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Chapter 1

Introduction

Mineral Dust is an omnipresent element in the Earth's atmosphere. The uplift and trans-
portation of Saharan dust is the most important example of long distant distribution of
particulate matter. Releasing 700Tg yr−1 [Laurent et al., 2008] the Saharan desert is the
world's largest mineral dust source. From there it is spread all over the globe, across the
Mediterranean Sea towards Europe and Western Asia, and across the tropical North At-
lantic Ocean as far as the Caribbean and South America. In the latter case, mineral dust is
transported within a warm, dry, stable, and well-separated Saharan air layer (SAL, Prospero
and Carlson [1972]). Hence, it has not only regional but also global complex e�ects on our
climate system which can be caused directly by absorption and scattering of solar radiation,
absorption, scattering and emission of terrestrial radiation, and change of albedo (see e.g.
Balkanski et al. [2007]) and indirectly by interaction with clouds, serving as IN or CCN, and
fertilization e.g. of the Atlantic Ocean [Jickells et al., 2005] and Amazon region [Koren et al.,
2006; Ansmann et al., 2009]. However, during transportation mineral dust particles will in-
eluctably react with other atmospheric components which e�ects not only the mineral dusts
composition but in case of e.g. heterogeneous reactions with trace gases the chemical balance
of the atmosphere [Bauer et al., 2004]. All in all, many of the direct and indirect e�ects are
not understood to the whole extent and as a consequence not well represented in atmospheric
prediction models. Mineral dust radiative forcing, for example, is estimated from a slightly
negative e�ect of -0.5Wm−2 to a slightly positive e�ect of 0.5Wm−2 [IPCC , 2007]. The
radiative forcing magnitude and sign are depending on the dust optical properties, its spacial
distribution and the re�ectance of the underlying surface. Therefore, the investigation of its
optical properties is crucial for the understanding of its e�ects on global radiation balance
and consequential e�ects on climate. Also, vertically resolved observations of those properties
are crucial to adequately describe dust layers in atmospheric and aerosol transport models.
The latter is required to validate dust transport models [Heinold et al., 2011]. It is known
that the physical and chemical properties of dust particles change during their transport due
to deposition of larger particles and chemical reactions (`dust aging') [Prather et al., 2008;
Usher et al., 2003]. Therefore, it is essential to characterize mineral dust aerosol particles
not only in its source region, but also after some time of traveling. Although the general
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features of dust over the ocean are known, questions remain regarding the vertical exchange
and processing of the dust and the details of the vertical structures of dust layers and the
characteristics of each layer [Jung et al., 2013].
In the framework of the Saharan Mineral Dust Experiment (SAMUM) dust optical prop-
erties and dust transport have been measured with lidar. Field campaigns [Tesche et al.,
2009b, 2011] were conducted near the Saharan dust source (SAMUM�1 in May�June 2006,
southern Morocco) and 570 km o� the coast of Western Africa (SAMUM�2a in Jan�Feb 2008
and SAMUM�2b in May�Jun 2008, Cape Verde) to derive optical properties near the source
and after a short term travel. While during summer 3�5 km deep pure dust layers passed
Cape Verde, in winter rather shallow layers of mineral dust from the Sahara and biomass�
burning smoke from southern West Africa were observed in the lowermost 1.5 km crossing
the Atlantic [Tesche et al., 2011]. During the summer season no signi�cant variation of the
intensive optical parameters such as the lidar ratio, Ångström exponent and depolarization
ratios could be observed within pure dust layers at both sites in Morocco and Cape Verde.
Thus, no signi�cant changes in the particle microphysics could be found during the �rst days
of transport. More details on the Saharan air layer are given in Sect. 2.
In this work, lidar data measured during the research vessel (RV) Meteor cruise in April�May
2013 from the Caribbean to the west coast of Africa are analyzed to characterize the Saharan
air layer along the transport route from Cape Verde towards the Caribbean. The cruise was
performed in the framework of the Saharan Aerosol Long-range Transport and Aerosol-Cloud-
Interaction Experiment (SALTRACE) project which focused on the long�range transport of
Saharan dust on the tropical Atlantic [Ansmann et al., 2014]. The optical properties of pure
dust, as well as of mixtures of dust, biomass-burning smoke, and marine particles could be
determined at several cruise locations. Vertical pro�les of four case studies are presented
and intensively discussed. Moreover, the one-step POLIPHON method [Tesche et al., 2009b;
Mamouri and Ansmann, 2014] was applied for the separation of dust and smoke in order to
compute dust mass concentration pro�les for these cases. Those results are compared to mass
concentrations derived by several models to validate their parametrization. The overall goal
of the Meteor cruise was to investigate mineral dust optical properties and potential changes
during long-range transport.
The thesis is organized as follows. It begins with a brief description of the SAL and the
distinct layer characteristics in chapter 2. The basic lidar features and derived quantities and
analyzing methods are given in chapter 3. This chapter also presents the POLIPHON aerosol
particle type separation method. Instruments applied aboard the RV Meteor, in particular
the PollyXT lidar, are presented in chapter 4. Chapter 5 contains basic information about dis-
tinct aerosol transport models. The ship-based lidar observations are discussed in chapter 6.
This chapter contains a measurement overview, case studies, a statistical analysis, and model
comparison to the lidar �ndings. Chapter 7 concludes with a summary and outlook.
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Chapter 2

The Saharan air layer (SAL)

Mineral dust particles mainly consists of silicates and carbonates [Kandler et al., 2009]. They
are compositionally heterogeneous and a typical dust composition does not exist [Scheuvens
and Kandler , 2014; Kandler et al., 2011]. Due to their non�spherical shape dust particles
cause a relatively high linear depolarization ratio of 14±3% and 39±5% for submicrometer
and supermicrometer Saharan dust particles, respectively [Sakai et al., 2010]. The depolar-
ization ratio is explained in the next chapter.
Saharan dust particles can be emitted naturally by three distinct processes [Shao, 2001,
2008]: direct aerodynamic lifting, ejection of dust aerosol particles from soil aggregates by
impacting saltating particles, and ejection of dust from soil aggregates that are participating
in saltation. Due to turbulence, convection and wind, the aerosol particles are uplifted in
the atmosphere. There it forms the Saharan air layer (SAL), an elevated layer of Saharan
air and mineral dust extending up to 500 hPa [Dunion and Velden, 2004] (see Fig. 2.1 left)
during summer months.
The SAL is warm (potential temperature of ∼313�317K), dry (mixing ratios of ∼2�4 g kg−1),
and well-mixed [Jung et al., 2013]. A major part of the suspended Saharan mineral dust is
exported towards the northern tropical Atlantic by the in�uence of the easterly trade wind
and African easterly waves [Prospero and Carlson, 1972; Romero et al., 1999] where it can
be observed during the late spring through early fall with maximum dust concentrations at
∼5◦N in winter and ∼20◦N in summer [Moulin et al., 1997]. O�shore the SAL is undercut by
cool, moist marine air (Fig. 2.1 middle). The marine boundary layer (MBL) generally deep-
ens o�shore. Primary marine particles produced directly from the ocean surface initiated by
wind shear are composed of sea salt and organic matter. They are known as e�cient cloud
condensation nuclei (CCN) due to their size and hygroscopicity. At this state the SAL retains
its characteristics of warm, stable air near its base (∼850 hPa in summer), and dryness and
dustiness throughout its depth as it is carried as far as the western Caribbean Sea (∼7000
km from the African coast) [Dunion and Velden, 2004].
A study presented by [Jung et al., 2013] shows vertical pro�les of three dust-loaded layers
with distinct aerosol and thermodynamic characteristics near Barbados (Fig. 2.1 right). Fol-
lowing information on those layers are taken from this work if not otherwise quoted. Below
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Figure 2.1: Vertical distribution of Saharan dust during the summer half year over the African
continent (left), over the tropical Atlantic (center), and over the tropical Atlantic during transport
towards the Caribbean (right). Arrows in this sketch indicate mixing processes between the distinct
aerosol layers.

the SAL, an intermediate layer (IL) and a sub cloud layer (SCL) could be distinguished with
decreasing aerosol particle concentrations of 300�700 cm−3 observed in the SAL and 200�
400 cm−3 in the SCL. While both the SAL and SCL could be characterized as well-mixed
layers, the IL showed high thermodynamic and aerosol variability due to temporal cumulus
formation. Furthermore, the layers up to 1700m seem to be moistened by surface �uxes
during long-range transport, while the SAL subsided 125md−1 and cooled down 0.5◦Cd−1.
Similar values of sinking 85�175md−1 and cooling 0.7◦Cd−1 are indicated by Carlson and
Prospero [1972]. The low cooling rate can be explained by the intense initial warming over
North Africa and the steady absorption of solar radiation by the suspended mineral dust
particles. Former researches point out that the SAL strongly a�ects the activity of tropical
cyclones (TC). Its dry, stable air and strong easterly wind shear weakens the TC updrafts
[Dunion and Velden, 2004] whereas Chen [1985] shows that along the SAL boundaries TC
activity can be rapidly enhanced.
During the winter half year (Nov�Apr), which is the biomass�burning season (dry season) in
Central Africa, smoke particles get mixed into the SAL leading to complex aerosol conditions.
Figure 2.2 shows the ITCZ (Inter�Tropical Convergence Zone) shift and the active �res areas
south of the SAL source region using the example of the SAMUM campaign. In summer,
the ITCZ shifts northward and the maximum of �re activity occurs in southern parts of
Africa. Layers of pure mineral dust are then transported westwards from the west coast of
North Africa over the Atlantic Ocean. However, during winter the ITCZ retreats south and
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Figure 2.2: ITCZ position (green shaded) in winter (a) and summer (b) during SAMUM�2a and
SAMUM�2b, respectively, underlaid with MODIS �remaps [Tesche et al., 2011].

a band of biomass�burning activity in equatorial Africa stretches up to 15◦N, so that the
mineral dust aerosol layer gets contaminated by aerosols from those burning activities (see
e.g. Prospero and Carlson [1972]). Tesche et al. [2011] shows that the aerosol layer maximum
height is on average lower in winter at 3�6 km compared to the summer average aerosol layer
top height at 5�6 km. Also rather shallow aerosol layers of 1�3 km depth only were observed
during the winter season. The boundary layer height is <3 km and 4-6 km over the African
desert in winter and summer, respectively.
Still questions remain regarding the vertical transport and processing of the dust and the
details of the vertical structures of dust layers and the characteristics of each layer. Mineral
dust, marine particles, and smoke have been speci�ed in terms of their optical properties
during the SAMUM campaigns near the source region and after short�term transport. Table
2.1 shows the overall �ndings. These data are used for comparison with �ndings obtained
during the RV Meteor cruise (chapter 6).
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Table 2.1: Summary of the SAMUM campaign �ndings in terms of mean 500 nm AOT, aver-
age aerosol layer depth, and extensive (particle backscatter and extinction coe�cient, βp and αp)
and intensive parameters (lidar ratio S, Ångström exponent åα and åβ , and particle depolariza-
tions ratios δp) at various wavelengths from 355�1064 nm. Values for SAMUM�1 are taken from
Freudenthaler et al. [2009] (particle depolarization ratios) and Tesche et al. [2009a] (lidar ratios
and Ångström exponents). SAMUM�2 values are taken from Tesche et al. [2011] and Groÿ et al.
[2011]. By analogy with the descriptions βp, αp, S, åα, åβ , and δp, we will use the notations βaer,
αaer, S, åα, åβ , and δaer in this work from now on.
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Chapter 3

Lidar setup and function

3.1 Atmospheric light scattering

The two major processes of light scattering in the atmosphere are Rayleigh scattering and
Mie scattering. Both correspond to the Lorenz�Mie theory for spherical particles. The
Rayleigh scattering approximation denotes elastic scattering by particles much smaller than
the wavelength of the regarded radiation. In this case the scattering e�ciency is proportional
to λ−4 which means incident light at larger wavelengths is less scattered by the small air
molecules. Furthermore, the intensity of Rayleigh scattered radiation is identical in the
forward and reverse direction.
For particles with larger size, the Mie scattering model introduced by [Mie, 1908] can be
used. It is less dependent on the wavelength and the intensity of Mie scattered radiation is
larger in the forward direction than in the reverse direction. It yields, the larger the particle
dimension, the more light is scattered in the forward direction. If the particle dimensions are
not much larger than the wavelength of the scattered radiation the Mie theory can be applied
as an approximation to non-spherical particles as well [Wandinger et al., 2002; Müller et al.,
2007b; Böckmann, 2001]. In contrast, due to their strongly irregular shape the classical Mie
theory it is not applicable in the case of desert dust particles. This poses large di�culties
to radiative transfer modeling. A spheroidal particle shape is therefore often assumed for
mineral dust particles Dubovik et al. [2006].
Both Mie and Rayleigh scattering are elastic processes, which means conservation of energy
and no alteration in the wavelength of the light. On the contrary Raman scattering describes
light scattering processes which induce a wavelength shift due to inelastic scattering. When
light hits an atmospheric molecule its electrons can absorb some of the photon's energy (Stokes
Raman scattering) or add some energy (anti-Stokes Raman scattering) to the initial photon
energy. In this case the transferred energy leads to changes of the molecules vibrational or
rotational state and a frequency shift of the backscattered light. The frequency shift, and
hence the wavelength shift, is characteristic for the scattering molecule. Figure 3.1 shows the
atmospheric Raman backscatter spectrum for a stimulation wavelength of 355 nm. Thus, it
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Figure 3.1: Atmospheric Raman spectrum for a stimulation wavelength of 355 nm, normal
pressure, a temperature of 300K, an N2 and O2 content of 0.781 and 0.209, respectively, and a
water-vapor mixing ratio of 10 g/kg. The curves for liquid water and ice are arbitrarily scaled
[Wandinger , 2005].

appears that a spectrally resolved analysis of backscattered radiation allows the measurement
of various atmospheric species. Raman scattering active gases in the atmosphere of known
number concentration (oxygen, nitrogen) can be used as reference values in this process.

3.2 General Lidar setup

Lidar systems (`Light Detection And Ranging') are measurement instruments within the �eld
of active remote sensing. Basically, such consist of an emitter and receiver unit as shown in
Fig. 3.2. A laser belonging to the emitter unit generates a monochromatic and coherent laser
pulse from 250 nm to 11µm which is sent into the atmosphere. Caused by various extinction
processes in di�erent height levels, the laser light can be absorbed or scattered by molecules
and atmospheric particles (e.g. aerosols, clouds, precipitation etc.). The backscattered light
of vertically pointing lidar gives information about the state and composition of the air masses
above the measurement instrument. The backscattered photons are collected by a telescope
(mostly a mirror telescope) and transferred to optical detectors such as photomultiplier tubes
(PMT) or photo diodes which are able to count discrete photons.
The signal can be separated into wavelengths and states of polarization using interference and
polarization �lters depending on system usage. Detectors convert radiation into an electronic
signal with high temporal resolution. Thus, the signal strength can be stored in dependence
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Figure 3.2: Lidar system setup [http://www.smsc.cnes.fr/].

of the time passing between pulse emission and signal detection. Gained lidar signals are
averaged over values of few seconds or minutes to reduce the amount of recorded and stored
data.
The more bundled (or collimated) the emitted laser beam the smaller the telescope �eld of
view can be chosen. This is essential to reduce confounding factors such as sky background
radiation and multiply scattered photons. Telescopes with an area of 0.1m to several meters
are applied. Construction and arrangement of the lidar receiver unit determine from which
height range backscattered photons can be used for atmospheric studies. The lidar geometri-
cal properties are considered in the overlap function which describes the overlap between the
laser beam and the receiver �eld of view (RFOV). So�called near�range (N/R) and far�range
lidar measurements are distinguished. The N/R covers the height range from about 50�100m
to several kilometers, whereas the far�range telescope is able to properly collect photons from
a few hundred meters up to stratospheric heights.

3.3 Lidar principle and equation

Lidar setups are active remote sensing measurement instruments. A monochromatic and
coherent laser pulse at power P0 is sent into the atmosphere. The receiver unit detects the
backscattered signal P . The range R of the scattering height level and time t between pulse
emission and signal detection are linked as follows with known light speed c:

R =
ct

2
(3.1)

The factor 1
2 in Eq. 3.1 indicates the double covered way through the atmosphere of the

emitted pulse to the backscattering air mass and back to the instrument. The gained signal
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can be described by the lidar equation [Wandinger , 2005]:

P (R, λ) = P0(λ)
cτ(λ)

2
η(λ)ATel︸ ︷︷ ︸

I

O(R)

R2︸ ︷︷ ︸
II

β(R, λ)︸ ︷︷ ︸
III

exp

[
−2
∫ R

0
α(r, λ) dr

]
︸ ︷︷ ︸

IV

. (3.2)

It contains following parameters:
λ [m] the detected wavelength,
R [m] the distance from the lidar receiver,
P0(λ) [W sr−1] the emitted pulse power,
P (R, λ) [W sr−1] the detected power,
τ(λ) [s] the temporal pulse length,
c [m s−1] the velocity of light,
η(λ) the system e�ciency,
ATel [m2] the receiver telescope area,
O(R) the overlap function,
β(R, λ) [m−1sr−1] the backscatter coe�cient, and
α(R, λ) [m−1] the extinction coe�cient.

Term I of the lidar equation 3.2 shows the system factor which includes instrument speci�c
properties. To these belong the power of a single emitted laser pulse P0(λ) of wavelength
λ, the temporal pulse length τ(λ), the transmission e�ciency η(λ) and the area ATel of the
receiver telescope in which the backscattered signal is detected.
The second term II denotes the range�dependent geometrical measurement properties and
includes the overlap function O(R) of laser beam and receiver �eld of view. Moreover, it
depicts the squared decrease in signal power with distance between instrument and scattering
volume. O(R) is 0 at the measurement instrument and 1 if the laser beam can be completely
depicted by the detector.
The lidar equation also contains the backscatter coe�cient β(R, λ) (term III) which in�uences
the detected signal power most amongst all mentioned atmospheric parameters. It describes
how much radiation is scattered at an angle of 180◦, and thus directly into the direction of
the receiver unit. Laser pulse photons can be scattered by molecules (index mol) as well as
particles (index aer) in the atmosphere. Thus, the backscatter coe�cient consists of molecular
and particle part:

β(R, λ) = βmol(R, λ) + βaer(R, λ). (3.3)

Finally, the transmission term IV which results from the Lambert-Beert-Bougert law is in-
cluded in the lidar Eq. 3.2. It contains information about the part of attenuated radiation
and can assume values between 0 (radiation is attenuated completely) and 1 (no extinction
at all). The extinction coe�cient α(R, λ) is integrated over range from the lidar (R = 0) to
the height R. The factor 2 again indicates the two�way photon travel path. Similar to Eq.
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3.3 the extinction coe�cient can be written as:

α(R, λ) = αmol,sca(R, λ) + αmol,abs(R, λ) + αaer,sca(R, λ) + αaer,abs(R, λ). (3.4)

Extinction is divided into scattering (index sca) and absorption (index abs). Lidar equation
3.2 holds for elastic backscattering by particles and molecules and is the basic equation for
the retrieval of the particle backscatter coe�cient βaer(R, λ0) by the so�colled Klett method
(Sect. 3.4).

3.4 Klett method

For atmospheric studies we can derive the particle backscatter coe�cient βaer(R, λ0 by means
of the Fernald-Klett-Method [Fernald , 1984; Klett , 1981]:

βaer(R, λ0) =
A(R0, R, λ0)

B(R0, λ0)− 2Saer(λ0)
∫ R
R0

A(R0, r, λ0) dr
− βmol(R, λ0), (3.5)

with

A(R0, x, λ0) = x2P (x, λ0) exp

[
−2(Saer(λ0)− Smol)

∫ x

R0

βmol(r, λ0) dr

]
(3.6)

and

B(R0, λ0) =
R0

2P (R0, λ0)

βaer(R0, λ0) + βmol(R0, λ0)
. (3.7)

Here, the reference height R0 is introduced and the backscatter coe�cient βpar(R0, λ0) for this
reference height has to be assumed. The reference height is set into a height layer in which
particle scattering is very small compared to Rayleigh backscattering (which is known) to
keep the overall uncertainty in the reference backscatter assumption small. Furthermore, to
solve Eq. 3.5 the lidar ratio Saer(λ0) de�ned on the ratio of particle extinction to backscatter
coe�cients (Eq. 3.11) has to be assumed. Usually, a characteristic lidar ratio is assumed,
e.g. 50 sr for urban haze, 20 sr for pure marine particles, or 50�60 sr for desert dust.

3.5 Raman�lidar method

For the independent determination of the particle extinction and backscatter coe�cients the
Raman lidar method is applied. Here, the inelastically backscattered lidar signal P (R, λRa)

caused by molecular Raman scattering is detected in addition to the elastically scattered
component P (R, λ0). Due to the transfer of energy during inelastic scattering (see Sect. 3.3)
the initial wavelength λ0 is altered to the Raman wavelength λRa. The detected power at the
Raman wavelength can be described as follows [Wandinger , 2005; Ansmann et al., 1990]:

P (R, λRa) = P0(λ0)Ks(λRa)︸ ︷︷ ︸
IRa

O(R)

R2︸ ︷︷ ︸
IIRa

βRa(R, λRa)︸ ︷︷ ︸
IIIRa

exp

[
−
∫ R

0
α(r, λ0) + α(r, λRa)dr

]
︸ ︷︷ ︸

IVRa

. (3.8)
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P0(λ0) depicts the emitted laser power. According to Eq. 3.2 the �rst term now contains
a λRa related system factor. The backscatter coe�cient βRa is measured at the Raman
wavelenght λRa as well. Here, the transmission term IVRa consists of an elastic part α(R, λ0)
for the way up at wavelength λ0 and for the way back at the Raman�shifted wavelength λRa

(α(R, λRa)).
Using the Raman method, pro�les of both extinction and backscatter coe�cients can be
derived directly and independently by measurements of the elastically signal P (R, λ0) (see
equation 3.2) and the Raman signal P (R, λRa). The extinction coe�cient can be determined
as follows [Ansmann et al., 1990]:

αaer(R, λ0) =

d
dR

[
ln NRa(R)

R2PRa(R)

]
− αmol(R, λ0)− αmol(R, λRa)

1 + ( λ0λRa
)åα

, (3.9)

with the molecular particle number density NRa of the regarded gas. Oxygen and nitrogen are
suitable for Raman method implementation because their particle number density pro�les are
su�ciently well known. They can be calculated by temperature and preassure pro�les derived
by nearby soundings or by means of atmospheric model data. The Ångström exponent åα
describes the dependency of the extinction coe�cient on the wavelength (see Eq. 3.12a). The
use of these two independently measured signals, elastic and Raman signals, leads to pro�les
of the particle backscatter coe�cient [Ansmann et al., 1992]:

βaer(R, λ0) = [βaer(R0, λ0) + βmol(R0, λ0)]

× P (R0, λRa)P (R, λ0)

P (R0, λ0)P (R, λRa)

NRa(R)

NRa(R0)

×
exp{−

∫ R
R0

[αaer(r, λRa) + αmol(r, λRa)] dr}

exp{−
∫ R
R0

[αaer(r, λ0) + αmol(r, λ0)] dr}

− βmol(R, λ0).

(3.10)

R0 is the reference height in which pure molecule signal dominates. Again, the reference
backscatter coe�cient βpar(R0, λ0) must be assumed a priori. A lidar ratio estimate is not
needed here.

3.6 Basic aerosol particle optical properties

From the basic backscatter and extinction coe�cients several intensive particle parameters
can be determined. The relationship between the backscatter and extinction coe�cient is
expressed by the lidar ratio (extinction-to-backscatter ratios) for atmospheric particles (Eq.
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3.11a) and molecules (Eq. 3.11b):

Saer(λ,R) =
αaer(λ,R)

βaer(λ,R)
(3.11a)

Smol(λ,R) =
αmol(λ,R)

βmol(λ,R)
. (3.11b)

The Ångström exponent å expresses the dependency of the optical aerosol properties on
the wavelength [Ångström, 1964; Ansmann and Müller , 2005]. It can be determined by the
backscatter coe�cient α or extinction coe�cient β, measured at two wavelengths λ0 and λ1
as follows:

åα(R) = −
ln
(
αaer(λ1)
αaer(λ0)

)
ln
(
λ1
λ0

) (3.12a)

åβ(R) = −
ln
(
βaer(λ1)
βaer(λ0)

)
ln
(
λ1
λ0

) . (3.12b)

Since the Ångström exponent is inversely proportional to the average particle size, infor-
mation about the observed particle sizes can be gathered from it. That yields, the smaller
the particles the bigger the Ångström exponent. Therefore, if the Ångström exponent is in-
variant, it indicates constant aerosol properties. It can also be derived from sun�photometer
measurements of the aerosol optical depth (AOD) or optical thickness (AOT) τ :

åτ (R) = −
ln
(
τ(λ1)
τ(λ0)

)
ln
(
λ1
λ0

) (3.13)

This parameter from photometer measurement will be used in the data analysis later on. The
AOT is dimensionless and describes the degree to which aerosols prevent the transmission of
light. It is de�ned as the integrated extinction coe�cient over a vertical column of unit cross
section and can therefore be calculated by the use of lidar data:

τ(λ) =

∫ z

z0

α(λ) dz (3.14)

3.7 Polarization�lidar method

Due to the particle geometrical properties the state of polarization of the emitted light can
be altered while scattering processes. Therefore, information about the sphericity of the
atmospheric particles can be gathered from the state of polarization of the backscattered
light. In addition to the unpolarized light (index ‖) the backscattered light component which is
perpendicularly polarized (index ⊥) with respect to the polarization plane of the unpolarized
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light is detected to derive the volume depolarization ratio and the particle depolarization
ratio, respectively:

P
‖
(λ,R) =

1

R2
P0(λ,R)O(R)Ks

‖
(λ)β

‖
(λ,R) exp

[
−2
∫ R

0
α(r, λ0)dr

]
(3.15a)

P⊥(λ,R) =
1

R2
P0(λ,R)O(R)Ks

⊥(λ)β⊥(λ,R) exp

[
−2
∫ R

0
α(r, λ0)dr

]
(3.15b)

where β⊥ is the cross�polarized and β‖ the parallel-polarized backscatter coe�cient. As in
equation 3.3 they can be separated into a molecular and aerosol particle part. Since the
emitted power P0 and the transmission term are equal for the parallel and perpendicular
polarized light, which is also assumed here for the overlap function O(R) and the system
factor Ks, the volume depolarization ratio δvol can be simply written as

δvol(λ,R) =
P⊥(λ,R)

P ‖(λ,R)
=
β⊥(λ,R)

β‖(λ,R)
=
β⊥mol(λ,R) + β⊥aer(λ,R)

β
‖
mol(λ,R) + β

‖
aer(λ,R)

. (3.16)

The separation of the particle depolarization ratio δaer

δaer(λ,R) =
β⊥aer(λ,R)

β
‖
aer(λ,R)

, (3.17)

and the molecular depolarization ratio δmol

δmol(λ,R) =
β⊥mol(λ,R)

β
‖
mol(λ,R)

(3.18)

is not a simple task. According to Tesche et al. [2009b] the particle depolarization ratio δaer
is obtained from

δaer(λ,R) =
βmol(λ,R)(δvol(λ,R)− δmol(λ,R)) + βaer(λ,R)δvol(λ,R)(1 + δmol(λ,R))

βmol(λ,R)(δmol(λ,R)− δvol(λ,R)) + βaer(λ,R)(1 + δmol(λ,R))
. (3.19)

In the case of spherical particles (solution droplets, cloud droplets), the particle depolarization
ratio is close to zero (δaer ∼ 0) if multiple scattering (in dense clouds) can be neglected.
The incident linear polarized light is backscattered without a change of the polarization
state. For non-spherical particles such as ice crystals or mineral dust particles, however, the
backscattered signal contains a cross�polarized component which results in depolarization
ratio in the range of 0.2 < δaer < 0.6. In the case of PollyXT (see Sect. 4.2), the parallel�
polarized signal component P ‖ is not measured but calculated from the total and cross�
polarized signal components.
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3.8 Aerosol particle type separation: The POLIPHON method

In the case of mixed aerosol layers, such as layers consisting of mineral dust and biomass�
burning aerosol particles, knowledge of the vertical distribution of the individual aerosol types
is crucial for an understanding of their impact on climate (e.g. radiation �eld, cloud pro-
cesses). The polarization�lidar photometer networking (POLIPHON, Ansmann et al. [2011],
Ansmann et al. [2012]) method is used to separate dust and non-dust aerosol particles in
terms of the backscattering, extinction, volume concentration, and mass concentration. The
parallel�polarized β‖aer and cross�polarized β⊥aer particle backscatter coe�cients are assumed
to be composed of non-dust (index nd) and dust (index d) particle components

β
‖
aer = β

‖
nd + β

‖
d, (3.20a)

β⊥aer = β⊥nd + β⊥d . (3.20b)

Thus, the particle depolarization ratio (see equation 3.17) can be written as

δaer =
β‖aer
β⊥aer

=
β
‖
nd + β

‖
d

β⊥nd + β⊥d
. (3.21)

Using the relations βnd = β
‖
nd + β⊥nd and βd = β

‖
d + β⊥d , Tesche et al. [2009b] shows that

the particle depolarization ratio can be transformed to

δaer =
βndδnd(1 + δd) + βdδd(1 + δnd)

βnd(1 + δd) + βd(1 + δnd)
. (3.22)

By substituting βnd by βaer−βd and after further rearranging, the solution for βd is given
by

βd = βaer
(δaer − δnd)(1 + δd)

(δd − δnd)(1 + δaer)
, (3.23)

which is valid for particle depolarization ratios of δnd ≤ δaer ≤ δd. The pro�le of the
non�dust backscatter coe�cient is obtained as βnd = βaer − βd. For depolarization ratios
δaer ≤ δnd it yields βnd = βaer, and for depolarization ratios δaer ≥ δd we set βd = βaer.
By means of the dust and non�dust backscatter coe�cient pro�les and characteristic lidar
ratios S the mass concentration pro�les for dust and non�dust particles can be calculated as
shown by Ansmann et al. [2012]:

Md = ρd(νd/τd)βdSd, (3.24a)

Mnd = ρnd(νnd/τnd)βndSnd. (3.24b)

ρd and ρnd are the particle densities of dust and non�dust particles, respectively. The con-
version factors νd/τd and νnd/τnd consist of the column particle volume concentration νd and
νnd, and the optical thicknesses τd and τnd for the respective aerosol types. These conversion
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factors are determined from AERONET photometer observations.
In this work, the non�dust particles are considered to be marine particles within the marine
boundary layer (MBL, at heights <1000m) or biomass�burning smoke in the free atmosphere
(FT, >1000m). Other aerosol particles can be neglected. Values used for the particle separa-
tion discussed in Sect. 6.2 are given in Table 3.1. Since AERONET shows similar particle size
distributions for mineral dust and marine particles, the conversion factor marine particles is
assumed to be the same as for mineral dust particles.

Table 3.1: Overview of parameters used for the POLIPHON method for dust (index d), smoke
(index FT), and marine (index MBL) particles in terms of the particle depolarization ratio δ, the
particle density ρ, the conversion factor ν/τ , and the lidar ratio S.

Parameter Value Reference

δd 0.31 Freudenthaler et al. [2009]
δnd 0.05 Müller et al. [2007a]
ρd 2.60 g cm−3 Ansmann et al. [2012]
ρnd,FT 1.55 g cm−3 Ansmann et al. [2012]
ρnd,MBL 1.20 g cm−3 Ansmann et al. [2012]
νd/τd 0.75×10−6m Ansmann et al. [2012]
νnd/τnd,FT 0.18×10−6m Ansmann et al. [2012]
νnd/τnd,MBL 0.75×10−6m Albert Ansmann, personal communication, (April, 2015)
Sd 50 sr Tesche et al. [2009a]
Snd,FT 80 sr Tesche et al. [2009a]
Snd,MBL 20 sr Groÿ et al. [2011]



17

Chapter 4

Measurement instruments

4.1 Equipment aboard RV Meteor

For routine ship-based cruises (regularly with the ice breaker RV Polarstern), the Leibniz In-
stitute for Tropospheric Research Leipzig (TROPOS) developed the OCEANETmeasurement
container. This mobile platform has been equipped with several measurement instruments
as shown in Fig. (4.1) below.

Figure 4.1: Measurement instruments aboard the research vessel Meteor (image created by
Thomas Kanitz). The OCEANET-Atmosphere platform includes instruments for measuring stan-
dard meteorological parameters (a), PollyXT lidar (b), pyranometer and pyrgeometer (c), sonic
anemometer and LICOR gas analyzer (d), skyimager (e) and a microwave radiometer (f).
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Box a in Fig. 4.1 shows instruments for the retrieval of the standard meteorological para-
meters temperature, relative humidity, and wind, wherefore it became an o�cial part of the
DWD network. Inside the container (box b) the multiwavelength Raman and polarization
lidar PollyXT has been installed for vertical pro�ling of optical aerosol properties and wa-
ter vapor mixing ratio. Setup and capabilities of this PollyXT will be explained explicitly
in the following section. For detecting incoming solar and thermal radiation a pyranometer
and pyrgeometer, respectively, are placed on top of the container as it can be seen in box
c. Sensible and latent heat �uxes can be derived from the instrumentation for turbulence
and CO2��ux measurements (Sonic-Anemometer and LICOR gas analyzer, respectively),
shown in box d. Box e shows a fully automated sky imager which takes regularly pic-
tures of the hemisphere above the platform to enable the estimation of cloud coverage and
cloud type. Finally, in box f a passive microwave radiometer (Humidity And Temperature
Pro�ler, HATPRO) is displayed. Its data of temperature and humidity pro�les enable the
calculation of the liquid-water path (LWP) of the air column above the platform for further
investigations. Not included in Fig. 4.1 is the microtops II sun�photometer (see Nisantzi
et al. [2015]), which is operated by the Maritime Aerosol Network (MAN, Smirnov et al.
[2009]) component of AERONET. It provides aerosol optical properties at 440, 500, 675,
870, and 936 nm. In this work, we will use the microtops II 440-870 nm Ångström expo-
nent and 500 nm aerosol optical depth (also aerosol optical thickness, AOT) measurements,
which provides information about the aerosol content of the same atmospheric column (see
http://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html). In addition to the
shipborne observations radiosondes have been launched regularly.

4.2 PollyXT lidar

The multiwavelength Raman and polarization lidar PollyXT (Portable Lidar System Ex-
tended) is the second generation of the portable aerosol Raman lidar system (Polly). This
version includes an extra near-range receiver to enable measurements close to the lidar down
to 120m above ground, i.e. in our case of the shallow marine boundary layer below 500�700m
height. It emits light at three wavelengths and has eight detection channels plus two chan-
nels for the near-range signal. Hence, this PollyXT is called a 3+2+2+1+2 system for the
backscatter coe�cient can be determined at three wavelength, the extinction coe�cient and
the depolarization ratio at two wavelengths, the water vapor content at one wavelength, and
both backscatter and extinction coe�cient at one wavelength with the near-range channel.
Figure 4.2 shows the optical setup consisting of emitter (notation `E') and receiver (notation
`R') component parts. Despite some upgrades, including the near-range receiver, this system
resembles the one described in Althausen et al. [2009] and Engelmann et al. [2015]. The
following information about technical details are extracted from these publications without
further quoting.
Light pulses at 1064 nm are generated by the Nd:YAG laser (E1 in Fig. 4.2) with a repetition
rate of 20Hz and an energy of 450mJ per pulse. The emitted laser beam has a divergence of
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less than 1.5mrad. By the use of mirrors the light is directed to the second and third har-
monic crystals (E2) where it is transformed into pulses at wavelength 1064 nm, 532 nm and
355 nm of 180mJ, 110mJ, and 60mJ, respectively. The UV component is measured by an
external power meter (E2a) for later quality control. The generated pulses at all wavelengths
are linearly polarized by the use of a waveplate and a Brewster�cut Glan�Laser polarizer
(E3). Again, by the use of mirrors the beam is turned into the upward direction. An addi-
tional shutter (E4) is implemented to stop the laser light emission during airplane over�ights.
Before the emission, the beam is enlarged in diameter from about 6 to about 45mm by an
achromatic beam expander (E5). With a beam divergence of less than 0.2mrad the beam is
transferred into the atmosphere.

Figure 4.2: Optical setup of the PollyXT lidar. The upper part displays the top view and the
lower part the front view. Notations `E' and `R' indicate the emitter and receiver unit, respectively.
N/R denotes the near-range receiver unit. E1: Nd:YAG laser, E2: second and third harmonic
crystal, E3: polarizer, E4: shutter, E5: beam expander, R1 and R2: primary and secondary
mirror, R3: pinhole, CAM: camera.
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Backscattered light is collected by the receiver units. As mentioned above the PollyXT

system developed for the mobile sea facility OCEANET�Atmosphere [Kanitz et al., 2013]
includes a far�range and an additional near�range receiver. The far�range receiver unit in-
cludes a Newtonian telescope with a primary mirror (R2) of 300mm in diameter. The pinhole
(R3) de�nes the receiver �eld of view (RFOV) of 1mrad. Behind the pinhole an achromatic
lens collimates and transmits the light to the seven detection channels and a camera (CAM).
Dichroitic beamsplitters separate the light according to its wavelengths. Polarizers are placed
in front of the 355 nm and 532 nm-channel, respectively, to ensure detection of cross-polarized
light at channels 355s and 532s only. After passing a neutral-density �lter, an interference
�lter, and a focusing lens, the photons in each channel are detected by photomultiplier tubes
(PMT) working in photon-counting mode. The signals of the photon-counting PMTs are
adapted to the data acquisition (DAQ) cards by preampli�ers. Thus, the signal can be elec-
tronically recorded.
The separate near-range receiver operates likewise with a refracting telescope diameter of

50mm. It is mounted at a close distance of 120mm from the laser beam axis. The RFOV of
the near�range receiver is 2.2mrad. Simulations show a complete overlap can be calculated
approximately 120m above the lidar. Table 4.1 gives an overview of the detected PollyXT sig-
nals. With this Raman lidar the inelastic backscatter signal caused by vibrational-rotational
Raman scattering from nitrogen (387 nm and 607 nm for a stimulation wavelength of 355 nm
and 532 nm, respectively) and water-vapor (407 nm for a stimulation wavelength of 355 nm) is
measured in addition to the elastic backscatter signal. Using the total P and cross�polarized
P⊥ signals of the 355 and 532, and 355s and 532s channels, respectively, the corresponding
parallel�polarized components P ‖ can be calculated (see e.g. Freudenthaler et al. [2009]).
These PollyXT outputs allow the determination of the particle backscatter and extinction
coe�cients at 355, 532, and 1064 nm, and 355 and 532 nm, respectively, the lidar ratio at 355
and 532 nm, the backscatter-related Ångström exponent at 355/532 nm and 532/1064 nm,

Table 4.1: Listing of PollyXT detected signals indicating type of scattering and state of polar-
ization.

Channel notation Detected backscatter signal

355 elastic
355s cross-polarized elastic
387 N2 Raman
407 H2O Raman
532 elastic
532s cross-polarized elastic
607 N2 Raman
1064 elastic
N/R 532 elastic
N/R 607 N2 Raman
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the extinction-related Ångström exponent at 355/532 nm, the particle linear depolarization
ratio at 355, and 532 nm, as well as the water-vapor mixing ratio by means of the Raman
channels (407 and 387 nm).
The lidar component devices are installed on an optical board which is tilted by 5◦ to avoid
depolarization measurement disturbances caused by horizontally aligned ice crystals [Seifert
et al., 2010]. The system is powered by an uninterruptible power supply which guarantees a
steady power supply for the computer and the laser. In case of rain events, a signal is sent
to the computer which stops the laser, and thus pauses the measurement. The automated,
continuous measurements can be controlled remotely via internet. According to the mea-
suring schedule, the DAQ software starts the laser, monitors the system status, starts data
acquisition, and records the data.
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Chapter 5

Dust modeling

Simulations of the spatiotemporal mineral dust distribution by regional transport models can
be used to examine the dust transport with sources and sinks. The complex aerosol dynamics
and physical, as well as chemical interactions, can be analyzed by means of meso-scale models.
Measurement data such as the ship�based lidar measurements, presented in chapter 6, help
to evaluate those simulations and to improve dust mobilization parametrization. Also they
enable the validation of transport models in terms of the dust emission, transport, and
deposition.
The following sections will introduce the models NMMB/BSC�Dust, SKIRON, and MACC.
Information about the models are extracted from the websites quoted in each section if not
otherwise cited in the text.

5.1 SKIRON

There are more regional dust prediction systems for the Saharan region. Some of them are
based on a modi�ed version of the Eta model [Mesinger , 1997], a dust module which was
created by Nickovic and Dobricic [1996]. To these belong the dust model SKIRON developed
at the University of Athens [Rodriguez et al., 2001; Kallos et al., 2006], and the regional dust
model DREAM (`Dust Regional Atmospheric Model') [Nickovic et al., 2001] which is used
by the ICoD (`Euro-Mediterranean Center on Insular Cloud Dynamics'). The latest version
of these models implement complex parametrizations by Nickovic et al. [2001] and provide
size resolved dust distributions of 4 (SKIRON) [Kallos et al., 2006] and 8 (DREAM) [Pérez
et al., 2006] size channels, respectively.
SKIRON (http://pandora.meng.auth.gr/mds/showlong.php?id=175 ) is a non hydrostatic 3D
model based on the Eta/NCEP (National Centers for Environmental Prediction) atmosphere
model [Kallos et al., 1997]. The system consists of two major parts: the modi�ed Eta/NCEP
and the dust modules. Detailed descriptions of dynamics and physical components of the Eta
model can be found in the studies ofMesinger et al. [1988] and Janjic [1994]. The models tem-
poral resolution is 1 hour. Predictions can be made for intervals up to 5 days. The horizontal
spatial resolution yields 0.24 x 0.24 degrees at a vertical separation in 38 height levels from
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the earth surface up to 22 km height. Horizontal advection and convection are represented
by a Eta/NCEP model scheme for the advection of passive substances [Janjic, 1997]. Verti-
cally considered both processes follow a scheme by van Leer [1977]. A second-order di�usion
scheme is used to depict horizontal di�usion by adjusting the Smagorinsky coe�cient by the
use of the model term for turbulent kinetic energy [Janjic, 1990]. Deposition is also modeled
in SKIRON. Dry deposition of particles by di�usion, impaction, or gravitation follows ap-
proaches by Slinn and Slinn [1980]. Wet deposition above and underneath clouds is described
by Seinfeld and Pandis [1998]. Chemical processes are not implemented in SKIRON. Output
variable are: dust concentration, dust load, dust deposition (wet and dry), aerosol optical
depth, air pressure asl, wind �eld, temperature and geopotential height at 500hPa, 700hPa,
850hPa. Those quantities can be derived for the regions of the Mediterranean Region-Europe
and the North Atlantic.

5.2 NMMB/BSC�Dust

The dust cycle model BSC (Barcelona Supercomputing Center)�Dust is embedded online
within the National Centers for Environmental Prediction (NCEP) non�hydrostatic Mul-
tiscale Model (NMMB) which has been extended to global scale (http://www.bsc.es/earth-
sciences/mineral-dust/nmmbbsc-dust-forecast and http://dust.aemet.es/methods/the-nmmb-
bsc-dust-model). It has been developed at the Earth Sciences Dpt. of the Barcelona Super-
computing Center-Centro Nacional de Supercomputación (BSC-CNS) in collaboration with
NOAA/NCEP, NASA Goddard Institute for Space Studies and the International Research
Institute for Climate and Society (IRI). Model descriptions are taken from Pérez et al. [2011]
if not otherwise quoted.
NMMB/BSC-Dust provide short to medium-range dust forecasts for both regional and global
domains, and represents a �rst step towards the development of a uni�ed chemical-weather
model. BSC-Dust solves the mass balance equation for dust taking into account: (1) dust
generation and uplift by surface wind and turbulence, (2) horizontal and vertical advection,
(3) horizontal di�usion and vertical transport by turbulence and convection (4) dry deposi-
tion and gravitational settling and (5) wet removal which includes in-cloud and below-cloud
scavenging from convective and stratiform clouds. Transport of dust by advection and tur-
bulent di�usion is analogous to those of moisture transport in the NMMB.
The dust emission scheme is physically-based and takes saltation and sandblasting processes
into account [White, 1979; Marticorena and Bergametti , 1995; Marticorena et al., 1997] using
a source function after Ginoux et al. [2001]. To specify the soil size distribution the soil
textures of the hybrid STATSGO-FAO soil map are used. Dust particle size distributions are
according to the criteria used in Tegen et al. [2002]. Soil wetness e�ects on dust production
are given by Fécan et al. [1999]. Horizontal di�usion and vertical transport by turbulence
and convection, as well as horizontal and vertical advection follow Janjic et al. [2009]. Zhang
et al. [2001] provides approaches for dry deposition and gravitational settling while wet re-
moval is designed on the basis of Betts [1986]; Betts and Miller [1986]; Janjic [1994]; Ferrier
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et al. [2002]. To estimate the radiative interactions of aerosols and mineral dust, the rapid
radiative transfer model (RRTM) [Mlawer et al., 1997] is implemented in the model.

5.3 MACC

MACC (`Monitoring Atmospheric Composition & Climate') is an EU project
(http://www.gmes-atmosphere.eu/about/project/ ) directed by the `European Centre for
Medium-range Weather Forecasts' (ECMWF) in Reading, United Kingdom. It started in
2009 as a preceding service within the Copernicus initiative continuing and re�ning the pro-
ducts developed in the projects GEMS (`Global and regional Earth-system Monitoring using
Satellite and in-situ data') and PROMOTE. Its services cover air quality, climate forcing,
stratospheric ozone, UV radiation and solar-energy resources. The third phase of funding
MACC-III will end in 2015.
The functionality and an overview of the major data input and general products are shown
in the diagram below.

Figure 5.1: Diagram of the MACC project showing input data, structure, data processing and
output components (https://www.gmes-atmosphere.eu/about/project_diagram.png). Data and
product �ows are pointed out by the arrows.

MACC gets input data from satellites, in-situ measurements and information about aerosol
emissions and �res. It derives observational and emission products based on the satellite
data retrievals. For the data processing on a global and regional level, respectively, it also
generates estimates of �re and other emissions as input data.
The main global products in MACC are analyses of greenhouse gases, reactive gases and
aerosols, produced in near-real-time and retrospective modes. It also estimates climate forc-
ing and emissions and sinks and forecasts reactive gases and aerosols. At the regional level
which is focused on Europe MACC provides multi-model forecasts and assessments of air
quality using regional systems and services for stratospheric ozone, UV radiation and so-
lar energy. Those products are freely available at the project homepage http://www.gmes-
atmosphere.eu/.
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Chapter 6

Experiment, results, and discussion

6.1 Measurement overview

The transatlantic cruise M96 of the German RV Meteor took place from 29April to 23May
2013 starting at Guadeloupe (16◦N, 61◦W) and ending at Cape Verde (17◦N, 25◦W) cov-
ering a distance of approximately 4000 km. The cruise track can be seen in Fig. 6.1. The
OCEANET container was aboard including a new PollyXT. The lidar performed continuous
observations, and thus enabled the determination the optical properties of the lofted aerosol
layers during the cruise.

Figure 6.1: Map showing the North Atlantic Ocean. The cruise track of the RV Meteor from
Guadeloupe (29April 2013) to Cape Verde (23May 2013) is plotted as a yellow line [Kanitz et al.,
2014]. Dates of case studies are marked by red and the right red star.

Kanitz et al. [2014] provided an overview and �rst results of the lidar measurements.
Two case studies were discussed in detail. Figure 6.2 from that work shows the 1064 nm
range corrected backscatter signal (a), and the 532 nm volume depolarization ratio (b) for all
measurements of the cruise between 2May and 23May 2013. The high backscatter signal (red
and orange color in Fig. 6.2a) in the near range of the lidar indicates the marine boundary
layer (MBL). The MBL top height varied between 300 and 1700m height. Green and yellow



26 CHAPTER 6. EXPERIMENT, RESULTS, AND DISCUSSION

colors indicate lofted dust up to 5 km height in the period from 9�23May 2013, and also
an aged dust plume up to 2.5 km height from 4�6May 2013. This is corroborated by the
increased volume depolarization ratio in these layers (Fig. 6.2b, yellow to red colors) which
indicates the presence of non�spherical scatterers such as mineral dust particles. This is
consistent with lidar observations during the summer campaign of SAMUM�2 at Cape Verde
from 24May to 17 June 2008 where dust depolarization ratios at 532 nm of 0.31±0.10 [Tesche
et al., 2011] were observed up to 5 km height above the MBL. In contrast to this, the MBL
is characterized by low depolarization ratios <0.5 [Tesche et al., 2011; Groÿ et al., 2011].

Figure 6.2: Composite of lidar measurement height versus time displays during the RV Meteor
cruise of (a) range�corrected backscatter signal at 1064 nm, and (b) the volume depolarization
ratio at 532 nm. Measurement breaks around 1200LT (blue vertical lines) are due to high sun
elevation. The marine boundary layer (MBL) top is indicated by a white line in a and layers
containing non�spherical dust particles are highlighted by yellow lines in b (adopted from Kanitz
et al. [2014]).

In addition to that, the aerosol optical thickness (AOT) has been measured by the hand-
held AERONET�MAN microtops sun�photometer. The daily mean AOT at 500 nm and the
Ångström exponent calculated from sun photometer measurements at 440 and 870 nm (eq.
3.13) are shown in Fig. 6.3 (orange and blue dots, respectively). Those mean AOT values
varied between 0.08 (typical remote Atlantic AOT, see Smirnov et al. [2009]) and 0.7 on 7 and
23May 2013, respectively. The Ångström exponent assumed values of about 0.7 when the
AOT was lowest, con�rming the dominance of sea salt particles, and close to zero when the
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AOT was highest and large dust particles are expected (reconsidered in Sect. 6.4). During the
presence of dust plumes the mean AOT was 0.2�0.3 representing large sea salt particles and
mineral dust [Tesche et al., 2011]. However, the mean Ångström exponent varied signi�cantly
between those two dust periods from 0.28 in the short-term transported dust layer to 0.5 in
the aged dust plume (shaded gray in Fig. 6.3). This shows that less or smaller dust particles
seem to be present and �ne mode particles dominate the aerosol mixture in the processed
aerosol layer. The corresponding mean AOT were 0.3 and 0.2, respectively.

Figure 6.3: Time series of daily averaged sun�photometer observations aboard RV Me-
teor of aerosol optical thickness (AOT) at 500 nm (blue dots) and Ångström exponent de-
rived from 440�870 nm wavelength (orange dots) for the 29April�24May 2013 period (see
http://aeronet.gsfc.nasa.gov/new_web/cruises_new/Meteor_13_1.html, Level 2.0 AOD). Gray
shades indicate dust episodes and yellow lines show dates of case studies discussed in the next
section.

6.2 Case studies

The late evening measurements of 5May (2340�0035UTC), 9May (2315�2400UTC), 14May
(2345�0020UTC) and early morning measurements of 23May 2013 (0345�0500UTC) have
been used as the data base for a detailed discussion of the optical properties of the aerosol
in the MBL and the lofted dust plumes. The observation on 5May shows an aged dust
layer (almost 10 days of travel over the ocean, dust 1 in Fig. 6.2), whereas observations
on 9May (4.5 days over the ocean), 14May (2.5 days over the ocean), and 23May (1.5
days over water) characterize a less aged dust layer (dust 2 in Fig. 6.2). The pro�les of
the optical properties derived from the lidar measurements in terms of the backscatter and
extinction coe�cient, lidar ratio, Ångström exponent, and particle linear depolarization ra-
tio are shown in Fig. 6.4 for all cases. Backward trajectories (Fig. 6.5) are taken into ac-
count in the discussion of the case studies. The trajectories are calculated with the Hybrid
Single�Particle Lagrangian Integrated Trajectory (HYSPLIT) model (for further information
see http://www.arl.noaa.gov/HYSPLIT_info.php) and are used to estimate travel time and
identify aerosol sources which contributed to the observed aerosol plumes.
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Figure 6.4: Averaged pro�les of backscatter (a) and extinction (b) coe�cient, lidar ratio (c),
Ångström exponent (d), and particle linear depolarization ratio (e) as determined on 05May
2013, 2340�0035UTC. The same in f�j for 09May 2013, 2315�2400UTC, k�o for 14May 2013,
2345�0020UTC, and p�t for 23May 2013, 0345�0500UTC. The label N/R denotes the near-range
receiver channel. The signal smoothing length for the pro�les of backscatter coe�cient and particle
linear depolarization ratio is 365.0m. Lidar signals are vertically smoothed with 457.5m before
the computation of extinction coe�cients, lidar ratios, and Ångström exponents.
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Figure 6.5: Backward trajectories for one height level (center of the lofted dust layer) ending at
05May 2013, 2300UTC (a), 09May 2013, 2300UTC (b), 14May 2013, 2400UTC (c), and 23May
2013, 0400UTC (d), respectively. Symbols at the trajectories indicate the residence time in days.
Calculations are performed with the NOAA HYSPLIT model using GDAS meteorological data
(http://ready.arl.noaa.gov/HYSPLIT_traj.php). In addition �res detected by MODIS on board
the Terra and Aqua satellites are shown accumulated over a 10-day period (1�10 May 2013 for
a and b, 21�30May 2013 for c and d) (http://rapid�re.sci.gsfc.nasa.gov/�remaps). Color ranges
from red (low number of �res) to yellow (high number of �res).
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05May 2013

The lidar observations during the night of 5�6May 2013 are shown in Fig. 6.6. It documents
a marine boundary layer top height of 500�1000m characterized by low depolarization ratio
(Fig. 6.6b). Low�level clouds are present in the MBL around the 2340�0035UTC time period,
which was selected for the case study. Above, an aerosol layer stretches up to 2 km height.
HYSPLIT-backward trajectories for this observed layer indicate a transport time of 10�11
days (see Fig. 6.5a, top). According to calculated heights at which the aerosol was transported
before the observation, the air masses may have never been close to the ground (Fig. 6.5a,
bottom) and also did not pass the Saharan desert region, but areas of considerable amount
of active �res (red to yellow colors in Fig. 6.5a, top) at great heights of 5�6 km above ground.
Thus, only a little amount of Saharan dessert dust may be expected in these layers. Day
sun�photometer AOT measurements of 0.25 (Fig. 6.3) are in in good agreement with optical
depth from the 532 nm extinction pro�le of 0.23. The lidar-derived optical depth was obtained

Figure 6.6: Lidar observations on 05�06May 2013, 2200�0200UTC. The 532 nm range-corrected
signal (a) and the 532 nm linear volume depolarization ratio (b) are shown. Vertical lines indicate
the signal averaging period for which the pro�les of optical properties in Fig. 6.4a�e are calculated.
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from integration of the 532 nm extinction coe�cient in the height range from 1 to 7 km height
(see Eq. 3.14). The optical properties derived from the lidar measurements on 05May 2013,
2340�0035UTC are shown in Fig. 6.4a�e. Pro�les are smoothed with a window length of
457.5m, except for backscatter and depolarization ratio pro�les which are smoothed with
365.0m window length. The main layer between 1�2 km is characterized by height constant
depolarization ratios of about 20% at both wavelengths which indicates a well-mixed layer
of dust and smoke. Wavelength independence of the particle depolarization ratio has also
been found during SAMUM�2 (see Tesche et al. [2011]). This increased depolarization ratio
and almost wavelength�independent extinction coe�cients at 74±31 and 66±19Mm−1 at
355 and 532 nm indicate the presence of mineral dust[Kanitz et al., 2013]. All in all, the
N/R 532 nm extinction coe�cient pro�le is in good agreement with the pro�le of the 532 nm
extinction coe�cient. For heights above 1.5 km, the 355 nm extinction coe�cient pro�le
deviates signi�cantly from the 532 nm extinction coe�cient. Both extinction coe�cients show
unusual high values above the detected aerosol layer. These facts might be due to overlap
problems and leads to increased lidar ratios and extinction related Ångström exponent (see
6.4c�d) above 1.5 km height. The mean lidar ratio is 43±17 and 40±19 sr at 355 and 532 nm,
respectively. These values are lower than typical values for pure Saharan dust (50�60 sr,
Groÿ et al. [2011], Freudenthaler et al. [2009]). This may result from aged �ne�mode smoke
or marine particles. Figure 6.4d shows mean extinction and backscatter�related Ångström
exponents of 0.3±0.6 and 0.1±0.1 (355/532 nm), respectively, which suggests large particles
in this layer. The mean backscatter�related Ångström exponent for 532/1064 nm wavelength
is 0.8±0.0 and sun�photometer measurements show an Ångström exponent of 0.5 for the
440�870 nm wavelength range (Fig. 6.3).

09May 2013

The night measurement of 9May 2013 2315�2400UTC is shown in Fig. 6.7. In the display
of the volume depolarization ratio an aerosol layer stretches from 1.8 to 3.2 km height. The
air mass left the African continent about 5 days before (Fig. 6.5b). Again, the convective
MBL below is characterized by a low depolarization ratio. MODIS �re detection shows strong
active �res along the HYSPLIT transport route of the lofted layer south of the Saharan desert.
Pro�les corresponding to the 2315�2400UTC time period in Fig. 6.4f�j show the main layer
extended from 1.8�3.2 km. The height-constant value of the particle depolarization ratio in
the 1.8�3.2 km layer indicates that this layer was well mixed (Fig. 6.4j). Like in the �rst
case study the depolarization ratios are 20% at both 355 and 532 nm wavelength. This
value is considerably lower than typical values for pure dust of ∼0.3 (see e.g. Freudenthaler
et al. [2009], Groÿ et al. [2011], Tesche et al. [2011]) and indicates a mixture of dust and
smoke or marine particles. Extinction coe�cients of 70±10 and 54±11Mm−1 at 355 and
532 nm and mean lidar ratios of 50±10 and 43±12 sr at 355 and 532 nm are also similar to
the �rst case. However, the AOT is lower with values of 0.15 and 0.14 for sun�photometer
and lidar measurements, respectively. As can be seen in Fig. 6.4i, the extinction�related
Ångström exponent is 0.7±0.5. Backscatter�related Ångström exponents are 0.3±0.1 and
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Figure 6.7: Same as Fig. 6.6 but for the night measurement on 09May 2013, 2315�2400UTC.

0.9±0.0 at 355/532 nm and 532/1064 nm, respectively. Sun�photometer measurements show
an Ångström exponent of 0.55 at 440�870 nm (Fig. 6.3).

14May 2013

Westward transported mineral dust layers were observed in the height range from 1�4 km in
the night of 14�15May 2013 (see Fig. 6.8b). These layers are best visible in the depolarization
ratio panel while the range-corrected signal in these heights shows low values above 1 km.
The atmospheric residence time of the lofted aerosol layers over the ocean was about 2.5
days (Fig. 6.5c). The air masses originated from the center of the Saharan desert and passed
active �res during transport. Again, the AOT of sun�photometer and lidar measurement are
consistent with values about 0.3. Pro�les of the optical properties on 14May 2345�0020UTC
are shown in Fig. 6.4k�o. In this case study the depolarization ratio is not height constant
and shows a minimum of about 20% between 2.5 and 3 km height. At this height range
lidar ratios of 355 and 532 nm assume almost equal values of about 65 sr and the backscat-
ter coe�cients are slightly increased. The depolarization ratios assume values around 27%
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Figure 6.8: Same as Fig. 6.6 but for the night measurement on 14�15May 2013, 2345�0020UTC.

throughout the rest of the elevated aerosol layer which indicates almost pure dust conditions.
Also the mean lidar ratios of 66±12 and 53±25 sr at 355 and 532 nm are in good agreement
with results from the SAMUM campaigns for dust dominated cases [Tesche et al., 2011].
Backscatter coe�cients show almost no wavelength dependence. Extinction coe�cients are
93±20 and 68±32Mm−1 at 355 and 532 nm, respectively. In the display of the Ångström
exponent a good agreement of the backscatter�related 355/532 and 532/1064 nm Ångström
exponents is visible with mean values of 0.3±0.2 and 0.4±0.0, respectively. In comparison
to the previous case studies the sun�photometer�derived Ångström exponent at 440�870 nm
decreased signi�cantly to 0.3 (Fig. 6.3). The extinction Ångström exponent is 0.8±0.7.

23May 2013

Fig. 6.9 shows the time�height displays of the range�corrected signal and the volume depo-
larization ratio measured with PollyXT in the morning of 23May 2013. The MBL reached
heights up to 350�500m. The strong volume depolarization ratio clearly indicates a dust
containing aerosol layer stretching up to 4.2 km height (Fig. 6.9b). The ratio increases with



34 CHAPTER 6. EXPERIMENT, RESULTS, AND DISCUSSION

Figure 6.9: Same as Fig. 6.6 but for the morning measurement on 23May 2013, 0345�0500UTC.

height and has its maximum around 3.5 km above ground. As can be seen in Fig. 6.5d, dust
in the air parcel observed at 3 km height above the measurement instrument was advected
from Mauritania. The trajectory in this layer was over desert areas for almost 3 days before
reaching ground level at semidesert and steppe regions. The air masses traveled over the
Atlantic Ocean for roughly 2 days before the lidar observation. The upper panel in Fig. 6.9a
shows a strong signal band around 2.5 km height. This is also visible in the 0345�0500UTC
pro�les (Fig. 6.4p�t). Both backscatter and extinction coe�cients have their maximum at
that height. Again, no wavelength dependence of light extinction is visible with maximum
values of 300Mm−1 and mean values of 178±74 and 169±82Mm−1 at 355 and 532 nm,
respectively. The backscatter coe�cient at 532 nm was signi�cantly larger than at 355 nm.
The corresponding backscatter�related 355/532 nm Ångström exponent was therefore nega-
tive (blue line in Fig. 6.4s). Such an unusual backscatter behavior was also observed during
a �eld campaign in Crete in the summer of 2014 [Holger Baars, personal communication,
April, 2015]. Mean extinction and backscatter�related 532/1064 nm Ångström exponents are
0.1±0.5 and 1.0±0.1, respectively. The sun�photometer�derived Ångström exponent is 0.06
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(see Fig. 6.3). An almost height independent particle depolarization ratio with mean values
of 26% at both wavelengths (Fig. 6.4t) indicates a well-mixed dust layer. Corresponding
mean lidar ratio of 60±9 and 47±11 sr at 355 and 532 nm are in reasonable agreement to the
SAMUM�1 and SAMUM�2b observations for pure dust (Sd ≈ 53�61 sr, Tesche et al. [2011],
Freudenthaler et al. [2009], Groÿ et al. [2011]). In comparison to the previous case studies,
high AOT (see Fig. 6.3) values of 0.65 and 0.56 were measured with the sun�photometer
and lidar, respectively.

The polarization lidar photometer networking (POLIPHON) method introduced to sepa-
rate light�depolarizing dust (index d) particles from weakly depolarizing non�dust (index nd)
particles and to retrieve dust and non�dust mass concentrations has been applied to the four
cases under study (see Fig. 6.10 and 6.11). The technique was explained in Sect. 3.8. Figure
6.10 shows the distinct separation steps in terms for the 5May case. The basic lidar param-
eters are the particle backscatter coe�cient (Fig. 6.10a) and the particle depolarization ratio
(Fig. 6.10b). With the dust depolarization ratio δd = 0.31 [Freudenthaler et al., 2009] and
the non�dust depolarization ratio δnd = 0.05 [Müller et al., 2007a] the POLIPHON method
allows the calculation (see Eq. 3.23) of the pro�le of the dust backscatter coe�cient (orange,
Fig. 6.10c). The pro�le of the non�dust backscatter coe�cient (black, Fig. 6.10c) is then
obtained from the relation βnd = βaer − βd. It is already visible, that the non�dust particles
prevail in the lowermost 1 km, whereas a signi�cant amount of dust particles are present be-
tween 800�2000m height asl. By means of the appropriate lidar ratios of dust, smoke (index

Figure 6.10: (a) 532 nm particle backscatter coe�cient (green), (b) 532 nm particle linear de-
polarization ratio (red), (c) non�dust (black and gray) and dust (orange) particle backscatter
coe�cients, (d) non�dust (black and gray for smoke, blue and cyan for marine particles) and
dust (orange) particle extinction coe�cients, and (e) non�dust (black and gray for smoke, blue
and cyan for marine particles) and dust (orange) particle mass concentrations obtained from the
POLIPHON method application. The lidar observations were taken on 05May 2013, 2340UTC
to 0035UTC.
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FT), and marine (index MBL) particles (Sd = 50 sr, Snd,FT = 80 sr, Snd,MBL = 20 sr, Tesche
et al. [2009a], Groÿ et al. [2011]) the pro�les of the particle extinction coe�cients (Fig. 6.10d)
can be estimated. As can be seen in this panel, dust signi�cantly contributes to the total
particle extinction coe�cient in the free troposphere with values on the order of 50�70Mm−1

(orange line). The same values are obtained for the non�dust component, if we assume that
the non�dust aerosol is smoke (black line). Thus, considering the total particle extinction
coe�cient in Fig. 6.4b which shows values about 70Mm−1, the dominance of marine particles
in the free troposphere is most likely. Finally, the mass concentration pro�les are obtained
from Eq. 3.24a and 3.24b with characteristic densities and conversion factors for the di�erent
aerosol types (shown in Table 3.1).

Same steps have been performed for the remaining case studies (Fig. 6.11). Again, non�
dust particles are distinguished between smoke (black in Fig. 6.11) and marine (blue in
Fig. 6.11) particle matter. These pro�les show that dust mostly contributes to the total par-
ticle mass in the free troposphere on 5May, 9May, 14May, and 23May 2013 (Fig. 6.11a�c)
with maximum values about 120µgm−3, 90µgm−3, 120µgm−3, and 560µgm−3, respec-
tively. Moreover, it is noticeable that the maximum height of the dust layer decreases with
transport time. Dust layer base and top heights of 0.9�2 km, 1.8�3.2 km, 1�4 km, and 0.2�
4.2 km on 5May, 9May, 14May, and 23May 2013, respectively, are consistent with results
from the analysis of the volume depolarization pro�les as stated above. While on 9May and
14May the maximum mass concentration is near the dust layer base, the maximum concen-
trations on 5May and 23May are at the dust layer top and center, respectively. However,

Figure 6.11: Mass concentration pro�les of dust (orange) and non�dust (black and gray for
smoke, blue and cyan for marine particles) aerosol particles calculated with the POLIPHON
method using lidar�derived data for the periods of 05May 2013, 2340�0035UTC (a), 09May
2013, 2315�2400UTC (b), 14May 2013, 2345�0020UTC (c), and 23May 2013, 0345�0500UTC
(d).
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�ne�mode particles prevail in the MBL on 5May, 9May, and 14May 2013. As mentioned
in Sect. 3.8, particles in the MBL are considered to be marine particles only. They assume
maximum mass concentrations about 60µgm−3, 35µgm−3, and 115µgm−3, respectively, in
the lowermost 1 km. As stated above (compare Fig. 6.9), on 23May 2013 marine particles
only prevailed in the lowermost part of the troposphere up to 200m above the lidar with a
maximum mass concentration of 140µgm−3 (Fig. 6.11d). Higher up, dust is more and more
dominating. In each case study, non�dust particles in the FT show approximately the same
mass concentration (12�16µgm−3), disregarding whether they are considered to be smoke
or marine particles. However, regarding the particle extinction coe�cients of the separated
aerosol types (e.g. Figure 6.10d) and corresponding total particle extinction coe�cients in
Fig. 6.4, �ne�mode particles in the FT are most likely dominated by marine particles. This
is also the fact in some of the distinct aerosol type mass concentration simulations by MACC
which are discussed in Sect. 6.4. The presence of marine particles would also explain the
comparatively small lidar ratios. 5May, 9May, and 14May 2013 show maximum dust mass
concentrations in the same size range without recognizable changes due to transport. This is
in agreement with the work of Weinzierl et al. [2009] where surprisingly large particles were
found after transport of several thousands of kilometers.

6.3 Statistical analysis

16 late evening and night measurement periods, respectively, were selected in order to apply
the Raman method (see Sect. 3.5). Those data were divided into two layers containing pri-
marily dust and marine particles, respectively (see Table 6.1). Further investigations on the
aerosol particle mixture are discussed in Sect. 6.2 and 6.4. For now the two layers are named
marine and dust layer, being aware also other components are present in the air masses. As
stated above (see Sect. 6.2) nighttime measurements on 23May 2013 show no indications of
a MBL above 500m (see Fig. 6.9) and are therefore not considered in the marine layer char-
acterization in Table 6.1 (top). Deviations in base and top heights from those stated above
result from the consideration of the smoothing length during averaging. Figure 6.12 gives
an overview of the RV Meteor cruise measurement period in terms of the dust layer mean
values (orange dots in 6.12) of the 532 nm backscatter coe�cient (upper panel, 6.12a), the
532 nm extinction coe�cient (6.12b), the 532 nm lidar ratio (6.12c), and the 532 nm particle
depolarization ratio (6.12d). Same mean values are shown for the marine layers (blue dots
in 6.12) derived from the N/R 532 nm signals. Error bars show the standard deviation in�u-
enced by retrieval uncertainties and atmospheric variability. The lower panel (6.12e) shows
the column�integrated dust mass concentrations calculated with the POLIPHON method.
Figure 6.12a shows mean backscatter coe�cients. Results for the lofted dust layer are in
good agreement with backscatter coe�cients obtained between 2 and 4 km height asl dur-
ing SAMUM (β ≈ 0.8�1.5Mm−1 sr−1, see Fig. 2.1, Tesche et al. [2011], Freudenthaler et al.
[2009], Groÿ et al. [2011]) despite the observations on 23May which show backscatter coe�-
cients from 3.2�3.6Mm−1 sr−1. Mean backscatter coe�cients within the MBL range between
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Table 6.1: Overview of available lidar data sets for the marine layer (top) and dust layer (bottom).
High�quality signals above 0.4 km could be used. The vertical resolution is 7.5m. Data for the
marine layer are smoothed with 187.5m and dust layer data are smoothed with 307.5m. Height
levels result after subtracting half a smoothing length at the base and top, respectively. Case
studies are marked yellow.

marine layer

Date Time [UTC] Base [km] Top [km] Thickness [km] Height levels

02 May 2013 02:00-03:00 0.4 0.9 0.5 55
03 May 2013 00:33-01:14 0.4 1.0 0.6 68
04 May 2013 20:30-21:15 0.4 0.9 0.5 55
05 May 2013 22:15-23:15 0.4 1.0 0.6 68
05 May 2013 23:40-00:35 0.4 0.8 0.4 41
07 May 2013 01:10-01:55 0.4 1.0 0.6 68
09 May 2013 04:00-04:45 0.4 1.1 0.7 81
09 May 2013 23:15-00:00 0.4 1.4 1.0 121
10 May 2013 23:00-23:40 0.4 1.1 0.7 81
12 May 2013 00:33-00:59 0.4 1.0 0.7 68
13 May 2013 02:20-03:00 0.4 1.0 0.7 68
14 May 2013 23:45-00:20 0.4 0.8 0.4 41
17 May 2013 23:00-23:55 0.4 1.15 0.75 88
19 May 2013 03:15-04:15 0.4 1.0 0.7 68

dust layer

Date Time [UTC] Base [km] Top [km] Thickness [km] Height levels

05 May 2013 22:15-23:15 1.45 1.9 0.45 19
05 May 2013 23:40-00:35 1.0 2.0 1.0 92
09 May 2013 23:15-00:00 1.8 3.1 1.3 113
10 May 2013 23:00-23:40 1.7 3.0 1.3 113
12 May 2013 00:33-00:59 2.0 4.5 2.5 273
13 May 2013 02:20-03:00 1.4 4.0 2.6 286
14 May 2013 23:45-00:20 1.5 3.5 2.0 206
17 May 2013 23:00-23:55 1.55 2.9 1.35 119
19 May 2013 03:15-04:15 1.5 3.6 2.1 220
23 May 2013 00:10-01:20 0.9 4.0 3.1 352
23 May 2013 03:45-05:00 0.9 4.0 3.1 352

0.9 and 5.7Mm−1 sr−1.
According to AERONET typical marine optical depth is about 0.05 at 500 nm, and thus
extinction coe�cients from 50�100Mm−1 are to be expected [Albert Ansmann, personal com-
munication, June, 2015]. This is in su�cient agreement with our results for the 532 nm mean
extinction coe�cients within the MBL in Fig. 6.12b (blue). Mean extinction coe�cients for
the lofted dust layers are consistent with values from the SAMUM campaign between 2 and
4 km height asl (α ≈ 48�97Mm−1, see Fig. 2.1, Tesche et al. [2011], Freudenthaler et al.
[2009], Groÿ et al. [2011]). Extinction coe�cients on 23May, however, are considerably high
with values of about 170Mm−1.
Pannel 6.12c shows the 532 nm lidar ratios. Marine layer mean values are of about 20 sr. This
is in good agreement with observations during SAMUM�2b where lidar ratios of 18 sr were
measured under marine conditions [Tesche et al., 2011] and the study by Müller et al. [2007b]
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Figure 6.12: Layer mean values of 532 nm backscatter (a) and extinction (b) coe�cient, lidar
ratio (c), and particle linear depolarization ratio (d) for the marine (blue dots) and dust (orange
dots) layers as de�ned in Table 6.1. Vertical bars show the standard deviations for the 14 marine
and 11 dust layers. Pannel e shows column�integrated dust mass concentrations obtained from
the POLIPHON method. Gray shades indicate dust plumes and yellow lines show dates of the
case studies.
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where lidar ratios of 20�26 sr were found for marine particles in the boundary layer. However,
mean lidar ratios in the dust layers are around 40 sr. These values are considerably lower
than preliminary �ndings for pure dust conditions (Sd ≈ 53�61 sr, see Fig. 2.1, Tesche et al.
[2011], Freudenthaler et al. [2009], Groÿ et al. [2011]). As indicated in Sect. 6.2, these low
lidar ratios may result from lofted marine aerosol. Marine particles are transported upward
and dust particles downward by turbulent mixing processes during the long�range transport
over the Atlantic. Mean lidar ratios in the lofted aerosol layers on 14�15May and 23May
2013, however, show values for pure dust conditions (53 sr and 54 sr, respectively).
Mean particle depolarization ratios (see 6.12d) in the marine MBL are all below 0.05 which
indicate that the spherical marine particles (at relative humidities >50%, Sakai et al. [2010])
dominate backscattering of laser light. This result is consistent with �ndings of particle
depolarization ratios in the MBL of 0.02±0.02 for �ne-mode and wet marine particles dur-
ing SAMUM�2 [Groÿ et al., 2011]. Mean depolarization ratios in the lofted aerosol layers
are around 0.2 (orange in 6.12d), i.e. less than values for pure dust conditions (0.31±0.04,
Freudenthaler et al. [2009], Groÿ et al. [2011]). On 19May 2013, particle depolarization ra-
tios are even lower (0.16±0.05) which indicates the presence of a considerable amount of
non�dust particles. However, the particle depolarization ratios in the lofted layers on 13May,
14�15May and 23May are slightly higher with mean values of 0.24, 0.24, and 0.26, respec-
tively. Those air masses are dominated by mineral dust aerosol.
The column�integrated mineral dust mass concentrations are shown in 6.12e. Those mass
concentrations have been obtained from the POLIPHON method (see Sect. 3.8) where dust
particles have been separated from non�dust particles. As can be seen, the dust mass con-
centrations in the period of 5�20May 2013 show values of 0.10�0.33 gm−2 and comparably
high mass concentrations of 0.84�0.95 gm−2 on 23May 2013.
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6.4 Model comparison

Desert dust models are essential to understand dust emission, transport and removal pro-
cesses and predict the impact of dust on surface level particulate matter concentrations
[see http://www.bsc.es/earth-sciences/mineral-dust-forecast-system]. Observations such as
the ship�based lidar measurements, presented in the previous sections, are very important
to validate dust models and to verify model simulations in detail. Here, we compare lidar
observations and model simulations in terms of the mineral dust mass concentration pro�les.
Lidar�derived mass concentrations are calculated by means of the POLIPHON method (see
Sect. 3.8). The uncertainty in the lidar�derived mass concentrations are about 30%. Figure
6.13 shows the comparison of dust mass concentration pro�les computed with NMMB/BSC-
Dust, SKIRON, and MACC (see Sect. 5 for model descriptions) with the lidar�derived dust
mass concentration pro�les for the selected case studies (shown in Fig. 6.11). There were no
simulations available from NMMB/BSC-Dust for 23May 2013.
Lidar�derived mass concentrations are the same as the ones presented in Sect. 6.2. On 5May
2015 (Fig. 6.13a), a lofted mineral dust aerosol layer was observed in the height range from
0.9�2.0 km with a column�integrated mass concentration of 0.10 gm−2. The same integrated
mass concentration was obtained from SKIRON simulations. However, the dust layer was
simulated between 0.2�3.0 km with a maximum of 90µgm−3 around 1 km height. According
to the lidar observations, the dust layer center was about 500m higher. NMMB/BSC-Dust
results shows a comparably high column�integrated mass concentration of 0.23 gm−2. Dust

Figure 6.13: Averaged mass concentration pro�les for the periods of 05May 2013 2340UTC
to 0035UTC (a), 09May 2013 2315 to 2400UTC (b), 14May 2013 2345 to 0020UTC (c), and
23May 2013 0345 to 0500UTC (d). Lidar�derived �ndings (black) are compared to model results
of NMMB/BSC-Dust (blue), SKIRON (red), and MACC (green).
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particles are also simulated throughout the MBL with mass concentrations up to 70µgm−3.
The dust maximum is at 2.2 km, and thus 700m above the observed dust layer center height.
MACC simulations show little dust aerosol at all with column�integrated mass concentration
of 0.03 gm−2. The dust layer was at the heights from 1.0�3.0 km after the MACC model.
The 5May comparison is the most di�cult one, because the dusty air masses traveled more
than 10 days from the Saharan regions to the western part of the tropical Atlantic.
Lidar�derived mass concentrations on 9May 2013 show the same total column�integrated
mass concentration as on 5May (Fig. 6.13b). The dust layer was observed between 1.8�3.2 km
height with a maximum dust concentration of 90µgm−3 at 2 km height. The aerosol layer
on 9May is well depicted by the NMMB/BSC-Dust and MACC models. Again, SKIRON
simulations show a lowered aerosol layer in the height range from 1.0�3.2 km. Regarding the
column�integrated mass concentration, SKIRON shows results closest to the lidar�derived
�ndings with 0.07 gm−2. The remaining models show values of 0.03�0.04 gm−2 only. Dust
emission seems to be underestimated by NMMB/BSC-Dust and MACC whereas sedimenta-
tion speed seems to be too high in the case of SKIRON.
Figure 6.13c shows mass concentration pro�les on the 14May 2013. The dust layer was
observed in the height range from 1�4 km. The column�integrated mass concentration was
0.28 gm−2. The behavior of lidar�derived mass concentration pro�le is well depicted by
NNB/BSC-Dust and MACC but both show almost half the column�integrated mass con-
centration compared to the lidar�derived pro�le with values of 0.16 gm−2 and 0.14 gm−2,
respectively. The SKIRON simulation indicates dust in the same height range. However,
compared to the other results, the mass concentration shows a strong maximum around
1.2 km asl (with 200µgm−3 almost a factor of 2 higher than the maximum of the lidar mea-
surement) and decreases rapidly with height. The column�integrated mass concentration of
0.20 gm−2 is, however, close to the lidar �ndings.
Dust mass concentration simulations on 23May 2013 were performed by SKIRON and MACC.
The lidar�derived dust mass pro�le in the height range between 0.2�4.2 km shows a strong
maximum at 2.5 km height with a value of almost 600µgm−3. The MACC pro�le again well
depicts this dust layer. It has its maximum in the same height range. Again the mass loading
is underestimated. The column�integrated mass concentration is only 0.57 gm−2 instead of
the observed value of 0.95 gm−2. The column�integrated mass concentration obtained with
SKIRON is similar to the lidar value (0.91 gm−2). The SKIRON dust mass pro�le also shows
a strong maximum of almost 500µgm−3, but at considerably lower height. A wrong dust
particle sedimentation parametrization seems to be the reason for the deviations from the
observations.
All in all, it is visible that SKIRON shows the aerosol layers at lower heights in all cases
compared to the lidar �ndings but consistent results in terms of column�integrated mass
concentrations. This may result from an insu�cient buoyancy parametrization as mentioned.
MACC results seem to be less consistent with the lidar �ndings in terms of the total dust
amount the longer the air masses have been transported. This may be due to a wrong
dust emission or deposition scheme. The NNB/BSC-Dust model column integrated mass
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concentration di�ers from the lidar values by the factor 2 (overestimation on 05May, under-
estimation on 09 and 14May). Furthermore, it is visible that lidar �ndings mainly show the
highest column�integrated mass concentrations.
Mass concentration pro�les have been calculated for distinct aerosol types by MACC for the
same case studies (Fig. 6.14a�d). Dust mass concentrations (solid orange lines in Fig. 6.14)
are the same as MACC results shown in Fig. 6.13 (green lines). In addition to that, mass
concentration pro�les for marine particles (solid blue lines in Fig. 6.14) and black carbon par-
ticles (solid black lines in Fig. 6.14) simulated with MACC are shown. The latter is known as
a tracer for biomass�burning smoke. Its mass fraction in smoke can be as high as 5% [Saide
et al., 2015; Haywood et al., 2003; Abel et al., 2003]. The black carbon mass concentration is
thus multiplied by the factor 20 in Fig. 6.14 to roughly represent the mass concentration of
biomass�burning smoke and can be interpreted as an indication for the presence of smoke in
the lofted dust plume. Figure 6.14 also shows the lidar�derived mass concentration pro�les
for dust (dashed orange lines), marine particles (dashed blue lines) and smoke particles above
the MBL (dashed black lines) which have been already discussed in Sect. 6.2. In contrast
to the MACC results, the aerosol separation based on lidar data distinguishes between dust
and non�dust aerosols only. For the resulting mass concentration pro�les (see Fig. 6.11) we
may assume that the non�dust particles are either smoke or marine particles. The analysis
in Sect. 6.2 indicates that the non�dust particles are most probably marine particles.
Di�erences in the dust mass concentration have been discussed above (see Fig. 6.13, black

Figure 6.14: Mass concentration pro�les of sea salt (solid blue lines), black carbon ×20 (solid
black lines), and mineral dust (solid orange lines) aerosol particles from MACC simulations. 3�h
averages are shown for 05May 2013, 2400UTC (a), 09May 2013, 2400UTC (b), 14May 2013,
2400UTC (c), and 23May 2013, 0300UTC (d). Those pro�les are compared to the lidar�derived
mass concentration pro�les of sea salt (dashed blue lines), smoke (dashed black lines above the
MBL only), and mineral dust (dashed orange lines) particles.
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and green lines). MACC indicates that marine particles dominate the whole pro�le on 5May
2013 with a maximum of 40µgm−3 at 1 km height. Values of about 10�15µgm−3 were sim-
ulated for heights >3 km. In comparison to that, the lidar �ndings show a well de�ned MBL
top of 1 km asl and maximum values of about 60µgm−3 at 400m asl.
MACC pro�les on 9May 2013 show that marine aerosol is present throughout the whole
layer. The maximum of the marine mass concentration is at sea level (20µgm−3), decreasing
up to 2.4 km (5µgm−3) where the maximum dust mass concentration is modeled. There
is a second maximum of marine particles at 3.3 km (10µgm−3). The lidar�derived sea�salt
mass concentration pro�le (blue in Fig. 6.11b) shows a similar behavior with maximum values
almost a factor of 2 higher than the maximum of the MACC simulation. The marine particle
mass concentration minimum of lidar measurements is at 1.6 km height.
Marine particle mass concentration calculated by MACC on 14May 2013 again underesti-
mate the maximum value at sea level (MACC: 70µgm−3, lidar: 120µgm−3). The MBL is
simulated at 1 km asl. For heights above the MBL the marine particle mass concentration
shows values <10µgm−3. Lidar�derived �ndings shows the MBL top height at 800m asl
and a second maximum of 15µgm−3 from 2.5�3.0 km. On 23May 2013, both MACC and
Lidar results for marine particle mass concentration are consistent with maximum values of
about 140 µgm−3 throughout the MBL. The MBL top heights are simulated at 500m and
measured at 350m by lidar. Smoke mass concentration pro�les above the MBL obtained
from the POLIPHON method are also plotted in Fig. 6.14 (dashed black lines), although
previous results showed that marine particles most probably dominate the non�dust mass
concentration fraction in the FT. As stated above, the simulated MACC black carbon mass
concentration times 20 (solid black lines in Fig. 6.14) is a rough estimate for the smoke
amount. MACC shows that traces smoke were present. Smoke layers are indicated from 1�
3 km, 1.5�3.5 km and 1�3 km on 5, 9, and 14May respectively. All show maximum values of
about 15 µgm−3. As pointed out in Sect. 6.2, marine particles most probably dominate the
non�dust mast fraction in the FT. However, smoke layers calculated with the POLIPHON
method are in the same height range and di�er only slightly from the maximum and total
smoke mass concentration.
In summary, it can be stated that MACC shows that marine aerosol particles can reach
heights up to 3�4 km which is in reasonable agreement with the lidar observation, although
the lidar�derived mass concentrations of marine particles in the FT are considerably lower.
MBL top heights calculated by MACC are generally higher than top heights observed by lidar.
MACC marine mass concentration maximum values in the MBL, however, are mainly smaller
than the lidar�derived maximum values. Those facts indicate an overestimated buoyancy in
the MBL and mixing processes in the FT.
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Chapter 7

Summary and conclusion

This work showed the analysis of air masses over the North Atlantic Ocean by means
of lidar measurements during the RV Meteor cruise in spring 2013. The main goal was
the characterization of the Saharan air layer along its transport route from North Africa
towards the Caribbean to investigate possible aging e�ects of mineral dust aerosol particles.
Furthermore, a model comparison was performed in order to validate aerosol transport
model in terms of the dust emission, transport, and deposition. The data were obtained from
PollyXT lidar measurements and a microtops II sun�photometer, which was operated by the
Maritime Aerosol Network. Both instruments were mounted aboard the RV Meteor during
the cruise from 29April to 23May 2013 from Guadeloupe towards Cape Verde. Underlying
mathematical concepts and equations, physical processes, measurement instruments, aerosol
transport models, and an overview of previous �ndings were presented.
PollyXT is a multiwavelength Raman and polarization lidar. Together with launched regu-
larly soundings, pro�les of the optical properties in terms of the backscatter and extinction
coe�cient, lidar ratio, Ångström exponent, and particle linear depolarization ratio could
be computed for 16 measurement sequences between 5�23May 2013. Mean values in the
MBL and lofted aerosol layers were presented. As the �rst step, the observations on 5May,
9May, 14May, and 23May 2013 were discussed in detail. HYSPLIT�backward trajectories
indicated that the last three of these four observations characterize an almost fresh dust
layer, whereas the observation around 5May showed an aged dust layer with almost 10 days
of travel over the ocean. Constant depolarization ratios and wavelength�independent
extinction coe�cients indicated well�mixed layers. Whereas lidar ratios and particle
depolarization ratios on 5 and 9May were considerably low with values about 40�53 sr
and 20%, respectively, the cases of 14 and 23May showed values of 47�66 sr and 26�27%
which are in reasonable agreement with results from SAMUM for pure dust (Sd ≈ 53�61 sr,
δd ≈ 26�37%, Tesche et al. [2011], Freudenthaler et al. [2009], Groÿ et al. [2011]).
Measurements from the AERONET�MAN microtops II sun photometer provided additional
aerosol optical thickness (AOT) and Ångström exponent data. For the aged dust plume from
4�6May 2013 an AOT of 0.5 and Ångström exponent of 0.3 were measured. The observed
dust plume in the period from 9�23May 2013 showed an AOT of 0.28 and Ångström
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exponent of 0.2.
As the next step, we used the POLIPHON algorithm, which enables the separation of
distinct aerosol types, to compute the pro�les of dust and non�dust mass concentrations for
these four cases. These pro�les showed maximum dust mass concentrations of 120µgm−3,
90µgm−3, 120µgm−3, and 560µgm−3 on 5May, 9May, 14May, and 23May 2013, respec-
tively. Contrary to our expectations, the POLIPHON method application showed that
the smoke amount in the FT was small. By comparison of particle and total extinction
coe�cients we found that marine particles most probably dominate the non�dust mass
fraction throughout the aerosol layers. This is in reasonable agreement with the low lidar
ratios observed in the cases.
As the �nal step, mineral dust mass concentrations simulated with the models MACC,
NMMB/BSC�Dust, and SKIRON have been compared to the lidar�derived dust mass
concentration results. The column�integrated mass concentration showed that the dust
mass loading is generally underestimated in all models. It is also visible that the vertical
distribution often di�ers from the lidar�derived pro�les. Moreover, MACC provided mass
concentration pro�les of marine and black carbon particles which were compared to the
non�dust mass concentration pro�les from lidar measurements. MACC shows high mineral
particle mass concentrations in the FT up to 3�4 km height. Furthermore, simulated MBL
top heights are around 400m higher than top heights observed by lidar.
All in all, signi�cant di�erences in the dust optical properties in the discussed two dust
plumes were found and may result from aging e�ects. The model comparison showed
that further improvements in aerosol transport models are required to adequately describe
dust load and vertical distribution. A model comparisons with COSMO�MUSCAT will
soon be included in the aerosol model validation. For the �rst time, data of the optical
properties of Saharan air masses were collected along the transport over the North Atlantic
Ocean towards the Caribbean. Those data will be integrated in the SAMUM (Saharan
Mineral Dust Experiment) and SALTRACE (Saharan Aerosol Long-range Transport and
Aerosol-Cloud-Interaction Experiment) projects. They will link the retrieved data near the
mineral dust source and data in the receptor region after the long�range transport.
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