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transported Saharan dust at the Caribbean by dual-wavelength
depolarization Raman lidar measurements” by S. GroR} et al.

Anonymous Referee #1
Received and published: 3 August 2015

We thank this Reviewer for his careful reading of the manuscript and for his suggestions to help us
improve the paper.

The answers are given in a direct response (bold, italic).

The paper by Grol3 and Co-authors presents optical properties of Saharan dust layers over Barbados
that have been derived from lidar observations conducted in the framework of SALTRACE, the follow-
up to the highly successful SAMUM campaigns. The authors show that lidar-derived intensive
properties of Saharan dust at the Carribean show negligible difference to observations closer to the
source regions and in Central Europe. The paper presents solid findings that are of interest to the
readers of ACP. However, | suggest major revisions before publication because | believe that the
findings could be presented more concisely if the paper was freed of unnecessary ballast.

Major points:

e | suggest significant restructuring of the paper. The presentation of four case studies is
excessive and should be revised. Additional cases do not provide additional information -
particularly as the observed properties don’t vary much. | suggest to stick to one or (at
most!) two case studies.

We decided not to reduce our results to just one or two case studies. One main topic of our
study is if different dust mobilization mechanisms, found for the SALTRACE period and are
discussed in the text, have an impact on the optical properties of long-range transported
Saharan dust. For the four case studies we found no significant differences in the optical
properties measured by lidar at Barbados.

e The number of figures exceeds what | would consider reasonable for the amount of text. For
instance, Figure 1 is redundant as it doesn’t help in understanding the measurement
capabilities of POLIS. It is also unnecessary to present identical information multiple times.
For instance, basically the same statistics are provided in Table 1 and Figures 13, 14, and 15.
In the same way Table 2 overlaps with what is presented in Figures 14 and 15. Please decide
on presenting your findings either as figure or as table and omit what is not needed from the

paper.

The large number of figures results from the number of case studies we discuss in this work. But
we agree with this referee that there is some potential to tighten the information. For this
reason we removed Figure 1 and 13. However we want to keep Figures 14 and 15 additionally
to the information provided in Tables 1 and 2.

e You might make better use of the information in Figures 3 and 4 by combining trajectories
and source regions for individual cases in a single figure for the example case you decide to
present in the revised paper. The discussion of the measurement period (e.g. discussion of
Figure 2) could still include which source regions have been active during which part of the
campaign.



We also thought about this but finally decided to present the results in a more compact way
and keep the current presentation of the data; especially as a different presentation of the
data would result in 2 additional figures.

e Why do the profiles of lidar ratio and PLDR not cover lower heights when statistical
information on the parameters at these heights is given later in Table 1 and in Figures 13 and
16?

We included the lower height ranges in the profiles.

e It is incredible to see that the optical properties of Saharan dust remain unchanged after
thousands of kilometers of transport. Can you speculate about possible aging and transport
effects (mentioned on page 19339,lines 20-24) based on the data presented in the paper?
Regarding the argument made there (effect of transport path): Are the source regions for the
measurements at Munich similar to those active during SAMUM and SALTRACE?

We agree with this referee that it is astonishing to find almost unchanged optical properties for
long-range and fresh Saharan dust. We are still working on this topic and do not want to make
hasty speculations so far. Furthermore, similar dust source regions were active for the Munich
dust event and our measurements at Barbados.

Minor points:

e the city in affiliation 3 should be Valladolid

This was a typo. We changed it.

e | think the title does not properly reflect the content of the paper. The authors do not
present a complete characterization of the observed dust layers (i.e. including microphysical
and chemical properties of the particles). They focus on optical properties only. | therefore
suggest revising the title. What about "Optical properties of Saharan dust over Barbados as
measured with dual-wavelengths depolarization Raman lidar"

We followed this reviewer’s suggestion and changed the title accordingly.

e Please don’t use acronyms without proper introduction, e.g. AOD and SALTRACE in the
Abstract.

We changed that.

e Always give the wavelength when discussion AODs or AEs.

We added the wavelength to all discussions of AOD and AE.

e pl9326,l4 and p19326,113: "at the end of its way across the Atlantic" is kind of misleading.
Who says that the dust isn’t transported any further west? | suggest changing this to after

transport across the Atlantic

We changed that.



e pl9327,|5/6: sentence is redundant

We removed this sentence.

e pl19327,18: please provide original references to HSRL
We changed the references.

e pl19327,113: note that CATS, currently flying on the ISS, is equipped with a HSRL channel at
532nm

We included CATS in the introduction.
e pl19330,I111: What is meant with "high accuracy"?
This is redundant; we removed it at this point.

e Section 2.3 Data evaluation should be called Data analysis
We changed that.

e pl19330,I125: Raman channels "during daytime"

We added “during daytime”.

e pl19331,12: validated by "assessing the temporal evolution of the range-corrected signal" over
the smoothing period

We changed that.

e pl19331,l4 and later: please give smoothing lengths in meter, range bins should be in
parentheses

We changed that.
e pl19331,I9: What makes this method highly accurate? You cannot just state this.

The high accuracy of this method is demonstrated in the referenced publication. However, to
avoid misunderstandings we removed “highly accurate” at this point.

e p19333,I18-13 and 117-22: Shouldn’t this be part of Section 2?
We moved these paragraphs to Section 2.

e p19335,I11-4 (and the other case studies): Why is this not shown as profiles in Fig. 6 (8, 10,
12)?

We included the PLDR of the lowermost layer in Fig. 6, 8, 10, 12.

e pl19340,126: What are the threshold values for those aerosol types in the EarthCARE
classification scheme? It might be worthwhile to add those to Figure 16. This would be useful



information when getting to the end of this paragraph: "Thus, this threshold has to be
adapted..."

We did not add the threshold in Figure 16, but we added the values in the text.

e pl19341,120: closely related? what does this mean?

We changed “closely related with former measurements” to “follow up former measurements”.



Interactive comment on “Characterization of long-range
transported Saharan dust at the Caribbean by dual-wavelength
depolarization Raman lidar measurements” by S. GroR} et al.
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We thank this Reviewer for his careful reading of the manuscript and for his suggestions to help us
improve the paper.

The answers are given in a direct response (bold, italic).

This paper presents aerosol optical properties derived from high quality lidar observations during
SALTRACE, the Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Experiment.
Detailed presentation of several Saharan dust intrusions cases including the particle linear
depolarization ratio at both wavelengths is well done. | found very useful the analysis of the active
dust sources relevant for the four investigated case studies and | appreciate as an important issue
the presentation of the profiles and RCS in all four cases. | think the paper is a substantial
contribution to scientific progress within the scope of Atmospheric Chemistry and Physics. The
description of experiments and calculations is sufficiently complete and precise to allow their
reproduction by other scientists. The results are discussed in an appropriate and balanced way. The
authors give proper credit to related work and clearly indicate their own contribution. | am
suggesting only few minor changes as follows:

e Figure 1- Please provide a technical drawing instead of the picture of the instrument.

We removed Figure 1.

e In the abstract please rephrase “long-range transported Saharan dust at the end of its way
across the Atlantic”- this one sounds like you have a proof the dust get deposited in Barbados
or somehow vanished after crossing the Atlantic

We changed “at the end of its way across the Atlantic” to “after transport across the Atlantic”.

e Please rephrase also this statement “Our study includes the general aerosol situation during
our measurement period as well”’- | am not sure what you meant by “general aerosol

situation”.

We changed this statement to “... a general investigation of aerosol layering and optical depth

”
o .



Interactive comment on “Characterization of long-range
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Received and published: 8 September 2015

We thank Dr. Miffre for his suggestions to help us improve the paper.

The answers are given in a direct response (bold, italic).

The manuscript proposed by S. GroR et al. reports on lidar measurements performed in the
Caribbean Island of Barbados. The introduction states the difficulty of studying dust particles after
long-range transport and underlines the complexity of involved atmospheric processes such as aging,
mixing with other aerosols or nucleation to quote only a few. Facing such a complexity is indeed
difficult while ideally lidar measurements should become standard tools for atmospheric studies. In
this context, all my comments are intended to improve the science of this manuscript and help
potential future readers.

On the methodology

The methodology proposed by S. GroRR et al. to analyze two-component particle mixtures is not the
only existing one nor the pioneering one. As the manuscript may potentially have a large impact,
other methodologies (Shimizu et al. JGR2004, Nishizawa et al. JGR2007, David et al. ACP2013) could
be quoted, especially in a context where more than 45 % of the given references are from one of the
co-authors.

We do not claim to develop a new methodology for data analyzing, but we use an established
procedure which (for our measurements) is described in the referenced literature and apply it, for
the first time, to lidar measurements of long-range Saharan dust at Barbados. This method is based
on a long history of data analysis. As this history might be of interest for readers we included some
more references in the text.

On the measurements and the analysis

How is the PLDR-value and uncertainty of 0.27 + 0.01 retrieved from the measurements? Looking at
the observed vertical profiles, the uncertainty seems larger. Accordingly, how does the “highly
accurate +45_ calibration method” (page 19331, line 9) relate with other published methods (Alvarez
et al. JTECH2006, David et al., APB2012) that rely on a dozen of points ?

We guess that the comment refers to Figure 8 and Table 1. Indeed the error bars are too large in
the figure by mistake. The data in Table 1 are correct. We changed Figure 8. As mentioned in the
text, "the error calculation of v and 6p was done analogue to Freudenthaler et al. (2009)". For the
determination of the calibration factor V*, or G, Alvarez et al. (JTECH 2006) and David et al. (APB
2012) use a halve wave plate to rotate the plane of polarization of the light in the receiving optics
by angle ¢, while POLIS uses a mechanical rotation of the receiving optics. For both methods Eq.
10 in Freudenthaler et al. (Tellus 2009) shows that the signal ratio of the cross and the parallel
channels 6%, from which the calibration factor V* is determined, depends on ¢ and on the volume
linear depolarization ratio év, except for ¢ = +45°, where the dependence on év vanishes. Actually
only one measurement of 6* at ¢ = +45° or -45° would be necessary to determine V*, but usually
the plane of polarization of the laser beam and the absolute position of the calibrator rotation are
not exactly known, which introduces another parameter y, the offset angle, which is considered in
Alvarez (JTECH 2006) but not mentioned in David (APB 2012). That means in general three



parameters have to be retrieved, which requires at least three measurements at different angles.
The measurements of 6* around 0° and 90° are most sensitive to v and least around £45°, while
the sensitivity to y is highest around *45° and lowest around 0° and 90. For the latter problem it is
shown by Freudenthaler et al. (Tellus 2009) with a numerical simulation (it can also be shown
analytically), that the geometric mean of two measurements around +45° exactly 90° apart the
influence of 6v and y are decreased by a factor of about 100, which reduces the number of
necessary measurements again to two. Another reason for using as few as possible measurements
is the signal to noise ratio, which increases with averaging time and vice versa decreases with the
number of measurement points for a given time for the whole calibration. This is important
because the calibration should be done regularly (we do it every time we switch on the lidar
system) until the temporal stability of the calibration constant is verified. With several lidar
systems we discovered both a day to day variance above the noise error, maybe caused by thermal
influence on the detection electronics or optics, and long-term changes due to degradations of
various components. The 90° difference can be achieved quite accurate by mechanical means
(POLIS), but also using good actuators, as it is probably the case in David (APB 2012) because there
no errors are mentioned for the measurement angles. The possible detector saturation at £45° is an
issue, but is solved by means of a polka-dot attenuator on top of the telescope, which doesn't
influence the ratio of the polarization measurements. Such an attenuator would also be necessary
at smaller angles, albeit with lower attenuation.

In Figures 6, 8, 10, 12, 13 and 14, could you improve the PDLR-graph so that the reader may see the
data points? Why is the PLDR not retrieved below 2 and above 4 km? It may be useful for the reader.
In the same way, in Figures 5, 7 and 9, could you modify the &v color scale? | only see two colors
while a 8-bins color scale is used.

We changed Figures 6, 8, 10, 12 to show the retrieved PLDR below 2 km. Above 4 km the aerosol
load is too low to calculate the PLDR with significant uncertainty. We removed Figure 13 as
suggested by Reviewer #1.

In their assumed two-component mixture, S. Grol et al. use “for the aerosol type separation 0.30 at
532 nm for dust and 0.02 for marine aerosols according to the findings for pure Saharan dust and
marine aerosols (Freudenthaler, 2009, GroR 2011b)”. According to the observed variability in &p in
the quoted papers, how is the 0.30 value chosen? Which value is used at 355 nm? To what extent do
the corresponding uncertainties (at 355, 532 nm) modify your conclusions?

The chosen value represents the mean value of the measurements presented in the referenced
literature. Certainly there is a natural variability of these values, however this variability was found
to be smaller than our measurement uncertainties. Uncertainties of the used input values result in
uncertainties of 10-30% of the retrieved quantities as stated in the referenced literature. As this
comparison is performed for sun-photometer and lidar measurements at 500 nm and 532 nm,
respectively, we do not use a value for 355 nm.

On the interpretation of the measurements
| disagree with the interpretation proposed by S. GroR et al. on several points.

1: To interpret their lidar measurements, S. GroR et al. assume a two-component particle mixture
(page 19331, line 20). In the Caribbean, | would rather expect a three- component particle mixture,
with water-soluble, sea-salt and dust particles to be more realistic: some back-trajectories (like the
blueish) fall very close to sea level. While sea-salt particles can be found up to the tropopause
(Ikegami 1994), could you discuss on your assumption of a two-component mixture? Reference
literature to three-component particle mixtures (Sugimoto et al. Atm. Res.2010, David et al.
ACP2013) are not quoted, while they may interest potential future readers. How do you discriminate



non-spherical dust from sea-salt particles, which are non-spherical below 40 % relative humidity?
This remark is important because aerosols are then classified at the end of the manuscript.

Our assumption of a two-component mixture in the lowermost layers is based on co-located in-situ
measurements; Publications within this Special Issue are in preparation. The separation of sea-salt
particles and dust was performed in the lowermost layers where the relative humidity was always
larger 40 %.

2: As detailed in the introduction, reference literature exist showing that &p is modified for an aged
Saharan dust plume (Wiegner et al. 2011) compared to values measured in fresh Saharan dust
plumes (GroR et al. 2011b). Additionally, aerosol lifetime (Amiridis 2009) modifies the lidar ratio.
However, in this manuscript, S. GroR et al. arrive to the opposite conclusion. How do you explain this
difference? Is your conclusion a general established fact or a specific particular case? | do not
understand the comparison of the SALTRACE experiment in the Caribbean with former experiments
performed in Munich and during SAMUM campaigns a few years before. Could you assume that the
source regions are the same, and if they are, that the activity of these sources is the same? On this
point, | agree with Reviewer #1.

The work of Amiridis et al., 2009 deals with lidar measurements of biomass burning aerosols and is
not suited for a comparison with our dust measurements here. In our analysis we found no
significant differences in consequence of different activation methods or source regions. For the
dust layers observed over Barbados and Munich (Wiegner et al., 2011) we found similar dust source
regions.

3: 1 have some concerns with the classification proposed by S. GroR et al.

i) In the classification scheme, the plotted quantities (i.e. §p and Sp) are representative of
the particles mixture and hence not specific to one type of particles (see Miffre et al.
GRL2011 for the difference between 6p and &ns). &p is not a tracer for nonspherical
particles (David et al., ACP2013). A “pure case” is however often reported in the
manuscript (in the abstract and in the text). Could you provide evidence of a “pure case”
here? Can we find “pure case” in the atmosphere? The coauthors have already used this
terminology but it has never been defined in terms of chemistry and particles content.
Optical devices are not sensitive enough to claim the existence of pure cases (one
compound).

We do not see the point of this comment. The classification scheme shown in Figure 16 and
adopted from other peer-reviewed publications is based on a multitude of co-located and
synergistic lidar and in-situ measurements, while the stated article shows lidar measurements of a
single event of volcanic ash and Saharan dust mixtures. Furthermore the stated paper declares
‘Aerosol UV-depolarization serves as an independent means to discriminate ns from s-atmospheric
particles’ while in the next sentence of this comment they say ‘6p is not a tracer for nonspherical
particles (David et al., ACP2013)’. Our assumption of ‘pure dust’ is based on coordinated airborne
in-situ measurements of the chemical and microphysical parameters of the observed aerosol layers.
These results will be published in further publications within this Special Issue.

ii) Above all, though 6p and Sp are intensive, a great variability can be observed in Sp and
Op just by varying the size, the shape or the chemical composition. As published by M.
Kahnert (JQSRT, 2015), a prerequisite for a potential classification scheme is that the
variation in 6p among particles in the same type is small compared to differences in &p
among particles of different types and according to the state-of-the art literature, this is
not a given. How do you account for this publication?



The publication of Kahnert deals with scattering of single particles in which case the shape and the
chemical composition of the particle is of great importance. Lidar measurements represent
measurements of a certain volume of air with a composition of different shape, chemical properties
and orientation. From all our measurements including SAMUM, SALTRACE and long-range
transported Saharan dust to Europe within EARLINET we do not see a strong variability in 6p and
Sp for Saharan dust plumes which had most properly no influence from other aerosol types. We do
not know which state-of-the art literature is meant here showing that the intensive optical
properties of one type varying stronger than the intense optical properties of different aerosol
mixtures.

4: S. Grol3 et al. conclude that the intensive properties do not vary over several thousands of
kilometers. Literature Reference (Ridley et al. ACP2013) indeed shows that the particle size
distribution is modified during transport “Dust particle size showed a weak exponential relationship
to dust age. Two cases of freshly uplifted dust showed quite different characteristics of size
distribution”. Following the link that exists between &p and the particles size, the particle
depolarization is then modified. How do you account for this remark in regards to your conclusion
that 6p remains constant? By looking at Figure 14 in detail, a potential reader may wonder if this
conclusion results from the atmosphere or from the lack of precision or/and sensitivity of the
experiment. Could make some comment on this?

We guess that not the publication of Ridley et al. (GRL2013, ACP2014) but the publication by Ryder
et al. (ACP2014) is meant in this comment. We totally agree that ép is dependent on the particles
size. Following the results published by Ryder et al. the difference in ép for long-range transported
dust in the Caribbean compared to fresh 6p measurements close to the source should be in the
range of 0.01 to 0.02. These are about the changes in 6p we observed at Barbados and report in
our article. Changes of the microphysical properties of long-range transported dust are under
investigation and will be published in separate articles within this Special Issue. Referring to the
comment on Figure 14 it is clear that the uncertainties in the retrieved optical properties are
dependent on the measurement/aerosol conditions. Most of the measurement points shown in
Figure 14 clearly show constant values with small uncertainties.

One specific comment

Page 19340, line 13: S. GroR et al. wrote that “It has been shown that the lidar ratio and the particle
depolarization ratio are quite different for different types of aerosols” and quoted reference to Sakai
et al. (2010) to justify this statement. In their paper, Sakai et al. only addressed the particle
depolarization and nothing is said about the lidar ratio. Could you provide another reference?

We added more references addressing particle depolarization and lidar ratio.



Interactive comment on “Characterization of long-range
transported Saharan dust at the Caribbean by dual-wavelength
depolarization Raman lidar measurements” by S. GroR} et al.

PR Rairoux
Received and published: 8 September 2015

We thank Dr. Rairoux for his suggestions to help us improve the paper.

The answers are given in a direct response (bold, italic).

The task of describing particles optical properties after long range transport is a difficult task, as
already quoted in the literature. The work presented by Gross et al. intends to reproduce such work
concerning Sahara dust. However such event in the SALTRACE region of the Earth has never been
reported before and it is very interesting to report how the optical properties of atmospheric aerosol
are changing after crossing both the African continent and the Ocean. Because the methodology
used to analyze with lidar device the change in aerosol optical properties after long-range transport
is not new, it will be interesting for the readers that the authors quote others methodologies applied
for such analysis as for example Sugimoto et al., AO 2006, Shimizu et al. JGR 2004 , David et al, ACP
2013. | have some concerns with this manuscript.

We followed the advice to include further references in the text.

1. The title does not refer the paper content. Gross et al. presented an analysis of a few cases, which
is not a characterization that relies on the generalization of useful and well accepted physical,
chemical or geophysical characteristics. Moreover, the study only relies on aerosol optical properties
and not on aerosol chemical properties.

We agree and changed the title to ‘Optical properties of long-range transported Saharan dust over
Barbados as measured by dual-wavelength depolarization Raman lidar measurements’

2. Why is the individual profile of the aerosols depolarization not shown in the PBL for the volume
depolarization? It will strongly help the reader to improve the comprehension on how this parameter
behaves in the atmosphere.

We changed the figures to show the particle linear depolarization ratio also in the PBL.

3. In the introduction, why is Earthcare program here quoted? It has nothing to do with the proposed
analysis of the field campaign.

The basic lidar classification scheme of the future EarthCARE mission is mainly based on dust lidar
measurements close to the source region. Up to now it was rather unclear if the thresholds derived
from these measurements are also valid for long-range transported Saharan dust. As our
measurements and analysis provide information on this topic we mention this in the introduction.

4. What do we learn that the PLDR, presented in figure 14 remains constant within the error bars?
Same question with figure 15 on the Lidar ratio?

From Figure 14 and 15 we see that the optical properties (the particle depolarization ratio and the
lidar ratio) do not show large differences for long-range transported Saharan dust compared to
fresh dust close to the source regions. Possible modification of the particle microphysical and



chemical properties are either rather small or do not have significant influence on the derived
optical properties. More information of the microphysical and chemical properties of long-range
transported Saharan dust will be given in additional publications within this Special Issue (currently
under preparation).

5. My main concern is relative to figure 16 and the way to use intensitive optical parameters (Lidar
ratio and PLDR) to classify aerosol. It is a first tentative but it should not be considered as a general
method. This because the sensitivity and the accuracy of the measurements are not high enough to
realize this classification and only specific cases are shown on this 2D plot. The atmospheric content
shows many examples of external mixed aerosol with the same PLDR and Lidar ratio values and
different kind of particles with different microphysical properties. On this topic, can the authors
discuss on what does “Pure Dust” mean and this quantitatively and not qualitatively.

Certainly aerosol typing of lidar measurements alone is more uncertain than in combination with
other information. Furthermore it is crucial that the uncertainties of the derived optical properties
are small enough to derive a significant result. Another problem is that mixtures of different
aerosol types may result in the same optical properties. Here further information might be of some
help. For the question about a quantitative discussion about ‘Pure dust’ we refer to a separate
paper within this Special Issue concerning the chemical composition of the Saharan dust layer
which is currently under preparation.
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Abstract. Dual-wavelength Raman and depolarization lidar observations were performed during

the Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Experiment at Barbados

in June and July 2013 to characterize the optical properties and vertical distribution of long-range

transported Saharan dust @fter transport) across the Atlantic Ocean. Four major dust events were

5 studied during the measurements from 15 June 2013 to 13 July 2013 with aerosol optical depths @b

5325 of up to 0.6. The vertical aerosol distribution was characterized by a three-layer structure

consisting of the boundary layer, the entrainment or mixing layer, and the pure Saharan dust layer.

The upper boundary of the pure dust layer reached up to 4.5 km height. The contribution of the pure

dust layer was about half of the total @erosol'optical'depthrat’532nm? The total dust contribution was

10 about 50-70% of the total @erosoloptical'depth'at’ 532 nm:) The lidar ratio within the pure dust layer

was found to be wavelength independent with mean values of 53 4 5 sr at 355 nm and 56 + 7 sr at

532 nm. For the particle linear depolarization ratio wavelength independent mean values of 0.26 +
0.03 at 355 nm and 0.27 £ 0.01 at 532 nm have been found.

1 Introduction

15 Aerosol particles play a key role in the Earth’s climate system and affect the Earth’s radiation budget
in two different ways; directly by interacting with solar and terrestrial radiation (scattering and ab-
sorption) and indirectly by acting as cloud condensation nuclei and therewith influencing the clouds
microphysical and optical properties and the clouds lifetime. Up to now the impact of aerosols on the
global climate system is not fully understood (Forster and et al.l 2007} |[Penner et al., 2011} Boucher

20 (Efarl2013). One main reason is the strong variability of aerosols. The sign and the magnitude of

the radiative forcing crucially depends on the vertical distribution of aerosols, their microphysical
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properties and chemical composition, the reflectance of the underlying surface and the occurrence, |

Land amount of clouds (Forster and et all, [2007). However, knowledge of the temporal and vertical
aerosol distribution on the global scale is limited (Penner and et al., 2001; TPCC, [2013)). Additionally,
significant sources of uncertainty result from deficits of satellite-based measurements in the deter-
mination of global mean AOD 2013), and from the insufficient knowledge of the impact

of mixing, aging processes and transport on the aerosol optical and microphysical properties.

 Advanced lidar systems like Raman lidar systems (Afismannietaly(I990I992) or high spectral
resolution lidar (HSRL) systern (SHNIESICERT ISSEH SHIMZNCEAI) IS5 iOTeNEIORa
(898 with polarization sensitive channels (SESSSHICHaNNISSONERIESHIRAIEH €t al’)(2009) provide

information about the optical properties of aerosol layers. (Spaceboine lidar measurements are an
excellent tool to examine the global vertical distribution of aerosols. The Clotid=A€rosol' Eidarwith

Orthogonal Polarization (CALIOP) on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSOQ)jisian elastic backscatter lidar systems (SiifKSHSHAINZ008) and has
only limited capability to distinguish different types of @erosols (DiTNSHaNE00R)? In contrast,
with the Cloud-Aerosol Transport System (CATS) currently flying on board the international space
(Staticni(ISS)randithe future ESA satellite mission EarthCARE polarization sensitive HSRL gystems)

are deployed, having the potential to classify different aerosol types (Biifton et aly2012y(GroBetal)

(201B)20T135). However, current classification schemes for EarthCARE lidar measurements are mainly
Dased on measurements of pure and fresh aerosol types (GroBIetal)(Z0Tla) 201 (lingworthand)
2014). Byt jas the optical properties are related to the microphysical properties like particle

size, particle shape and chemical composition (Gasteiger et al.l 2011b, [a), aerosol aging, mixing
and modification during transport can have an impact on the lidar derived optical properties, as well

as on their wavelength dependence. For example, for measurements of the lidar ratio over Greece
Amiridis et al.| (2009) found that both, the value and the wavelength dependence of the lidar ratio

of biomass burning aerosols may change with aerosol lifetime. Thus, possible changes of the lidar

derived optical properties have to be investigated and considered for proper aerosol classification.

Mineral dust is a major component of the atmospheric aerosol (Haywood and Boucher, 2000}
[Forster and et all 2007) with the Saharan desert being the most important source of mineral dust
(Goudie and Middleton| 2001} Washington et al.| 2003} [Shao et al., 2011). Once lifted in the air,
jmineral dust can be transported over thousands of kilometers (Goudie and Middleton| 2001}
exposed to the effects of aging and mixing. These effects change the optical, micro-

physical and cloud condensation properties. Coatings on mineral dust particles and mixing with

other aerosols change the optical properties (Nousiainen), [2009; Redmond et al[2010) and thus alter

their radiative impact (Bauer et al., [2007). For example, biomass burning aerosols and mineral dust

may become internally mixed when aging together (Hand et al., 2010) and thus change their size
distribution, optical properties, hygroscopicity and their ability to act as cloud condensation nuclei

(Wex et al., 2010). From measurements close to the dust source regions in comparisons to measure-
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ments in dust plumes over Cape VerdeWeinzierl'et'al))(20TT) found an indication of sedimentation

of large particles in Saharan dust plumes during transport although sedimentation of large super-
micron dust particles was less pronounced than expected from Stokes gravitational settling. |Yang
et al.| (2013) assume a shape-induced particle sedimentation from measurements of transported dust
with the space-based lidar system onboard the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) satellite mission (Winker et al.| |2009). [Wiegner et al.| (2011)) found an increase of the
mean particle linear depolarization ratio at 355 nm of an aged Saharan dust plume over Central Eu-
rope compared to values measured in fresh Saharan dust plumes (Freudenthaler et al., |2009; |Grof3
et al., 2011b). Up to now the mechanism and magnitude of dust aging is unknown, and whether and
how it influences the optical properties of dust.

In this work we present dual-wavelength Raman and depolarization lidar measurements of long-
range transported Saharan dust over Barbados. Our study includes @ general {fiVestigation'of) acrosol
layering and optical'depth) during our measurement period as well as the characterization of the
Saharan dust layer and marine boundary layer by means of the lidar ratio and the particle linear
depolarization ratio. These observations are crucial to investigate possible age-induced changes in
the intensive lidar optical properties necessary for lidar based aerosol classification schemes. The
measurements were performed during the SALTRACE closure experiment. A general description
of the SALTRACE campaign, our lidar measurements and data analysis is given is Section 2. The

results are presented in Section 3, and discussed in Section 4. Section 5 summarizes this work.

2 Measurements and Instrumentation
2.1 SALTRACE

In June and July 2013 the Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Ex-
periment (SALTRACE, http://www.pa.op.dlr.de/saltrace/index.html) took place. SALTRACE was
designed as a closure experiment combining ground-based lidar, in-situ and sun photometer instru-
ments, with airborne aerosol and wind lidar measurements of the research aircraft Falcon of the
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), satellite observations and model simulations.
The main ground-site during SALTRACE was on Barbados where extensive lidar were performed.
Barbados is an optimal location to characterize long-range transported dust @fter transport across
the Atlantic Ocean. In addition, the 50-year Barbados dust record (Prospero et al., [1970) provides
long-term information on year to year variability of trans-Atlantic dust transport to the Caribbean.
The SALTRACE project continues the work started with the SAMUM-1 and SAMUM=2 (Ans-

90 (mannefall20T1) which aimed for characterizing Saharan mineral dust in the source regions and

at different stages of dust lifetime. During SALTRACE particular focus was drawn on aerosol ag-
ing and mixing, and on aerosol removal processes. Therefore the physical, chemical and optical

properties of the long-range transported Saharan dust layers were characterized in-depth to study
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the impact of long-range transported dust on the Earths radiation budget, clouds and precipita-

95 tion. During SALTRACE, ground-based measurements at Barbados were performed at two main
locations: ground-based in-situ measurements were made at the very eastern edge of the island

at Ragged Point, whereas the lidar measurements were carried out at the Caribbean Institute of
Meteorology and Hydrology (CIMH) at the south-western side of Barbados (13.14 N, 59.62 W).

Sun photometer measurements were performed at both measurement sites. For this study we use

100 the AERONET CIMEL (Holben et al.,|1998)) measurements 'Barbados_SALTRACE’ performed at
CIMH. SALTRACE measurements were carried out between 10 June and 15 July with the main

| closure experiments taking place between 20 June to 12 July 2013.

2.2 POLIS lidar system

In this work we present measurements of the small portable Raman and depolarization lidar sys-

105 tem POLIS pf the Meteorological Institute (MIM) of the Ludwig-Maximilians-Universitit (LMU)
Miinchen. POLIS is a 6-channel lidar system measuring the No-Raman shifted wavelengths at 387
nm and 607 nm and the elastic backscattered signals (cross- and parallel-polarized) at 355 nm and
532 nm(Freudenthaler et al,, [2015). Thus profiles of the particle extinction coefficient c, and
backscatter coefficient 3, of the lidar ratio S, and of the volume and particle linear depolariza-

10 tion ratio d, and J,, at 355 nm and 532 nm can be retrieved. The full overlap of POLIS is at about
200 m to 250 m depending on system settings. The range resolution of the raw] data is 3.75 m; the
temporal resolution is 5-10 s depending on atmospheric conditions. The repetition rate of the fre-
quently doubled and tripled Nd:YAG laser is 10 Hz with a pulse energy of 50 mJ at 355 nm and 27
mJ at 532 nm. |

115 | 2.3 Dataanalysis

The particle extinction coefficient c, is retrieved from the Raman signals at 387 nm and 607 nm

(Ansmann et al.L|1990), the particle backscatter coefficient 3, is derived from combined Raman and

elastically backscattered lidar returns at 355/387 and 532/607 nm (Ansmann et al.||1992)). The height

dependent lidar ratio S,=a,/3, can be derived from the ratio of both properties. Due to the low

120 signal-to-noise ratio of the Raman (€hannels dufing daytime; these measurements were restricted to

night-time only. Furthermore, typical temporal averaging of one hour is necessary for analyzing o,

and S), to achieve a sufficient signal-to-noise ratio. The temporal stability of the atmosphere within

this time period has been validated by (@SS€ssing the f€mporal'evoliition of the range corrected signal

Pr? over the whole smoothing period. A typical vertical smoothing of EZ900MN250 Fangebins) is

125 applied to further increase the signal-to-noise ratio. The errors of the retrieved optical properties are
calculated according to|Grol et al.|(2011c).

From the co- and cross-polarized elastically backscattered signals the volume linear depolarization

ratio ¢, and the particle linear depolarization ratio ¢, (Biele'€fal} 2000;|Freudenthaler et al} 2009)
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135

(@arerderived) The relative calibration factor of both polarization channels was determined with the |

+45°-calibration method (Freudenthaler et al.,[2009) by manually rotating the receiver optics behind

the telescope. Although the signal-to-noise ratio of the elastic channels is much better than for the
Raman channels the same temporal average was used for the analysis of the nighttime Raman and
depolarization measurements to get comparable results. The vertical average of the elastic signals is

typically 550/ (150 fangebiis)) otherwise the vertical smoothing length is specified in the text.
Details of the depolarization calibration and system performance can be found by (Freudenthaler)

et al (2009, [2015). The error calculation of d, and &, was done analogue to(Fieudenthalerietal)

4 (2009).

To determine the dust contribution within the boundary layer and the intermediate layer, we de-

termined the profile of the dust backscatter coefficient applying a procedure basedionithesworkich

140 (SN @I dscribed by (TESERETEHA) 20098) nd (GTGBIERE) @UI assuming a

two-type mixture of dust and marine @EFOSOISI(bASEANORCOOdinAtEdNinESitIMEasurements)) The
linear depolarization ratios used as input for the aerosol type separation are set to §; = 0.30 at 532

nm for dust and J,,4 = 0.02 for marine aerosols (Felativeliumidityi=>40%)) according to the findings

for pure Saharan dust and marine aerosols (Eféudenthaleretals(2009;(GroRefal}20T1B). The dust

extinction coefficient is derived following the equation ag=34*S54. The lidar ratio of dust (Sq = 55
sr) is taken from{T€SERETAl(Z009B) and is in good agreement with the mean S),-values we find for
long-range transported Saharan dust during SALTRACE. |

To identify dust source regions and transport way and time, we use a combination of backtrajectorie
(Calculatichrandisatellitelobservations? The trajectories were calculated with the Hybrid Single Parti-

cle Lagrangian Integrated Trajectory (HYSPLIT) model (Dfaxleriand'RoIphl{2012) and the NCEP
Global Data Assimilation System (GDAS) meteorological data. Start time and height of the trajecto-
ries were chosen according to the analyzed lidar measurement time periods and the height ranges of
the presumed dust layer. The duration of all backward trajectories is 312 hours. Different dust source
activity over North Africa and thus different source region contributing to the dust plume observed
at Barbados are identified from infra-red (IR) dust index images calculated from Meteosat Second
Generation (MSG) Spinning Enhanced Visible and Infra-Red Imager (SEVIRI) observations (Figure
4). As described in detail in{SChepanskietall(2007). active dust sources are identified and recorded
on a 1°x1° map covering Africa north of 109 N. J 4
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3 Results
3.1 General overview

During SALTRACE we observed a sequence of dust events with Saharan air masses being trans-
ported with easterly winds over the Atlantic to Barbados. The dust episodes often lasted several for
days and provided, apart from shallow cumulus clouds, optimal measurement conditions in the dry
and aerosol rich air. The dust events were interrupted by wet periods with strong convective activity

and precipitation. Here we focus on the analysis of four major dust events.

Figure 1, Time series of (a) aerosol layering during SALTRACE derived from POLIS lidar measurements dur-
ing the evening measurement sessions, (b) Angstrom exponents between 440 nm and 870 nm (blue dots) from
CIMEL sun-photometer measurements, (c) the fraction of pure dust optical depth (orange) and total dust optical
depth (brown stars) to the total AOD, and (d) aerosol optical depth (AOD) at 500 nm derived from CIMEL sun-
photometer measurements (dark green) and at 532 nm derived from POLIS lidar measurements (light green)
and optical depth of the pure dust layer (orange) and of the whole dust contribution in the atmospheric column

(brown stars) at 532 nm derived from POLIS lidar measurement.

The aerosol optical depth (AOD) @500Mmrand 532 during these major dust events reached
values of up to 0.55. The corresponding Angstrom Exponent (AE) between440Mmnand 870 i
showed very low values of 0.2 and lower. The overall aerosol situation was characterized by a three
layer structure (Figure (1)3(The optical properties of the boundary layer (up'to 0.5 to 1.0 Km)'were
mostly dominated by marine aerosols, except during the first and last measurement days. At heights

from about 1.0 to 2.0 km the aerosol layer was composed of a mixture of predominantly dust and |
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marine’aerosols? This layer showed high variability with respect to aerosol load and mixture. During
SALTRACE almost all cloud processes in the lower troposphere took place within this layer. Above
175 this intermediate layer a Saharan dust layer was present almost permanently during our measurement
period, except on 8th and 9th July when Tropical Storm ’Chantal’ dominated the weather situation.
During the main Saharan dust events this uppermost dust layer showed AOD values of about 0:27t
532'nm, in some cases the AOD @532 even reached values of more than 0.3. The contribution
of this pure Saharan dust layer to the total AOD @#5328im usually ranged between 30% and 60%,
180 in some cases up to 80%? The total contribution of Saharan dust to the total AOD @t¥532%im was
50-80%, except during Tropical Storm Chantal, when the Saharan dust contribution to the total AOD

als328m was only 20%. An overview over the vertical layering and the AOD is given in Figure @&
3.2 Case Studies

We present four case studies, which are representative for the four dust events that occurred during
185 the core period of SALTRACE. The date and time of the chosen cases studies are 20 June (23-24
UTC), 27 June (0-2 UTC), 1 July (7-9 UTC), and 11 July 2013 (23-24 UTC). One main topic of
our analysis is to investigate whether the different dust events show a variability in the retrieved
optical properties. Figure @ shows a back-trajectory analysis for the four selected case studies, All |
trajectories show an advection from easterly directions and source regions located inside the Sahara |
190MFEgion) However, the specific flow patterns of the air masses of the different events are quite different
as well as possible source regions within the Saharan desert. |
For the four case studies (20 June, 27 June, 1 July, 11 July 2013), different dust sources regions
are found to be (@ctive'(Figure'3)) A brief overview on the dust contributing source regions and
the meteorological regime resulting into dust uplift will be given in the following. HY SPLIT back-
195 trajectories) are analyzed to identify the dates on which the Saharan air mass observed over Barbados
where likely over dust source regions over North Africa. For the first two cases (20 and 27 June),
dust source activation over North Africa was dominated by the Harmattan flow (a dry and dusty
trade wind over West Africa). The latter; two July,cases (1 and 11 July) show an increase in deep
convective activity and Haboobs (heavy dust storm) become a more frequent dust uplift mechanism

200 compared to the June-cases.
13.2.1 20 June 2013; 23:30 — 24:00 UTC

Already during the first measurement period of the SALTRACE campaign we were able to observe

a strong Saharan dust event with total AOD of up to 0.55. Dust sources contributing to the dusty air

mass reaching Barbados on 20 June 2013 were active during 11 to 13 June 2013. On 11 June 2013,

205 strong Harmattan winds and embedded nocturnal low-level jet (LLJ) forced dust uplift over the
| Adra and southeastern Hoggar region (NE Mali and SW Algeria). Entrained into the northeasterly
Harmattan flow, dusty air is transported towards the tropical North Atlantic. On 12 June 2013, dust


Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Move�
text
This text was moved from page 7 of old document to page 5 of this document

Compare: Insert�
text
"marineaerosols."

Compare: Move�
artifact
This artifact was moved from page 6 of old document to page 6 of this document

Compare: Delete�
text
"160165170175180185190"

Compare: Insert�
text
"175"

Compare: Replace�
text
[Old text]: "0.2,"

[New text]: "0.2at532nm,"

Compare: Insert�
text
"at532nm"

Compare: Insert�
text
"at532nm"

Compare: Insert�
text
"180"

Compare: Replace�
text
[Old text]: "80%ofthetotalAOD."

[New text]: "80%."
The following text attributes were changed: 
   font

Compare: Delete�
text
"Dustwasmainlyfoundinthepuredustlayerandtheintermediatelayer,andhadanonlyminorcontributiontotheboundarylayer."

Compare: Replace�
text
[Old text]: "2."

[New text]: "1."

Compare: Insert�
text
"185"

Compare: Replace�
text
[Old text]: "3"

[New text]: "2"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"190region."

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
[Old text]: "active."

[New text]: "active(Figure3)."

Compare: Replace�
text
[Old text]: "back-trajectories"

[New text]: "back195trajectories"

Compare: Move�
artifact
This artifact was moved from page 7 of old document to page 7 of this document

Compare: Move�
artifact
This artifact was moved from page 7 of old document

Compare: Insert�
text
"at532nm"

Compare: Insert�
text
"at532nm"

Compare: Delete�
text
"region."

Compare: Move�
figure
This figure was moved from page 8 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Move�
figure
This figure was moved from page 8 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 9 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Move�
text
This text was moved from page 8 of old document to page 8 of this document

Compare: Move�
artifact
This artifact was moved from page 8 of old document to page 8 of this document

Compare: Insert�
text
"200"

Compare: Delete�
text
"195"

Compare: Insert�
text
"205"

Compare: Delete�
text
"200"


—Bo 50 —40 30 —20 10 )] 10 20

’;@;@ 5% .'?

25 30 35 40 45
0z G2 0f G J¥ St

10 15 20
dl 51

5
g

Helght /km

G 24 43 FZ 896 120 144 1468 152 Z16 Z40 264 ZBEB 31Z2
Time/h

Figure 2. 312-h backward trajectories calculated with the Hybrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model (Draxlerand RoIphl2012) and GDAS meteorological data for the pure dust layers on
20 June 2013, 23 UTC (reddish), 27 June 2013, 01 UTC (blueish), 1 July 2013, 8 UTC (greenish), and 11 July,
23 UTC (yellowish). The stars along the trajectories indicate 24-h time steps. The height range of the pure dust

layers is indicated in Table 1.

Figure 3. Active dust sources relevant for the four investigated case studies. The colors indicate which source

region contributed to which dust event observed at Barbados.
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emitted by strong Harmattan winds from the Niger flood plains south of Timbuktu (Mali) were up-

taken by an air mass crossing the Atlantic and reaching Barbados on 20 June 2013.

Figure 4, Radiosonde measurements of temperature and relative humidity (upper left panel) and of wind speed
and wind direction (lower left panel), and lidar measurements of the range corrected signal (upper right panel)
and of the volume linear depolarization ratio (lower right panel) at 532 nm between 20 June 2013, 23:00 UTC
and 21 June 2013, 1 UTC. The radiosonde was launched on 21 June at 1:54 UTC

Figure 5. Profiles of the particle extinction coefficient (EXCO) and the lidar ratio (LR), and of the particle
linear depolarization ratio (PLDR) of the pure dust layer at 355 nm (blue) and 532 nm (green) on 20 June 2013,
23:30 — 24:00 UTC. The error bars indicate the systematic errors.

210 Figure @ gives an overview of the measurement situation in the night from 20 June to 21 June 2013
A when the Saharan dust layer slowly faded away. The Saharan dust layer can be clearly identified by
enhanced d,, of about 0.15 in heights from 1.5 to 3 km. A clear signature to distinguish the dust
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layer from the mixing layer at about 0.8-1.5 km with rather similar values of the range corrected
signal but lower §,, values. In the lowermost 0.8 km the range corrected signal shows high values

215 with low J,, which is an indication for a marine dominated boundary layer. In the height level
| of the Saharan Air Layer (SAL), the relative humidity is low (notice that lidar measurements and
radiosonde measurements have an offset of about 2 hours in this case study) and the air masses
were transported from mainly north-easterly directions. In the lowermost height level the relative
humidity shows values between 60-80%. For the analysis of the vertical distribution of the extinction

220 coefficient, the lidar ratio and the particle linear depolarization ratio (Figure(§) we use a time period
A between 23:30 — 24:00 UTC with very homogeneous conditions. Increased values of «,, are found

up to 4 km, but highest a,-values are found between 1.5 and 3.0 km with max. o, of about 0.12
km~!. Mean S,-values in the dust layer are 56 & 5 sr at 532 nm and 50 =+ 4 sr at 355 nm. In the
marine boundary layer mean S;,-values of 21 &+ 3 sr at 532 nm, and 17 % 2 sr at 355 nm are found

225 with corresponding wavelength independent mean 6,,-values of ~20.02. In the dust layer J,, shows a

) slight wavelength dependence with mean values of 0.3 at 532 nm and 0.26 at 355 nm.
3.2.2 27 June 2013; 00:00 — 02:00 UTC

Air masses being over the North African continent at boundary layer heights (up to 3-5 km) and thus
able to uptake dust during 20 to 22 June 2013 are likely to contribute to the dust layer observed over

230 Barbados on 27 June 2013. On 20 June, dust source embedded in desert valleys scattered over the

| three mountain regions Hoggar, Air and Adrar were activated during the morning hours by nocturnal
LLJs embedded in the Harmattan flow. The dusty air mass slowly propagated westward. On 21 June
2013, further dust emitted from dust sources over the Adrar Mountains (East Mali) and Southeast
Mauritania was contributing.

235 Figure ® gives an overview of the night-time measurements situation on 27 June 2013 over Barba-
dos? The total AOD @532 i was as high as 0.4. The range corrected signal shows aerosol signature
up to about 4 km, whereas the highest signals are observed in the lowermost aerosol layer up to about
0.6 km. 6, shows high values of 0.15 in the height range between 1.5 km and 4 km clearly iden-
tifying €HENSAI As observed during the case study of 20 June (23:30 — 24:00 UTC) the relative

240 humidity in the SAL is low with values <40% and the temperature profile shows a weak inversion at
the lowey edge of the SAL. The dusty air masses arrived from mainly easterly directions. Within the
SAL «, was about 0.08 km~! and decreased at heights above ~3.5 km. S, in the SAL shows mean
values of 56 + 5 sr at 532 nm and 55 £ 7 sr at 355 nm, the corresponding J,, shows wavelength
independent values of 0.26 £ 0.01 at 532 nm and 0.26 = 0.03 at 355 nm (Figure (7)) Withifn¥the

245 boundary layer mean S),-values of 21 & 3 sr at 532 nm and 17 & 2 sr at 355 nm are observed. The
mean J,-valueg in the boundary layer are 0.06 & 0.01 at 532 nm and 0.04 + 0.01 at 355 nm.
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Figiive 6, Sameas g bunion27,June 2013700:00 02000 The radiosonde was launched on 27 June
at 0:24 UTC.

Figure 7. Same as Figure 5 but for 27 June 2013, 00:00 — 02:00 UTC.
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3.2.3 1 July 2013; 07:00 — 08:45 UTC

On 1 July a total AOD of about 0.55 was observed over Barbados. Back-trajectories show that
Saharan air masses arriving Barbados on 1 July 2013 remained over West Africa for quite some time

250 during the 19 and 25 June before entering the tropical North Atlantic. During these days, frequently
active dust source regions were located embedded in the desert valley of the Adra Mountains, but
also in central Mali where sand sheets and ancient drainage systems characterize the landscape. Dust
sources were activated by both, nocturnal LLJ embedded in the Harmattan flow resulting to morning
on-set of dust emission and dust fronts (Haboobs) related to downdrafts generated by MCSs (IMeso-

2551scale Convective System) during the late afternoon and night.

Figure 8. SameasiFigure 4 butforiuly2013707:00=0845/UTEC) The radiosonde was launched on 1 July at
00 UTC.

A The measurement situation on 1 July (7:00-9:45 UTC) was similar to those during the prior events
(Figure 8)) Within the SAL, characterized by §,-values of about 0.15, the relative humidity is <
40%, whereas the boundary layer shows large RH-values of up to 80%. The wind direction within

A the aerosol layers was mainly easterly. Inside the SAL «, values of about 0.75 km~! are observed
260 (Firuge©))In the boundary layer o, increases to values of about 0.13 km~1. Sp in the dust layer is
) wavelength independent with mean values of 54 4 7 sr at 532 nm and 53 = 6 sr at 355 nm. ,, shows
mean values of 0.27 at both wavelengths. In the boundary layer mean Sp,-values of 30 £ 4 sr at 532
nm and 25 £ 2 sr at 355 nm are found. Mean d,,-values are 0.06 & 0.01 at 532 nm and 0.04 £ 0.01

at 355 nm.
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Figure 9. Same as Figure 5 but for 1 July 2013, 07:00 — 08:45 UTC.

265 3.2.4 11 July 2013;23:00 —24:00 UTC

A The last dust event we observed during SALTRACE started after the passage of Tropical Storm
’Chantal’ on 9 July 2013 and lasted until the end of our measurements on 12 July 2013. Highest dust

AOD up to 0.4 was observed on 11 July. Compared to the previous cases, the atmospheric humidity

over North Africa has increased and deep convective clouds form in particular over orographic re-
(27onygionsioveritherSahara) The convective clouds grow to MCS, which generate Haboobs in particular
Jover West Africa. Contributing dust originating from source over the southwest flanks of the Hoggar

Massif were emitted by in the Harmattan flow embedded LLJs.

Figure 10; Sameasiiguredbunfomiyuly20I5523:00R4:000UMe) The radiosonde was launched on 11
July at 23:26 UTC.
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Figure 11. Same as Figure 5 but for 11 July 2013, 23:00 — 24:00 UTC.

The top of the SAL observed over Barbados was at about 4.8 km height. Figure @0 gives an

overview of the night measurements from 10 July to 11 July (0 — 1 UTC). High intensity of the

275 range corrected signal was found in the boundary layer below about 0.5 km. The lowest signal

| intensity was found above about 3.0 km. However d,-values of 0.15-0.18 clearly identify the dust

layer from 1.5 up to about 4.8 km. The air masses arrived from north-easterly directions, and the

SAL is characterized by very low wind speed (except for the uppermost 0.5 km). Within the SAL

the relative humidity shows again low values of <40% while it jumps to values of about 80% in the

280 boundary layer. o, is about 0.1 wavelength independent in the SAL and shows even slightly higher
| values in the lowermost 1.5 km (Figure 1)) Mean S, values of 56 £ 4 sr at 532 nm an 50 & 4 sr, |

| ,at 355 nm are found in the SAL with wavelength independent ¢,, of 0.27 & 0.01 and 0.26 & 0.02 at

532 nm and 355 nm. In the boundary layer we find wavelength independent mean S;,-values of 35

sr with corresponding §, of 0.1 &= 0.01 at 532 nm and 0.14 £ 0.01 at 355 nm, indicating a certain

@285 amount of dust mixed into the boundary layer. |

. The main findings of the four case studies are summarized in Table 1.
3.3 General findings

The mean values of S, and 6, within the SAL and within the boundary layer are jsummarized in
Table 2. The mean S, values in the SAL range between 49 sr and 60, st at 532 nm, and begween
290 47 sr and 63 sr at 355 nm. The overall mean S),-values for long-range transported Saharan dust,
considering all analyzed data, are 56 & 7 sr and 53 & 5 sr at 532 nm and 355 nm. §5=Values) in
the SAL range between 0.26 and 0.3 at 532 nm and between 0.24 and 0.29 at 355 nm. The overall
mean ¢,,-values are of 0.27 £ 0.01 at 532 nm and 0.26 & 0.03 at 355 nm. However, during the first
Saharan dust event ¢,, shows a slight but significant wavelength dependence with layer mean values
295 of ), =0.3£0.01at532nm and J, =0.26 £ 0.02 at 355 nm. Analysis of the remaining SAETRACE
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Table 1. Layer mean values for the case studies of lidar ratio S, and particle linear depolarization ratio J,
including systematic errors (%), the standard deviations of the values within the height range (o) indicating
the variability of the values within the layer, and the retrieved type of aerosol for the each lidar system and

wavelength.

Height a.g.l./km Lidar ratio / sr PLDR Layer
20 June 2013; (23-23:30 UTC)

21 £3 (o =1)(532nm)* 0.02 + 0.01 (¢ =0.01) (532 nm)**
0.25%*/0.5% — 1.5 Boundary layer
17£2(o=1)(355nm)* 0.02 £ 0.01 (¢ =0.01) (355 nm)**

56 £ 5 (0 =2) (532 nm) 0.30 £ 0.01 (o =0.01) (532 nm)
20-25 Dust layer
50 £ 4 (0 =2) (355 nm) 0.26 + 0.02 (¢ = 0.01) (355 nm)

27 June 2013; (00-02 UTC)

25+ 3(c=1)(532nm)* 0.06 £ 0.01 (¢ =0.01) (532 nm)**
0.25%%/0.5*% - 1.5 Boundary layer
28+ 2 (c=1)(355nm)* 0.04 £0.01 (¢ =0.01) (355 nm)**

56 £ 8 (c=5)(532nm)* 0.26 £ 0.01 (¢ =0.01) (532 nm)**
2.0 - 3.5%/3.75%%* Dust layer
55+ 7(c=7)(355nm)* 0.26 £ 0.03 (¢ =0.01) (355 nm)**

01 July 2013; (07-09 UTC)

30£4(c=2)(532nm)* 0.06 & 0.01 (o =0.01) (532 nm)**
0.4%*/0.5% - 1.5 Boundary layer
25+2(c=1)(355mm)* 0.04 £0.01 (¢ =0.01) (355 nm)**

54+ 7 (0=8)(532nm)* 0.27 £ 0.01 (¢ =0.01) (532 nm)**
2.25 —3.5%/3.75%* Dust layer
53+ 6(c=3)(355mm)* 0.27 +£0.03 (¢ =0.01) (355 nm)*

11 July 2013; (23-24 UTC)

35£3(0c=2)(532nm)* 0.10 £ 0.01 (o = 0.02) (532 nm)**
0.4%%/0.75% = 1.5 Boundary layer
35£2(c=1)(355nmm)* 0.14 £ 0.01 (o =0.02) (355 nm)**

56+ 7(c=6)(532nm)  0.27 £ 0.01 (¢ =0.01) (532 nm)
2.0-4.0 Dust layer
50+ 4(c=6)(355nm) 0.26 £ 0.02 (¢ =0.01) (355 nm)

| measurements show comparatively lower mean values at 532 nm with almost constant mean values
at 355 nm.
The boundary layer during SALTRACE was dominated by marine aerosols, with a contribution
of dust in various amounts of dust, especially during the last observed Saharan dust event. (Fhe
800 mean Sp,—values range between 21 sr and 36 sr at 532 nm and between 16 sr and 35 sr at 355 nm.
. . 1 The overall mean S, shows a wavelength independent value of 26 sr. Highest S,, values are found
during the last observed dust event, indicating an increased amount of dust mixed into the boundary
layer. This is in good agreement with the mean J,-values of >0.1 in the boundary layer during the
last observed dust event, clearly identifying dust mixed in the boundary layer (Tesche et all{20096}

805 |GroB et al.l2011a). During days when marine aerosols were the dominant type in the boundary layer
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310

315

320

i dp is low with mean values between 0.01 and 0.04 at both wavelengths. The overall mean J,,-values

are 0, = 0.05 £ 0.01 at 532 nm and 6, = 0.04 &= 0.01 at 355 nm.

4 Discussion
4.1 Comparison to former dust measurements

The lidar measurements performed at Barbados during SALTRACE and presented in this work give
Jus the opportunity to compare the intensive lidar properties (e.g. the lidar ratio and the particle linear

depolarization ratio) of Saharan dust derived close to the source region in Quarzazate, Morocco,

during SAMUM-1 (Fréudenthaler'etalif2009) with measurements of mid-range transported Saharan
dust at Cape Verde during SAMUM-2 (GroR'etal}f20T1b) and of long-range transported Saharan

dust over the Atlantic Ocgany Fyom these studies possible changes due to transport and aging can
besstudied) Comparisons with measurements of long-range transported Saharan dust over Central
Europe (Wiegner et al.,[201 1)) furthermore enable to investigate whether not only the transport time

but also the transport path has an effect of particle aging.

Figure 12, Mean values of the particle linear depolarization ratio of Saharan dust at 355 nm (blue) and 532
nm (green) derived for fresh Saharan dust on 4 days during SAMUM-1 in Ouarzazate, Morocco in 2006 (SA-
MUMO6) (Freudenthaler et al.,[2009), for mid-range transported Saharan dust on 8 days during SAMUM-2 at
Cape Verde in 2008 (SAMUMOS) (Grof et al.l [2011b), for long-range transported dust over Central Europe
on 3 days at Munich, Germany in 2008 (EARLINETO08) (Wiegner et al.,2011)), and for long-range transported
Saharan dust over the Caribbean on 13 days during SALTRACE at Barbados in 2013 (SALTRACE13). The

error bars denote the systematic errors.

An overview of §,, measurements at 355 nm and 532 nm is given in Figure @23 For each measure-
ment campaign a number of days (4, 8, 3, 13) is included in this study. The main findings are: J,

and its wavelength dependence does not change for measurements of fresh Saharan dust at Morocco,
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close to the source regions, and for dust mid-range transported at Cape Verde. The wavelength de-
pendent overall mean values are 0.31 £ 0.01 (532 nm) and 0.25 4 0.07 (355 nm) for fresh Saharan
dust (Freudenthaler et al.| 2009) and 0.3 &= 0.01 (532 nm) and 0.25 4 0.03 (355 nm) for mid-range
transported Saharan dust (Grof3 et al., 2011b)). For long-range transported Saharan dust towards Cen-
tral Europe we found slightly higher values of 0.34 &+ 0.02 and 0.30 & 0.05 at 532nm and 355 nm,
respectively (Wiegner et al., 2011). At Barbados we find a slightly lower mean J,,-value of 0.27 &
0.01 at 532 nm and a rather constant mean value of 0.26 4 0.03 at 355 nm. The observed differ-
ences between ¢, for long-range transported dust compared to the values for pure and mid-range
transproted dust are small. However, we see different alterations of the optical properties for long-
range transported Saharan dust towards Central Europe and of long-range transported Saharan dust
over the Atlantic Ocean towards the Caribbean. We do not longer see a wavelength dependence for
0p at 355 nm and 532 nm for long-range transported Saharan dust towards the Caribbean within
the uncertainty range. The differences of ¢, for long-range transported Saharan dust over Central
Europe and over Barbados lead to the assumption that not only the time of long-range transport, but
also the transport path, and the conditions during transport may be of importance when investigating

the effects of aging and transport. This assumptions will be subject of further studies.

Figure 13 Mean values of the lidar ratio of Saharan dust at 355 nm (blue) and 532 nm (green) derived for
fresh Saharan dust (mean campaign value) during SAMUM-1 in Ouarzazate, Morocco in 2006 (SAMUMO06)
(Tesche et al.| 2009b), for mid-range transported Saharan dust on 5 days during SAMUM-2 at Cape Verde
in 2008 (SAMUMO8) (Grol; et al.l [2011b), for long-range transported dust over Central Europe on 3 days at
Munich, Germany in 2008 (EARLINETO08) (Wiegner et al.,[2011), and for long-range transported Saharan dust
over the Caribbean on 10 days during SALTRACE at Barbados in 2013 (SALTRACE13). The error bars denote

the systematic errors.

A similar analysis was performed for S, measurements during SAMUM-1 (mean value), SAMUM-

2 (5 cases), the Munich event in 2008 (3 cases) and during the SALTRACE campaign (10 cases) (see

17
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Table 2. Layer mean values of the lidar ratio .S, and particle linear depolarization ratio ¢, including systematic
errors (1) of Saharan dust observations during SAMUM-1 in Morocco close to the source regions
[thaler et all 2009} [Tesche et all, 2009b), of mid-range transported Saharan dust during SAMUM-2 at Cape
Verde [20T1D), of long-range transported Saharan dust to Central Europe in Munich, Germany
(Wiegner et al.} 201T), and of long-range transported Saharan dust across the Atlantic Ocean at Barbados dur-
ing SALTRACE.

Campaign Lidar ratio / sr PLDR WL / nm

56 +5 0.31 £0.01 532
SAMUM-1

55+7 0.25 +0.07 355

62+5 0.30 £ 0.01 532
SAMUM-2

58 +7 0.25 +£0.03 355

59 +7 0.34 + 0.02 532
Munich

59 +8 0.30 £ 0.05 355

56 +7 0.27 £0.01 532
SALTRACE

53+5 0.26 £+ 0.03 355

1340 (Figure13)) For the fresh Saharan dust in Ouazazate wavelength-independent mean values of S,=55
+ 7 sr at 355 nm and S,=56 + 5 sr at 532 nm were found (Tesche et al., 2009b). Slightly but not
significantly higher lidar ratios were found during the Munich dust event and SAMUM-2 campaign
for mid-range transported dust with wavelength-independent mean values of about 60 sr
(GTaI) (20T (GroBetall2011h). These slightly higher values are in good agreement with the study

@45 of Schuster ef al.|(2012) investigating lidar ratios of mineral dust for different regions over Northern
Africa and finding the highest mean values for Saharan dust at Cape Verde. During SALTRACE the

lidar ratios range between 47 sr and 63 sr with mean values of .S, =56 £ 7 sr at 532 nm and S, = 53
=+ 5 sr at 355 nm. Altogether no significant changes in the lidar ratio can be found within the error
bars for the fresh and the transported Saharan dust cases.

350 The mean values and mean uncertainties of S, and d,, for the different dust measurements are

summarized in Table 2.
4.2 TImpact on aerosol classification

It has been shown that the lidar ratio and the particle linear depolarization ratio are quite different for

different types of aeroso! (CNEANSHE 2005 SIIETIENN 00T SIS 2010 UGN eTar)

855 20lR): Therefore aerosol classification schemes both at 355 nm and 532 nm have been developed

based on these intensive lidar optical properties (GroBletallZ0TT5;(Burtonetall2012}(GroBetall
(2013} (niingworthrand etiall(2014). Up to now those classification schemes do not sufficiently ac-

count for the effect of aerosol aging on the thresholds for the discrimination of the different aerosql | |
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(typesp With our measurements during the SALTRACE campaign, in combination with the findings
860 of former measurements of fresh and @id=fange transported dust during the SAMUM project and
long-range transported dust measurements over Central Europe, we are now able to investigate the

effect of transport and aging on the lidar optical properties of Saharan dust.

Figure 14. Aerosol classification at 355 nm (left) and 532 nm (right) based on the lidar ratio and the particle
linear depolarization ratio. Measurements at 355 nm were performed with the ground-based Raman polarization
lidars POLIS (Ludwigs-Maximilians-Universidt Miinchen) and with PollyXT of the Leibniz Institute for Tro-
pospheric Research. Measurements were conducted during SAMUM-2 at Cape Verde (Saharan dust, marine,
marine + dust and biomass burning + dust;{GroBletaly)Z0IIB)), in the framework of EARLINET in Leipzig,
Germany (pollution; ([llingworth and et:all) (2014)) and in Munich, Germany (volcanic ash, transported dust;

(GBS 01 WHSEREHERA)ZOM), = in the Amazon Basin (Fesh smoke: (BT E0ID)

Figure @@ shows the particle linear depolarization ratio versus the lidar ratio at 355 nm and 532

nm of the different aerosol types which are, up to now, included in the aerosol classification schemes

@865 for EarthCARE (Illingworth and et al., 2014} [GroB et al., 2015)). Additionally we plotted our results
found during the SALTRACE campaign for pure Saharan dust and for the boundary layer. Within

the boundary layer our results fit quite well with former results found for marine aerosols or marine

aerosol mixtures, indicating that the boundary layer was dominated by marine aerosols with various

amount of dust mixed into the boundary layer on specific days. Regarding the Saharan dust layer

870 one can see that the dp — Sp-space at 355 nm shows a good agreement to former dust measurements
during SAMUM. The specified threshold @fI0:237=005/=10:33) to identify pure Saharan dust from

combined ¢, — S), measurements (GFOBEEALY20LS) is still valuable for long-range transported dust.

At 532 nm the SALTRACE results for long-range transported Saharan dust show slightly lower
LA AL Adppvalueg compared fo,the threshold (@520:28)) used for the identification for Saharan @ust -
@75NEHAINEOISE)> Thus this threshold has to be adapted to a slightly lower 4, value of 0.26 to consider

long-range transported Saharan dust.
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15 Conclusions

We presented optical properties of Saharan dust long-range transported across the Atlantic Ocean to
Barbados. For this purpose we analyzed measurements with the lidar system POLIS at 355 nm and

880 532 nm, in particular we calculated the extinction coefficient c,, the lidar ratio .Sy, and the particle
linear depolarization ratio §,,. While the first properties gives us information about the aeroso] load,
the latter two properties are intensive lidar properties and thus only dependent on the aerosol type
and not on its amount. Therefore, these properties are used for aerosol classification schemes based
on lidar measurements 2012 [GroB et al. [2013; [lllingworth and et al., 2014}

885 (etall(2015). The Mmeasurementsiand results of this work f6lloWUP former measurements performed
during the SAMUM-1 (Freudenthaler et al2009%(Tesehe etall20096) and SAMUM-2 JUON

1 A(20TTb}(Tesche et all2011) campaigns and during a strong Saharan dust event over Central Europe
observed in the framework of EARLINET (Wiegner et al., 201 1)). Thus, we are able to study possible

changes of the optical properties of Saharan dust caused by long-range transport.
390 For the long-range transported Saharan dust over Barbados we found typical values of §,, between
0.26 and 0.3 at 532 nm and between 0.24 and 0.29 at 355 nm. The mean systematic errors are 0.01
4and 0.03 at 532 nm an 355 nm, respectively. Compared to J,-measurements at 532 nm during the
SAMUM campaigns we see slightly lower values for long-range transported Saharan dust to Barba-
dos, while over Central Europe slightly higher values have been found. This leads to the assumption

395 that not only transport time but also the transport path, and the transport conditions have an influence
of possible changes of the optical properties of Saharan dust. At 355 nm we do not see significant
changes in the ¢, values although the overall mean values are slightly higher for long-range trans-
ported Saharan dust to Barbados as well as to Central Europe. For long-range transported Saharan
dust we do not see a significant wavelength dependence anymore.

400 Mean values of the lidar ratio of the long-range transported Saharan dust over Barbados are 56
4 7 sr at 532 nm and 53 4 5 sr and thus agree well with the values found for fresh Saharan dust
over Morocco (Tesche et al.,2009b). Although these values are slightly lower than the values found
for long-range transported Saharan dust over Central Europe (Wiegner et al.l 2011) and of mid-
range transported Saharan dust over Cape Verde (Grof et al.||2011b)) they agree for the measurement

405 uncertainties. Thus we do not see a significant change in this optical properties during transport.

Though the presented measurements are a good test bed to study the optical properties of long-
range transported Saharan dust, there are a number of questions remaining unsolved, e.g. the impact
of transport condition on the changes of optical and microphysical properties. Thus further studies
will combine lidar measurements with information of the transport conditions and path, e.g. from

410 model calculations. Furthermore lidar measurements will be combined to in-situ measurements to
get more inside the relationship between optical and microphysical properties, e.g. the cloud con-
densation properties, and about a possible vertical sorting within the dust layer as recently suggested

by|Yang et al.[(2013).
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Abstract. Dual-wavelength Raman and depolarization lidar observations were performed during the
SAETRACE ¢ampaign) at Barbados in June and July 2013 to characterize the optical properties and
vertical distribution of long-range transported Saharan dust @fthe’end of'itSway across the Atlantic
Ocean. Four major dust events were studied during the measurements from 15 June 2013 to 13 July
2013 with aerosol optical depths of up to 0.6. The vertical aerosol distribution was characterized
by a three-layer structure consisting of the boundary layer, the entrainment or mixing layer, and the
pure Saharan dust layer. The upper boundary of the pure dust layer reached up to 4.5 km height. The
contribution of the pure dust layer was about half of the total AOD2 The total dust contribution was
about 50-70% of the total @@ODA The lidar ratio within the pure dust layer was found to be wavelength
independent with mean values of 53 &£ 5 sr at 355 nm and 56 =£ 7 sr at 532 nm. For the particle linear
depolarization ratio wavelength independent mean values of 0.26 £ 0.03 at 355 nm and 0.27 £ 0.01

at 532 nm have been found.

1 Introduction

Aerosol particles play a key role in the Earth’s climate system and affect the Earth’s radiation budget
in two different ways; directly by interacting with solar and terrestrial radiation (scattering and ab-
sorption) and indirectly by acting as cloud condensation nuclei and therewith influencing the clouds
microphysical and optical properties and the clouds lifetime. Up to now the impact of aerosols on the
global climate system is not fully understood (Forster and et al.l 2007} |[Penner et al.| 2011} Boucher
EPall2013). One main reason is the strong variability of aerosols. The sign and the magnitude of
the radiative forcing crucially depends on the vertical distribution of aerosols, their microphysical

properties and chemical composition, the reflectance of the underlying surface and the occurrence
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and amount of clouds (Forster and et al., 2007). However, knowledge of the temporal and vertical
aerosol distribution on the global scale is limited (Penner and et al., 2001; TPCC, 2013)). Additionally,
significant sources of uncertainty result from deficits of satellite-based measurements in the deter-
mination of global mean AOD 2013), and from the insufficient knowledge of the impact

of mixing, aging processes and transport on the aerosol optical and microphysical properties.

Active-remote-sensing-measurements—with-lidar-systems;-provide-height resolved-information

about-the-distribution-of-aerosels;-and-is-thus-an-appropriate-tool-to-study-aerosels: Advanced li-

dar systems like Raman lidar systems, (AfSmannietialy{I990){I992) or high spectral resolution li-
dar (HSRL) systems (HEictal)2008HESSBIBoH e ar) @008) with polarization sensitive channels
(EiSHESHAISRETall2009) provide information about the optical properties of aerosol layers. (Space=

borne lidar measurements are an excellent tool to examine the global vertical distribution of aerosols. |
ited capability to distinguish different types of @F686Is? In contrast, on the future ESA satellite
mission EarthCARE a polarization sensitive HSRL §ystémWill'bé) deployed, having the potential to

classify different aerosol types (BiiftonetalyZ012;(GroBeTallZ0I8)20135). However, current clas-

sification schemes for EarthCARE lidar measurements are mainly based on measurements of pure

and fresh aerosol types (GEOBICtall(Z0ME) 2014 [[llingworth and et al, 2014). Byt as the optical

properties are related to the microphysical properties like particle size, particle shape and chemical

composition (Gasteiger et al 2011b| [a), aerosol aging, mixing and modification during transport

can have an impact on the lidar derived optical properties, as well as on their wavelength depen-
dence. For example, for measurements of the lidar ratio over Greece [Amiridis et al.| (2009) fou

that both, the value and the wavelength dependence of the lidar ratio of biomass burning aerosols

may change with aerosol lifetime. Thus, possible changes of the lidar derived optical properties have

to be investigated and considered for proper aerosol classification.

Mineral dust is a major component of the atmospheric aerosol (Haywood and Boucher, 2000}
[Forster and et all, 2007) with the Saharan desert being the most important source of mineral dust
(Goudie and Middleton] 2001}, [Washington et al.| 2003}, [Shao et all}, 201T). Once lifted in the air,
mineral dust can be transported over thousands of kilometers (Goudie and Middleton| 2001}
2008) exposed to the effects of aging and mixing. These effects change the optical, micro-

physical and cloud condensation properties. Coatings on mineral dust particles and mixing with
other aerosols change the optical properties (Nousiainen, [2009; [Redmond et al.}[2010) and thus alter
their radiative impact (Bauer et al.} [2007). For example, biomass burning aerosols and mineral dust

may become internally mixed when aging together (Hand et al., 2010) and thus change their size

distribution, optical properties, hygroscopicity and their ability to act as cloud condensation nuclei
(Wex et al., 2010). From measurements close to the dust source regions in comparisons to measure-
ments in dust plumes over Cape Verde{Weinzierlietaly)Z0H) found an indication of sedimentation

of large particles in Saharan dust plumes during transport although sedimentation of large super=
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micron dust particles was less pronounced than expected from Stokes gravitational settling, |Yang
et al.|(2013) assume a shape-induced particle sedimentation from measurements of transported dust
with the space-based lidar system onboard the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIQP) satellite mission (Winker et al., 2009). [Wiegner et al.| (2011) found an increase of the
mean particle linear depolarization ratio at 355 nm of an aged Saharan dust plume over Central Eu-
rope compared to values measured in fresh Saharan dust plumes (Freudenthaler et al.l [2009; |Grof3
et al.,2011b). Up to now the mechanism and magnitude of dust aging is unknown, and whether and
how it influences the optical properties of dust.

In this work we present dual-wavelength Raman and depolarization lidar measurements of long-
range transported Saharan dust over Barbados. Our study includes he general aerosol Sitaation dur-
ing our measurement period as well as the characterization of the Saharan dust layer and marine
boundary layer by means of the lidar ratio and the particle linear depolarization ratio. These observa-
tions are crucial to investigate possible age-induced changes in the intensive lidar optical properties
necessary for lidar based aerosol classification schemes. The measurements were performed during
the SALTRACE closure experiment. A general description of the SALTRACE campaign, our lidar
measurements and data analysis is given is Section 2. The results are presented in Section 3, and

discussed in Section 4. Section 5 summarizes this work.

2 Measurements and Instrumentation
2.1 SALTRACE

In June and July 2013 the Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Ex-
periment (SALTRACE, http://www.pa.op.dlr.de/saltrace/index.html) took place. SALTRACE was
designed as a closure experiment combining ground-based lidar, in-situ and sun photometer instru-
ments, with airborne aerosol and wind lidar measurements of the research aircraft Falcon of the
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), satellite observations and model simulations.
The main ground-site during SALTRACE was on Barbados where extensive lidar were performed.
Barbados is an optimal location to characterize long-range transported dust @t'the'end of its'way
across the Atlantic Ocean. In addition, the 50-year Barbados dust record (Prospero et al., [1970)
provides long-term information on year to year variability of trans-Atlantic dust transport to the
Caribbean. The SALTRACE project continues the work started with the SAMUM-1 and SAMUM-
2 (Ansmann et al., 2011) ;which aimed for characterizing Saharan mineral dust in the source re-
gions and at different stages of dust lifetime, During SALTRACE particular focus was drawn on
aerosol aging and mixing, and on aerosol removal processes. Therefore the physical, chemical and
optical properties of the long-range transported Saharan dust layers were characterized in-depth to
study, the impact of long-range transported dust on the Earths radiation budget, clouds and pre-

cipitation. During SALTRACE, ground-based measurements at Barbados were performed at two
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main locations: ground-based in-situ measurements were made at the very eastern edge of the s
land at Ragged Point, whereas the lidar measurements were carried out at the Caribbean Institute
of Meteorology and Hydrology (CIMH) at the south-western side of Barbados (13.14 N, 59.62 W).
Sun photometer measurements were performed at both measurement sites. For this study we use
the AERONET CIMEL (Holben et al., [1998)) measurements *Barbados_SALTRACE’ performed at
CIMH. SALTRACE measurements were carried out between 10 June and 15 July with the main

closure experiments taking place between 20 June to 12 July 2013.
2.2 POLIS lidar system

In this work we present measurements of the small portable Raman and depolarization lidar system
POLIS (Figure1) of the Meteorological Institute (MIM) of the Ludwig-Maximilians-Universitéit
(LMU) Miinchen. POLIS is a 6-channel lidar system measuring the No-Raman shifted wavelengths
at 387 nm and 607 nm and the elastic backscattered signals (cross- and parallel-polarized) at 355 nm
and 532 nm with-high-aceuraey (Freudenthaler et all,[2015). Thus profiles of the particle extinction

coefficient oy, and backscatter coefficient 3, of the lidar ratio Sy, and of the volume and particle

linear depolarization ratio J,, and §, at 355 nm and 532 nm can be retrieved. The full overlap of
POLIS is at about 200 m to 250 m depending on system settings. The range resolution of the raw
data is 3.75 m; the temporal resolution is 5-10 s depending on atmospheric conditions. The repetition
rate of the frequently doubled and tripled Nd:YAG laser is 10 Hz with a pulse energy of 50 mJ at
355 nm and 27 mJ at 532 nm.

Figure 1. POLIS lidar system-
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2.3 Data €valuation

The particle extinction coefficient cv, is retrieved from the Raman signals at 387 nm and 607 nm
(Ansmann et al.| [1990), the particle backscatter coefficient 3, is derived from combined Raman
and elastically backscattered lidar returns at 355/387 and 532/607 nm (Ansmann et al.,[1992)). The
height dependent lidar ratio S,=c,/3,, can be derived from the ratio of both properties. Due to the

low signal-to-noise ratio of the Raman (€hannels; these measurements were restricted to night-time
only. Furthermore, typical temporal averaging of one hour is necessary for analyzing oy, and S,
to achieve a sufficient signal-to-noise ratio. The temporal stability of the atmosphere within this
time period has been validated by (€omiparing the €onsecutive profiles of the range corrected signal
Pr? over the whole smoothing period. A typical vertical smoothing of @50/ Fafigebins (=2940/i) is
applied to further increase the signal-to-noise ratio. The errors of the retrieved optical properties are
calculated according to|GroR et al.| (2011c).

From the co- and cross-polarized elastically backscattered signals the volume linear depolariza-
tion ratio d, and the particle linear depolarization ratio d,, (Biele et al.l {2000} Freudenthaler et al|,

(2009) are derived; The relative calibration factor of both polarization channels was determined with

the highly-aceurate +45°-calibration method (Freudenthaler et al., 2009) by manually rotating the

receiver optics behind the telescope. Although the signal-to-noise ratio of the elastic channels is
much better than for the Raman channels the same temporal average was used for the analysis of
the nighttime Raman and depolarization measurements to get comparable results. The vertical av-
erage of the elastic signals is typically I50Fangebins (5507 m); otherwise the vertical smoothing
length is specified in the text. Details of the depolarization calibration and system performance can
be found by [Freudenthaler et al.| (2009, miThe error calculation of §,, and §,, was done analogue

to (2009)).

To determine the dust contribution within the boundary layer and the intermediate layer, we de-

dermined the profile of the dust backscatter coefficient applying a procedure described by ([I€sehe)
(Ear)(20093) and(GroBEFal)(20T1E) assuming a two-type mixture of dust and marine @ergsols) The,
linear depolarization ratios used as input for the aerosol type separation are set to §; = 0.30 at 532
nm for dust and §,,4 = 0.02 for marine aerosols according to the findings for pure Saharan dust and
marine aerosols (Ficdenthaleretaly(200% (GFoBEHar) 20MB). The dust extinction coefficient is
derived following the equation ay=/347* 9. The lidar ratio of dust (Sq = 55 sr) is taken from{T€SChe)
(EBEM)2009B) and is in good agreement with the mean S,-values we find for long-range transported
Saharan dust during SALTRACE. |
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3 Results
3.1 General overview

During SALTRACE we observed a sequence of dust events with Saharan air masses being trans-
ported with easterly winds over the Atlantic to Barbados. The dust episodes often lasted several for
days and provided, apart from shallow cumulus clouds, optimal measurement conditions in the dry
and aerosol rich air. The dust events were interrupted by wet periods with strong convective activity

and precipitation. Here we focus on the analysis of four major dust events.
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Figure 2. Time series of (a) aerosol layering during SALTRACE derived from POLIS lidar measurements dur-
ing the evening measurement sessions, (b) Angstrom exponents between 440 nm and 870 nm (blue dots) from
CIMEL sun-photometer measurements, (c) the fraction of pure dust optical depth (orange) and total dust optical
depth (brown stars) to the total AOD, and (d) aerosol optical depth (AOD) at 500 nm derived from CIMEL sun-
photometer measurements (dark green) and at 532 nm derived from POLIS lidar measurements (light green)
and optical depth of the pure dust layer (orange) and of the whole dust contribution in the atmospheric column

(brown stars) at 532 nm derived from POLIS lidar measurement.

The aerosol optical depth (AOD) during these major dust events reached values of up to 0.55.
The corresponding Angstrom Exponent (AE) showed very low values of 0.2 and lower. The overall
aerosol situation was characterized by a three layer structure (Figure 2)FThe'boundary layerup to
0.5 to 1.0km'Was mostly dominated by marine aerosols, except during the first and last measurement
days. At heights from about 1.0 to 2.0 km the aerosol layer was composed of a mixture of predomi-

nantly dust and marine aerosols; This layer showed high variability with respect to aerosol load and
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mixture. During SALTRACE almost all cloud processes in the lower troposphere took place within
this layer. Above this intermediate layer a Saharan dust layer was present almost permanently during
our measurement period, except on 8th and 9th July when Tropical Storm *Chantal’ dominated the
weather situation. During the main Saharan dust events this uppermost dust layer showed AOD val-
ues of about 0:2) in some cases the AOD gven reached values of more than 0.3. The contribution of
this pure Saharan dust layer to the total AOD usually ranged between 30% and 60%, in some cases
up to B0% o thertotal’AOD? The total contribution of Saharan dust to the total AOD was 50-80%,
except during Tropical Storm Chantal, when the Saharan dust contribution to the total AOD, was
only 20%. Dust was mainly found in the pure dust layer and the intermediate layer, and had an only
miner-contribution-to-the-boundary-layer. An overview over the vertical layering and the AOD is

given in Figure 2:
3.2 Case Studies

We present four case studies, which are representative for the four dust events that occurred during
the core period of SALTRACE. The date and time of the chosen cases studies are 20 June (23-24
UTC), 27 June (0-2 UTC), 1 July (7-9 UTC), and 11 July 2013 (23-24 UTC). One main topic of
our analysis is to investigate whether the different dust events show a variability in the retrieved
optical properties. Figure 3 shows a back-trajectory analysis for the four selected case studies. The
trajectories were calculated with the Hybrid Single Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (Draxlerand ROIphlZ012) and the NCEP Global Data Assimilation System (GDAS)
meteorological data. Start time and height of the trajectories were chosen according to the analyzed
lidar measurement time periods and the height ranges of the presumed dust layer. The duration of all
backward trajectories is 312 hours. All trajectories show an advection from easterly directions and
source regions located inside the Sahara region: However, the specific flow patterns of the air masses
of the different events are quite different as well as possible source regions within the Saharan desert.

Different dust source activity over North Africa and thus different source region contributing to the
dust plume observed at Barbados are identified from infra-red (IR) dust index images calculated from
Meteosat Second Generation (MSG) Spinning Enhanced Visible and Infra-Red Imager (SEVIRI)
observations (Figure 4). As described in detail in{SChepanskietaly(2007). active dust sources are
identified and recorded on a 1°x1° map covering Africa north of 10° N. For the four case studies
(20 June, 27 June, 1 July, 11 July 2013), different dust sources regions are found to be @ctive? A
brief overview on the dust contributing source regions and the meteorological regime resulting into
dust uplift will be given in the following. HYSPLIT (back=trajectories are analyzed to identify the
dates on which the Saharan air mass observed over Barbados where likely over dust source regions
over North Africa. For the first two cases (20 and 27 June), dust source activation over North Africa

was dominated by the Harmattan flow (a dry and dusty trade wind over West Africa). The latter two
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Figure 3. 312-h backward trajectories calculated with the Hybrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model (DiaxleriandiROIphl2012) and GDAS meteorological data for the pure dust layers on
20 June 2013, 23 UTC (reddish), 27 June 2013, 01 UTC (blueish), 1 July 2013, 8 UTC (greenish), and 11 July,
23 UTC (yellowish). The stars along the trajectories indicate 24-h time steps. The height range of the pure dust

layers is indicated in Table 1.
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Figure 4. Active dust sources relevant for the four investigated case studies. The colors indicate which source

region contributed to which dust event observed at Barbados.
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July-cases (1 and 11 July) show an increase in deep convective activity and Haboobs (heavy dust

storm) become a more frequent dust uplift mechanism compared to the June-cases.
195 3.2.1 20 June 2013; 23:30 — 24:00 UTC

Already during the first measurement period of the SALTRACE campaign we were able to observe

a strong Saharan dust event with total AOD of up to 0.55. Dust sources contributing to the dusty air

mass reaching Barbados on 20 June 2013 were active during 11 to 13 June 2013. On 11 June 2013,

| strong Harmattan winds and embedded nocturnal low-level jet (LLJ) forced dust uplift over the
200 Adra and southeastern Hoggar region (NE Mali and SW Algeria). Entrained into the northeasterly
Harmattan flow, dusty air is transported towards the tropical North Atlantic. On 12 June 2013, dust
emitted by strong Harmattan winds from the Niger flood plains south of Timbuktu (Mali) were up-

taken by an air mass crossing the Atlantic and reaching Barbados on 20 June 2013.

Rel. hum./%
6 0 ZP 4|0 6‘0 8‘0 1006 range corrected signal

lin. 10

Height/km
w
1

—0.0
:20 00:40 01:00

0

T

0_-20 0 20 40 23:20 23:40 0:00 00:
Temperature/°C Time/UTC
Wind direction

1|5 3|0 4|5 6'0 7|5 90 volume linear depolarization ratio

lin. 05

Height/km
w
1

—0.0
:20 00:40 01:00

0 T 0
0 5 10 15 202320 23:40 :00 00
Wind Speed/ms™ Time/UTC

Figure 5. Radiosonde measurements of temperature and relative humidity (upper left panel) and of wind speed
and wind direction (lower left panel), and lidar measurements of the range corrected signal (upper right panel)
and of the volume linear depolarization ratio (lower right panel) at 532 nm between 20 June 2013, 23:00 UTC
and 21 June 2013, 1 UTC. The radiosonde was launched on 21 June at 1:54 UTC |

. Figure & gives an overview of the measurement situation in the night from 20 June to 21 June 2013

205 when the Saharan dust layer slowly faded away. The Saharan dust layer can be clearly identified by
enhanced d, of about 0.15 in heights from 1.5 to 3 km. A clear signature to distinguish the dust

layer from the mixing layer at about 0.8-1.5 km with rather similar values of the range corrected
signal but lower §,, values. In the lowermost 0.8 km the range corrected signal shows high values

, with low 4,,, which is an indication for a marine dominated boundary layer. In the height level
210 of the Saharan Air Layer (SAL), the relative humidity is low (notice that lidar measurements and

radiosonde measurements have an offset of about 2 hours in this case study) and the air masses
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Figure 6. Profiles of the particle extinction coefficient (EXCO) and the lidar ratio (LR), and of the particle
linear depolarization ratio (PLDR) of the pure dust layer at 355 nm (blue) and 532 nm (green) on 20 June 2013,
23:30 — 24:00 UTC. The error bars indicate the systematic errors.

were transported from mainly north-easterly directions. In the lowermost height level the relative
humidity shows values between 60-80%. For the analysis of the vertical distribution of the extinction

, coefficient, the lidar ratio and the particle linear depolarization ratio (Figure 6)) we use a time period
215 between 23:30 — 24:00 UTC with very homogeneous conditions. Increased values of «,, are found
up to 4 km, but highest ay,-values are found between 1.5 and 3.0 km with max. o, of about 0.12
km™!. Mean S-values in the dust layer are 56 = 5 sr at 532 nm and 50 + 4 sr at 355 nm. In the
marine boundary layer mean S;,-values of 21 &+ 3 sr at 532 nm, and 17 % 2 sr at 355 nm are found

| with corresponding wavelength independent mean J,-values of ~0.02. In the dust layer ,, shows a

220 slight wavelength dependence with mean values of 0.3 at 532 nm and 0.26 at 355 nm.
3.2.2 27 June 2013; 00:00 — 02:00 UTC

Air masses being over the North African continent at boundary layer heights (up to 3-5 km) and thus

able to uptake dust during 20 to 22 June 2013 are likely to contribute to the dust layer observed over

A Barbados on 27 June 2013. On 20 June, dust source embedded in desert valleys scattered over the

225 three mountain regions Hoggar, Air and Adrar were activated during the morning hours by nocturnal

LLJs embedded in the Harmattan flow. The dusty air mass slowly propagated westward. On 21 June

2013, further dust emitted from dust sources over the Adrar Mountains (East Mali) and Southeast
Mauritania was contributing.

, Figure @ gives an overview of the night-time measurements situation on 27 June 2013 over Bai=

(230""badoes? The total AOD pas as high as 0.4. The range corrected signal shows aerosol signature up to

about 4 km, whereas the highest signals are observed in the lowermost aerosol layer up to about 0.6

km. d,, shows high values of 0.15 in the height range between 1.5 km and 4 km clearly identifying |

10
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Figure 7. Same as Figure 5 but for 27 June 2013, 00:00 — 02:00 UTC. The radiosonde was launched on 27 June
at 0:24 UTC.

Figure 8. Same-as-Figure-6-but-for 27 June-2013;-00:00—02:00-UTC:
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the SAL: As observed during the case study of 20 June (23:30 — 24:00 UTC) the relative humidity

in the SAL is low with values <40% and the temperature profile shows a weak inversion at the lower
235 edge of the SAL. The dusty air masses arrived from mainly easterly directions. Within the SAL «,,

was about 0.08 km~! and decreased at heights above ~3.5 km. S, in the SAL shows mean values of

56 £ 5 srat 532 nm and 55 & 7 sr at 355 nm, the corresponding d,, shows wavelength independent

values of 0.26 & 0.01 at 532 nm and 0.26 + 0.03 at 355 nm (Figure @)2Within'the boundary layer

mean Sp-values of 21 =+ 3 sr at 532 nm and 17 & 2 sr at 355 nm are observed. The mean J,,-values
240 in the boundary layer are 0.06 = 0.01 at 532 nm and 0.04 + 0.01 at 355 pm.

401323 1 July2013; 07:00 — 08:45 UTC

On 1 July a total AOD of about 0.55 was observed over Barbados. Back-trajectories show that
Saharan air masses arriving Barbados on 1 July 2013 remained over West Africa for quite some time

) during the 19 and 25 June before entering the tropical North Atlantic. During these days, frequently
245 active dust source regions were located embedded in the desert valley of the Adra Mountains, but
also in central Mali where sand sheets and ancient drainage systems characterize the landscape. Dust
sources were activated by both, nocturnal LLJ embedded in the Harmattan flow resulting to morning
on-set of dust emission and dust fronts (Haboobs) related to downdrafts generated by MCSs(Meso-

scale Convective System) during the late afternoon and night.
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|, Figure 9, Same as Figure 5 but for 1 July 2013, 07:00 — 08:45 UTC. The radiosonde was launched on 1 July at
00 UTC.

250 The measurement situation on 1 July (7:00-9:45 UTC) was similar to those during the prior events
(Figure @) Within the SAL, characterized by §,-values of about 0.15, the relative humidity is <
40%, whereas the boundary layer shows large RH-values of up to 80%. The wind direction within

12
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Figure 10. Same-as-Figure-6-but-for 1-July-2013,-07:00—08:45-UTC:

the aerosol layers was mainly easterly. Inside the SAL o, values of about 0.75 km~! are observed

|, (Firuge(10)3 In the boundary layer «, increases to values of about 0.13 km~!. S, in the dust layer is

255 wavelength independent with mean values of 54 &+ 7 sr at 532 nm and 53 = 6 sr at 355 nm. &, shows

mean values of 0.27 at both wavelengths. In the boundary layer mean S,-values of 30 £ 4 sr at 532
nm and 25 £ 2 sr at 355 nm are found. Mean J,,-values are 0.06 & 0.01 at 532 nm and 0.04 £ 0.01
at 355 nm.

324 11 July 2013; 23:00 — 24:00 UTC

The last dust event we observed during SALTRACE started after the passage of Tropical Storm
’Chantal’ on 9 July 2013 and lasted until the end of our measurements on 12 July 2013. Highest dust
AOD up to 0.4 was observed on 11 July. Compared to the previous cases, the atmospheric humidity
over North Africa has increased and deep convective clouds form in particular over orographic re-
(gions over'therSahara) The convective clouds grow to MCS, which generate Haboobs in particular
over West Africa. Contributing dust originating from source over the southwest flanks of the Hoggar
Massif were emitted by in the Harmattan flow embedded LLIJs. |

L 1 The top of the SAL observed over Barbados was at about 4.8 km height. Figure @ gives an
overview of the night measurements from 10 July to 11 July (0 — 1 UTC). High intensity of the

| range corrected signal was found in the boundary layer below about 0.5 km. The lowest signal
intensity was found above about 3.0 km. However §,-values of 0.15-0.18 clearly identify the dust
layer from 1.5 up to about 4.8 km. The air masses arrived from north-easterly directions, and the
SAL is characterized by very low wind speed (except for the uppermost 0.5 km). Within the SAL
the relative humidity shows again low values of <40% while it jumps to values of about 80% in the

|, boundary layer. a, is about 0.1 wavelength independent in the SAL and shows even slightly higher

275 values in the lowermost 1.5 km (Figure 12)) Mean S), values of 56 &+ 4 sr at 532 nm an 50 + 4 sr

13
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Figure 11. Same as Figure 5 but for 11 July 2013, 23:00 — 24:00 UTC. The radiosonde was launched on 11
July at 23:26 UTC.

at 355 nm are found in the SAL with wavelength independent ¢, of 0.27 & 0.01 and 0.26 4= 0.02 at
532 nm and 355 nm. In the boundary layer we find wavelength independent mean .S),-values of 35
st with corresponding §,, of 0.1 &= 0.01 at 532 nm and 0.14 £ 0.01 at 355 nm, indicating a certain

,amount of dust mixed into the boundary layer.

Figure 12. Same-as-Figure-6-but for 11-July2013;-23:00—24:00-UTC:
The main findings of the four case studies are summarized in Table 1.
3.3 General findings

The mean values of S, and §,, within the SAL and within the boundary layer are shewn-in-Figure-13
and summarized in Table 2. The mean S, values in the SAL range between 49 sr and 60 sr at 532
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285

290

Table 1. Layer mean values for the case studies of lidar ratio S, and particle linear depolarization ratio J,
including systematic errors (%), the standard deviations of the values within the height range (o) indicating
the variability of the values within the layer, and the retrieved type of aerosol for the each lidar system and

wavelength.

Height a.g.l./km Lidar ratio / sr PLDR Layer
20 June 2013; (23-23:30 UTC)

21 £3 (o =1)(532nm)*  0.02 + 0.01 (¢ =0.01) (532 nm)**
0.25%*/0.5% — 1.5 Boundary layer
17£2(o=1)(355nm)* 0.02 £ 0.01 (¢ =0.01) (355 nm)**

56 £ 5 (0 =2) (532 nm) 0.30 £ 0.01 (o =0.01) (532 nm)
20-25 Dust layer
50 £ 4 (0 =2) (355 nm) 0.26 + 0.02 (¢ = 0.01) (355 nm)

27 June 2013; (00-02 UTC)

25+ 3(c=1)(532nm)* 0.06 £ 0.01 (¢ =0.01) (532 nm)**
0.25%%/0.5*% — 1.5 Boundary layer
28+ 2 (c=1)(355nm)* 0.04 £0.01 (¢ =0.01) (355 nm)**

56 £ 8 (c=5)(532nm)* 0.26 £ 0.01 (¢ =0.01) (532 nm)**
2.0 —3.5%/3.75%%* Dust layer
55+ 7 (c=7)(355nm)* 0.26 £ 0.03 (¢ =0.01) (355 nm)**

01 July 2013; (07-09 UTC)

30£4(c=2)(532nm)* 0.06 & 0.01 (o =0.01) (532 nm)**
0.4%*/0.5% - 1.5 Boundary layer
25+2(c=1)(355mm)* 0.04 £0.01 (¢ =0.01) (355 nm)**

54+ 7 (0=8)(532nm)* 0.27 £ 0.01 (¢ =0.01) (532 nm)**
2.25 —3.5%/3.75%* Dust layer
53+ 6(c=3)(355mm)* 0.27 +£0.03 (¢ =0.01) (355 nm)*

11 July 2013; (23-24 UTC)

35£3(0c=2)(532nm)* 0.10 £ 0.01 (o =0.02) (532 nm)**
0.4%%/0.75*% = 1.5 Boundary layer
35£2(0c=1)(355nmm)* 0.14 £ 0.01 (o =0.02) (355 nm)**

56 £ 7(c=6)(532nm)  0.27 £ 0.01 (¢ =0.01) (532 nm)
2.0-4.0 Dust layer
50+ 4(c=6)(355nm) 0.26 £ 0.02 (¢ =0.01) (355 nm)

nm and between 47 sr and 63 sr at 355 nm. The overall mean S),-values for long-range transported
Saharan dust, considering all analyzed data, are 56 £ 7 sr and 53 £ 5 sr at 532 nm and 355 nm. 5p-
values in the SAL range between 0.26 and 0.3 at 532 nm and between 0.24 and 0.29 at 355 nm. The
overall mean d,-values are of 0.27 & 0.01 at 532 nm and 0.26 + 0.03 at 355 nm. However, during
the first Saharan dust event J,, shows a slight but significant wavelength dependence with layer mean
values of d, = 0.3 £ 0.01 at 532 nm and J, = 0.26 £ 0.02 at 355 nm. Analysis of the, remaining
SALTRACE measurements show comparatively lower mean values at 532 nm with almost constant
mean values at 355 nm.

The boundary layer during SALTRACE was dominated by marine aerosols, with a contribution
of dust in various amounts of dust, especially during the last observed Saharan dust event. [The

mean Sp,—values range between 21 sr and 36 sr at 532 nm and between 16 sr and 35 sr at 355 nm.
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Figure 13.

295 The overall mean S, shows a wavelength independent value of 26 sr. Highest S, values are found
during the last observed dust event, indicating an increased amount of dust mixed into the boundary
layer. This is in good agreement with the mean §,-values of >0.1 in the boundary layer during the

last observed dust event, clearly identifying dust mixed in the boundary layer (IESChelctal}(20096; |
) \[GroB et al.} 2011a). During days when marine aerosols were the dominant type in the boundary layer

300 0, is low with mean values between 0.01 and 0.04 at both wavelengths. The overall mean J,,-values

are 0, = 0.05 + 0.01 at 532 nm and §,, = 0.04 £ 0.01 at 355 nm.

4 Discussion
4.1 Comparison to former dust measurements

) The lidar measurements performed at Barbados during SALTRACE and presented in this work give
305 us the opportunity to compare the intensive lidar properties (e.g. the lidar ratio and the particle linear
depolarization ratio) of Saharan dust derived close to the source region in Quarzazate, Morocco,
during SAMUM-1 (Ereudenthaleretaly2009) with measurements of mid-range transported Saharan

dust at Cape Verde during SAMUM-2 (Gf6BEfall{2011B) and of long-range transported Saharan |

A Adust over the Atlantic Ocean. From these studies possible changes due to transport and aging can|

310 be studied: Comparisons with measurements of long-range transported Saharan dust over Central
Europe (Wiegner et al,[2011) furthermore enable to investigate whether not only the transport time

but also the transport path has an effect of particle aging.
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Figure 14. Mean values of the particle linear depolarization ratio of Saharan dust at 355 nm (blue) and 532
nm (green) derived for fresh Saharan dust on 4 days during SAMUM-1 in Ouarzazate, Morocco in 2006 (SA-
MUMO6) (Freudenthaler et al.,[2009), for mid-range transported Saharan dust on 8 days during SAMUM-2 at
Cape Verde in 2008 (SAMUMOS) (Grof et al.l [2011b), for long-range transported dust over Central Europe
on 3 days at Munich, Germany in 2008 (EARLINETO08) (Wiegner et al., 2011)), and for long-range transported
Saharan dust over the Caribbean on 13 days during SALTRACE at Barbados in 2013 (SALTRACE13). The

error bars denote the systematic errors.

An overview of §,, measurements at 355 nm and 532 nm is given in Figure @43 For each measure-
ment campaign a number of days (4, 8, 3, 13) is included in this study. The main findings are: d,,
and its wavelength dependence does not change for measurements of fresh Saharan dust at Morocco,
close to the source regions, and for dust mid-range transported at Cape Verde. The wavelength de-
pendent overall mean values are 0.31 £ 0.01 (532 nm) and 0.25 4 0.07 (355 nm) for fresh Saharan
dust (Freudenthaler et al.} 2009) and 0.3 4= 0.01 (532 nm) and 0.25 4 0.03 (355 nm) for mid-range
transported Saharan dust (Grol3 et al.} 2011b)). For long-range transported Saharan dust towards Cen-
tral Europe we found slightly higher values of 0.34 + 0.02 and 0.30 & 0.05 at 532nm and 355 nm,
respectively (Wiegner et al., 2011). At Barbados we find a slightly lower mean d,,-value of 0.27 &
0.01 at 532 nm and a rather constant mean value of 0.26 £ 0.03 at 355 nm. The observed differ-
ences between ¢, for long-range transported dust compared to the values for pure and mid-range
transproted dust are small. However, we see different alterations of the optical properties for long-
range transported Saharan dust towards Central Europe and of long-range transported Saharan dust
over the Atlantic Ocean towards the Caribbean. We do not longer see a wavelength dependence for
0p at 355 nm and 532 nm for long-range transported Saharan dust towards the Caribbean within
the uncertainty range. The differences of ¢, for long-range transported Saharan dust over Central
Europe and over Barbados lead to the assumption that not only the time of long-range transport, but
also the transport path, and the conditions during transport may be of importance when investigating

the effects of aging and transport. This assumptions will be subject of further studies.
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Figure-15. Mean values of the lidar ratio of Saharan dust at 355 nm (blue) and 532 nm (green) derived for
fresh Saharan dust (mean campaign value) during SAMUM-1 in Ouarzazate, Morocco in 2006 (SAMUMO06)
(Tesche et al., 2009b), for mid-range transported Saharan dust on 5 days during SAMUM-2 at Cape Verde
in 2008 (SAMUMO8) (Grol; et al.l [2011b), for long-range transported dust over Central Europe on 3 days at
Munich, Germany in 2008 (EARLINETO08) (Wiegner et al.,[2011), and for long-range transported Saharan dust
over the Caribbean on 10 days during SALTRACE at Barbados in 2013 (SALTRACE13). The error bars denote

the systematic errors.

Table 2. Layer mean values of the lidar ratio S, and particle linear depolarization ratio J, including systematic
errors (%) of Saharan dust observations during SAMUM-1 in Morocco close to the source regions (Freuden-
thaler et al.| 2009; Tesche et al., |2009b), of mid-range transported Saharan dust during SAMUM-2 at Cape
Verde (Grof et al} 2011b), of long-range transported Saharan dust to Central Europe in Munich, Germany
(Wiegner et al., |2011), and of long-range transported Saharan dust across the Atlantic Ocean at Barbados dur-

ing SALTRACE.

Campaign Lidar ratio / sr PLDR WL /nm

56 +5 0.31 £0.01 532
SAMUM-1

55+7 0.25 £+ 0.07 355

62+5 0.30 £ 0.01 532
SAMUM-2

58 +7 0.25 £ 0.03 355

59+7 0.34 +0.02 532
Munich

59+8 0.30 £ 0.05 355

56 +7 0.27 £ 0.01 532
SALTRACE

53+5 0.26 £+ 0.03 355
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A similar analysis was performed for S, measurements during SAMUM-1 (mean value), SAMUM-
2 (5 cases), the Munich event in 2008 (3 cases) and during the SALTRACE campaign (10 cases) (see
Figure 15). For the fresh Saharan dust in Ouazazate wavelength-independent mean values of .S,=55
335 + 7 srat 355 nm and S,=56 + 5 sr at 532 nm were found (Tesche et al., 2009b). Slightly but not
significantly higher lidar ratios were found during the Munich dust event and SAMUM-2 campaign
for mid-range transported dust with wavelength-independent mean values of about 60 sr
(CTar)(20TT;(GroBefall2011B). These slightly higher values are in good agreement with the study
of [Schuster et al| (2012)) investigating lidar ratios of mineral dust for different regions over Northern
340 Africa and finding the highest mean values for Saharan dust at Cape Verde. During SALTRACE the

lidar ratios range between 47 sr and 63 sr with mean values of .S, = 56 & 7 sr at 532 nm and S}, = 53
4 5 sr at 355 nm. Altogether no significant changes in the lidar ratio can be found within the error
bars for the fresh and the transported Saharan dust cases.

The mean values and mean uncertainties of S, and d,, for the different dust measurements are

845 summarized in Table 2.
4.2 TImpact on aerosol classification

It has been shown that the lidar ratio and the particle linear depolarization ratio are quite different
for different types of aerosol (SEKSNEHal) @00 €:5:1)) Therefore aerosol classification schemes
both at 355 nm and 532 nm have been developed based on these intensive lidar optical properties

350  (GroB et al} [20TTH; Burton et all 0T2; (GroB et al} (2013} Mingworth and et al} 20T4). Up to
now those classification schemes do not sufficiently account for the effect of aerosol aging on the
thresholds for the discrimination of the different aerosol types: With our measurements during the
SALTRACE campaign, in combination with the findingg of former measurements of fresh and fid-
range transported dust during the SAMUM project and long-range transported dust measurements

855 over Central Europe, we are now able to investigate the effect of transport and aging on the lidar
optical properties of Saharan,dust.

Figure @6 shows the particle linear depolarization ratio versus the lidar ratio at 355 nm and 532
nm of the different aerosol types which are, up to now, included in the aerosol classification schemes
for EarthCARE ([llingworth and et al., 2014} [GroB et al, 2015). Additionally we plotted our results

860 found during the SALTRACE campaign for pure Saharan dust and for the boundary layer. Within

the boundary layer our results fit quite well with former results found for marine aerosols or ma-
rine aerosol mixtures, indicating that the boundary layer was dominated by marine aerosols with
various amount of dust mixed into the boundary layer on specific days. Regarding the Saharan dust
layer,one can see that the dp — Sp-space at 355 nm shows a good agreement to former dust mea-
865 surements during SAMUM. The specified threshold to identify pure Saharan dust from combined
dp — Sp measurements (GFOBEEAL)Z0LS) is still valuable for long-range transported dust, At 532
nm the SALTRACE results for long-range transported Saharan dust show slightly lower 6,,-values
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Figure16: Aerosol classification at 355 nm (left) and 532 nm (right) based on the lidar ratio and the particle

linear depolarization ratio. Measurements at 355 nm were performed with the ground-based Raman polarization
lidars POLIS (Ludwigs-Maximilians-Universidt Miinchen) and with PollyXT of the Leibniz Institute for Tro-
pospheric Research. Measurements were conducted during SAMUM-2 at Cape Verde (Saharan dust, marine,

marine + dust and biomass burning + dust;|GFoBjetaly)20TIB)). in the framework of EARLINET in Leipzig,
Germany (pollution; ([liigworthyandietialy) (Z014)) and in Munich, Germany (volcanic ash, transported dust;
(CHOBTE) EOIR) NIEGHEHERN @D 0 in the Amazon Basin (resh smoke: (BTTSEAINEIND)

compared to the threshold used for the identification for Saharan @uStl Thus this threshold has to be
adapted to a slightly lower d,, value of 0.26 to consider long-range transported Saharan dust. | |

370 5 Conclusions |

We presented optical properties of Saharan dust long-range transported across the Atlantic Ocean to
Barbados. For this purpose we analyzed measurements with the lidar system POLIS at 355 nm and
532 nm, in particular we calculated the extinction coefficient oy, the lidar ratio .S}, and the parti-
cle linear depolarization ratio 6,. While the first properties gives us information about the aerosol
375 load, the latter two properties are intensive lidar properties and thus only dependent on the aerosol
type and not on its amount. Therefore, these properties are used for aerosol classification schemes
based on lidar measurements, (Burton et all} 2012; (Grof et al., 2013; Tlingworth and et al., [2014; |
(GioBEfall2015). The results of this work @reclosely related to former measurements performed

during the SAMUM- 1 (FREHASHIRAIEFEFAIN 2009} TESREEEAINZ00%K) and S AMUM.-2 (GHOBEEAI)
380 | (2016} (TESCRENetar) (20/) campaigns and during a strong Saharan dust event over Central Eu-
rope observed in the framework of EARLINET (Wiegner et al., 2011). Thus, were are able to study

possible changes of the optical properties of Saharan dust caused by long-range transport.

For the long-range transported Saharan dust over Barbados we found typical values of §,, between

0.26 and 0.3 at 532 nm and between 0.24 and 0.29 at 355 nm. The mean systematic errors are 0.01
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and 0.03 at 532 nm an 355 nm, respectively. Compared to J,,-measurements at 532 nm during the
SAMUM campaigns we see slightly lower values for long-range transported Saharan dust to Barba-
dos, while over Central Europe slightly higher values have been found. This leads to the assumption
that not only transport time but also the transport path, and the transport conditions have an influence
of possible changes of the optical properties of Saharan dust. At 355 nm we do not see significant
changes in the J,, values although the overall mean values are slightly higher for long-range trans-
ported Saharan dust to Barbados as well as to Central Europe. For long-range transported Saharan
dust we do not see a significant wavelength dependence anymore.

Mean values of the lidar ratio of the long-range transported Saharan dust over Barbados are 56
4 7 sr at 532 nm and 53 &£ 5 sr and thus agree well with the values found for fresh Saharan dust
over Morocco (Tesche et al., 2009b). Although these values are slightly lower than the values found
for long-range transported Saharan dust over Central Europe (Wiegner et al.l 2011) and of mid-
range transported Saharan dust over Cape Verde (Gro8 et al., 201 1b)) they agree for the measurement
uncertainties. Thus we do not see a significant change in this optical properties during transport.

Though the presented measurements are a good test bed to study the optical properties of long-
range transported Saharan dust, there are a number of questions remaining unsolved, e.g. the impact
of transport condition on the changes of optical and microphysical properties. Thus further studies
will combine lidar measurements with information of the transport conditions and path, e.g. from
model calculations. Furthermore lidar measurements will be combined to in-situ measurements to
get more inside the relationship between optical and microphysical properties, e.g. the cloud con-
densation properties, and about a possible vertical sorting within the dust layer as recently suggested

by Yang et al.|(2013).
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