-
dinal belt of the northern tropics from 15°N to the equator
with —43 W m™2 at the surface and —14 W m2 at TOA in the
considered time periods. The radiative effect of the marine
boundary layer alone showed low mean values of -3 to
—7 W m? at the surface and —3 to -6 W m2 at the TOA in all
obtained latitudinal belts. The entire simulation results were
compared to irradiance measurements at the surface. The
best agreement for all simulations was found for cloud-free
conditions at the surface. However, the uncertainties in the
single scattering albedo and the phase function of the atmo-
spheric aerosol particles remain as significant error sources
in radiative transfer simulations.
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