Anonymous Referee #1

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 GroR et al. investigates the contribution of Saharan dust to the boundary layer over
Barbados as observed during SALTRACE. The paper is of interest to the scientific community but
major revisions are necessary before further consideration for publication in ACP.

Major points:

A description of the used instrumentation is completely missing in the text. Section 2 should be
revised to Instruments and Methods. There should be at least a table that provides an overview of
the used instrumentation. The authors only mention auxiliary measurements with sun photometer
and in situ measurements when they are already discussing results in Section 3.

We added a description of all used instrumentation and methods in Section 2.

It is not acceptable to use papers in preparation as references. Nothing is known about the status of
these papers

We removed the papers in preparation as references but we kept the announcement that papers
dealing with the same topic are in preparation.

The authors should consider restructuring the paper. It seems more straight-forward to first discuss
the measured optical properties and later describe the subsequently retrieved parameters. This
means that all optical properties should be addressed before Figure 4 is discussed.

We agree with this reviewer that a restructuring of the paper would be more straight-forward and
followed his suggestion to first discuss the optical properties and then the subsequently retrieved
parameters.

Greater care is necessary with respect to the investigated height range. The authors loosely vary
between the terms convective marine boundary layer, convective boundary layer and just boundary
layer. Are these meant to be the same things? Later they also discuss the transition layer and the
Saharan air layer. It might be worthwhile to properly define all these layers in the example provided
in Figure 2.

We are more consistent now.

Please make sure that the same tense is used throughout the paper.
We revised the paper to check the tense.

Statements of good and very good agreement need to be quantified.
We replaced these statements by more precise statements.

Minor points:



¢ Check the co-authors’ affiliations. | believe it’s Leibniz Institute.
We changed that.
* p1,113: 80% seems like a normal value for RH in marine environment.

Indeed, 80% is a normal value for RH in marine environment. We mentioned that value as it
justifies the use of optical properties for moist sea salt. We removed this statement in the abstract
but mention this in the text.

* p1,120: Are the measurements just used to support modelling efforts or rather to validate them?

Indeed, the measurements are also used to validate modelling efforts. We changed the text
accordingly.

® p2,l111: Please elaborate on the point of efficient downward mixing.

We believe that the high values in the particle linear depolarization ratio in the layer below the
well-defined Saharan Air Layer is already an indication that dust removal processes started to mix
the dust out of the SAL down to the ground. We added this to the text.

p3,Section 2.2: More background is needed on how the conversion factors have been obtained. Did
you apply any constraints for retrieving marine conversion factors from AERONET measurements at
Barbados? Why are the factors almost identical for marine aerosol and mineral dust?

We provide now more information how the conversion factors are calculated.

To the question of the almost identical values: For large particles the aerosol extinction coefficient
is mainly dominated by the size of the particles. As both, marine aerosols and mineral dust, are
large particle types in the same size range also their conversion factor from extinction to volume
should be almost the same.

* p4,l4: Does this mean that you use the gradient method to find the top height of the CMBL? Do you
use the first gradient or the strongest gradient? Please provide more information.

The gradient method was applied to derive the top height of the CMBL which was defined as height
range of the strongest gradient. Furthermore we used the change of the change of the intensive
optical properties to strengthen our result. We changed the text to be more precise there.

¢ p4,Section 3.2: More details are needed regarding the analysis of the lidar measurements. You
could provide those in an Instruments section: What is the averaging time of the lidar
measurements? Were the lidar measurements performed during day or night? How did you analyze
the data? Which lidar ratio has been used to derive the backscatter profiles?

We added a subsection in the ‘Instrumentation and Method’ section to describe the lidar system,
analyzes of the data and specific information on the used data.

® p5,l112: Could the differences in lidar and sounding be the result of the two hours time delay
between the two?

We do not believe that the missing capping inversion in the radiosonde at the CMBL top height
derived from the gradient method is due to a two hour shift between both measurements. We



rather think that there was no strong capping inversion on that day. This would also explain the
little difference in the intensive lidar quantities below the CMBL top height and above.

* p6,Figure 3: What is the general time difference between the lidar measurements and the
soundings?

Typically the soundings were launched during the lidar measurement sessions, thus no or only little
time difference is found in general. We added a subsection in the section ‘Instruments and Method’
which includes this information.

® p7,13: Please elaborate what is meant with intensive lidar quantities for the unfamiliar reader.

Intensive lidar quantities are only dependent on the type of the observed aerosol or aerosol
mixture. The intensive lidar quantities are not dependent on the amount of aerosols. We added a
description in the text.

¢ p7,112: 1 don’t believe that this paper is the best reference on sea spray production.

We use this paper here as the authors conducted an empirical study of the relation between sea
salt production and wind speed. We use their thresholds in this study.

¢ p8,Figure 5: Add mean/median/sd to the figure. Improve the scale in lidar ratio, i.e. 0 to 50 sr.

We show now mean, stdev, median and error of the mean in this figure and improved the lidar
ratio scale from 0 to 50 sr.

¢ p10,l110: More details are needed for the in situ measurements used in the closure study. Which
instruments are involved? How have those measurements been transformed to mass concentration?
What is meant with "match in time"? Such criteria need to be provided in the paper.

We added a subsection in the ‘Instrumentation and Method’ section to provide information on the
in-situ measurements and their analysis.



Anonymous Referee #2

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 authors describe a case study of Saharan dust observed over the Caribbean with a dual wavelength
lidar. In their paper, the authors describe time series of LIDAR (CIMEL and POLIS) measurements to
highlight a study case (10 July 2013) and vertical profiles of this study case. They also provide a closure
study based on the comparison of LIDAR retrieved parameters and in-situ measurements. This
manuscript is of interest for the scientific community but need major revisions before submission to
ACP.

MAJOR COMMENTS :

The scientific objectives of the study are limited to “provide detailed BL characterization as part of the
vertical aerosol structure over Barbados during SALTRACE” as it play a significant role in the synergy
between ground based, airborne and column integrated measurements. Could you state clearly how
your results will help to link all these measurements? Could you also state if and how those results may
be applied to different measurement campaign?

We changed the text to provide more infromation.

This paper is referring to LIDAR (POLIS and CIMEL), in-situ and radio-soundings measurements. There is
no description of the used instruments, which is mandatory. Also every all the algorithms to correct the
data, if existing, must be described in one specific section.

We included this information in the ‘Instrumentation and Method’ section.

Figure 4 : From the dust mass concentration shown in this figure, one can see that the variability is not
important from day to day. The dust mass concentration is on average 40ug/cm3. Two outliers can be
distinguished at 70and 100ug/cm3. That would have been really interesting to show the lidar profile for
these two cases when dust are obviously mixed with sea salt.

We decided to not show another case study as we already showed a case with large dust contribution
in the boundary layer. We included now the values from the case study in Figure 4 (now Figure 5).

Looking closely to the values for the study case (10/07/2013) the values are always below 40ug/cm3 and
increasing throughout the day. Now from the profiles shown in Figure 2 the average mass concentration
of dust within the CMBL is about 110ug/cm-3. This strong difference makes questionable the quality of
the data used in Figure 2 or in Figure 4.

The reviewer is right that the value shown in Figure 2 is missing in Figure 4 (now Figure 5) as we used
only synchronized lidar and radiosonde measurements for consistency of the analysis shown in Figure
3 and (now) Figure 5.

MINOR COMMENTS :



Could you provide a map to show the location where SALTRACE took place ?

Instead of showing a map of the SALTRACE location we referenced the SALTRACE overview paper in
BAMS providing all necessary information about the SALTRACE campaign.

Although, Denjean et al 2015 found (based on model results) that optical properties of one dust plume
particles were not modified during their transport over Atlantic, many studies have shown differences in
the dust size distributions, in the dust morphology, and also on the dust optical properties including dust
polarization (Bréon et al. 2013). Why you are stating that here ? Is it related to your choice of a mean
depolarization ratio of 0.30 ? If yes then you should lead the reader into it cause | don’t see the point
here. Also, Burton et al. (2015), using HSRL measurements, highlight a dust particulate depolarization
ratio of 0.32 over the Caribbean islands. You should spend more energy on why you choose 0.30.

We refered to the work of Denjean et al 2015 to justify that we do not consider changes in the particle
depolarization ratio due to the high relative humidity. We thus took a mean value for the linear
particle depolarization ratio of dust of 0.3 found during former studies (e.g.Freudenthaler et al., 2009;
Liu et al., 2008, Grof3 et al., 2011) which is in good agreement with the values we found during the
same campaign within the Saharan air layer over Barbados from our measurements (Grof8 et al.,
2015). We tried to this more clear in the text.

P3, L8 Remains not remains
We changed that.

Dust volume and mass conversion: You use a conversion factor of 0.65.10-6 m. According to previous
studies large aerosols do not reach the Caribbean coast (Maring et al. 2003). So this factor should not
remain the same over the dust source and after few days of transport. Could you precise if the Gasteiger
study was referring to fresh or aged dust ? Moreover it appears difficult to compare a factor obtained
from measurements over the source (SAMUM) to a factor obtained after transport (SALTRACE). How did
you calculate this factor ? It seems that you use the aerosol volume from AERONET measurements
(integrated over the column) and an extinction coefficient from the LIDAR (at which altitude ?). What
are the errors associated with this coefficient (AERONET volume errors + Lidar ratio errors + density
errors )? Did you perform a closure with the AOD from AERONET and the AOD from your LIDAR data ?

From the measurements of size distribution we do not confirm that no large particles reach the
Caribbean coast (see Weinzierl et al., 2016, van der Does et al., 2016). Analyses of the conversion
factors from sunphotometer measurements confirm that the value does not change significantly
during transport and that the conversion factor derived with the method described in Gasteiger et al.
is still valid for long-range transported Saharan dust although the reference ensemble of Gasteiger et
al. is referring to dust near the source region (measurements performed in Morocco). The conversion
factor derived with the method described by Gasteiger et al. is the ratio of volume to extinction. The
value from sunphotometer is also derived by first calculating the volume, the extinction, and the ratio
of both using the aerosol mixture retrieved by the AERONET inversion algorithm for the calculation.
We provide now an improved description of the method. For detailed information about the methods
we included the references to the corresponding publications.

This factor is depending on the altitude, right ? Bigger SS at the surface, dust mixed with SS and pure
dust over those layers.



We believe that in the convective marine boundary layer, which is characterized by mixing processes,
we do not have to take any height dependency of the particle properties or conversion factors into
account, especially not in the height ranges we are able to observe with our lidar system. Maybe this
is different in the lowermost meters above ground, but we miss these height ranges with our
observations.

You choose to use a density of 2.5g/cm3 assuming that dust are mixed with sulphate. Earlier you state
that dust chemistry was not changing during the transport. If there is any sulphate on a dust particle,
even a little bit, then the dust becomes hygroscopic (Roberts et al., 2001) and the optical properties are
not the same than pure dust. You need to clarify this point

Measurements of the chemical properties of dust near the source region (Kaaden et al., 2009) and
over Barbados (Kandler et al., in preparation) show that there is always a portion of sulfate externally
mixed (Weinzierl et al., 2009) in the Saharan air layer. Thus, the statement that we do not see changes
in the chemistry also includes that we do not see changes in this external mixture and that the dust
particles are not coated with the sulfate at the end of the long-range transport across the Atlantic
Ocean.

You need to show the data that provide you enough information to chose 0.65 .10-6 m for dust and 0.66
.10-6 m for sea salt particles.

We decided to not show all the measurements of the measurement period from 2007 to 2015. These
measurements are freely available on the AERONET webpage and can be reviewed there.

Could you provide the extinction profile retrieved for the 10 July 2013 study case ?
We included the extinction coefficient profile in the case study.

P6 L4 You say that dust particles contribute to 100% of the total aerosol volume so why is there no pure
dustin Table 2 ?

Table 2 only includes measurements within the CMBL while the dust contribution of 100% refers to
height ranges above 1.6 km in the shown case study.

From what | understand, you used the wind speed to say that SS can be generated at the surface, the
wind directions to say that wind are mainly coming from East / North- East, and the relative humidity is
always larger than 60% and in average 80%. Does that need to be plotted ?

This information is already shown in Figure 3.

What can we learn based on your CMBL height retrievals ? You say that some cases are not well
retrieved by the LIDAR and you say why. Is there a solution to avoid those mistakes with this kind of
LIDAR?

We do not think that you can avoid these mistakes. However what we show and also state in the text
is that if the gradient is so small that it would lead to this kind of mistake, then the intense optical
properties do not change significantly between the lower layer and the layer above.

Figure 5 : Could you change the scale of the Lidar ratio plot ? The values are between 15-35 and your
scale is between 0-100. What are the green and blue dots represent?



We changed the scale for the lidar ratio to values from 0 to 50 sr. We clearly indicate the meaning of
the different symbols in the figure caption.

Section 3.6 : What kind of in-situ measurement did you use ?
The description of the in-situ measurements is now added in Section 2.

- The correction you apply to these unknown in situ data is based on OPAC desert mixture and assuming
10um particles reach the barbadoes. What is this correction about? You cannot use a correction factor
that please you without explaining the reader what you exactly did. - You are only looking to data that
‘match in time’. What does that mean ? Is it a window of an hour, 10 minutes? - This closure doesn’t
conveniently take into account the larger values of dust concentration. In the figure caption remove the
second ‘dust’

For the derivation of this correction factor we use the OPAC desert mixture and calculate the aerosol
volume of this mixture for upper cut-off radii of 5 and 10 micrometer. We calculate the ratio between
both volumes, assuming that a cut-off radius of 10 micrometer is valid for dust reaching Barbados and
a cut-off radius of 5 micrometer is valid for the instrument. This factor is about 1.25 and is applied to
the PM10 measurements to calculate the ambient dust volume. However, as the uncertainty about the
size distribution of dust after long-range transport is large, we consider an uncertainty of +-0.25 which
also covers the case that no aerosol with r > 5 micrometer reaches Barbados.

The summary is not giving any conclusions or any clue to better improve the relation between ground
base and remote sensing measurements. You should be careful in the summary and say that you were
able with this case to link ground based measurements to remote sensing measurement but that for
other cases it might not be as easy to achieve. You also need to tell the reader why you were able to do
it (mixing condition with the BL, Just two type of particles etc.

We reworked the Summary.



Anonymous Referee #3

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).

General comments

The paper presents a case study related to SALTRACE campaign
addressed to the characterization of the boundary layer with the
presence of a mix of aerosol (dust and maritime) in the Caribbean area
during a Saharan dust transport. It deals with a very interesting topic for
the scientific community involved in atmospheric research because it
provides information that can be merged with other results coming
from other papers produced for the same campaign, obtaining a large
and exhaustive overview and interpretation of the atmospheric
observations in a particular site and in several kinds of conditions. This
gives the paper a value even if it is not particularly original.

The paper seems to be written with no sufficient detail in the
discussions and justifications. Improvement and more care should be
requested in English language, being present several English grammar
typos errors.

We changed the manuscript considering the suggestions of this
Reviewer. We modified the Summary and included a Section to discuss
the results. We also checked on grammar typos errors.

Specific comments



Some general considerations

In order to give the paper more completeness and to allow a better
understanding of the observations, the authors should link (and cite) a
previous paper: "S. GroR, V. Freudenthaler, K. Schepanski, C. Toledano,
A. Schifler, A. Ansmann, and B. Weinzierl, Optical properties of long-
range transported Saharan dust over Barbados as measured by dual-
wavelength depolarization Raman lidar measurements, Atmos. Chem.
Phys., 15, 11067-11080, 2015, www.atmos-che-
phys.net/15/11067/2015/, doi:10.5194/acp-15-11067-2015", where
most of the authors are the same, the lidar system is the same and also

the measurement period is the same. In the present paper the authors
address the study to a different day, characterized by a dominance of
marine aerosols.

As suggested by this reviewer we linked and cited the previous paper
in this work.

There are several references to papers in preparation for the same
special issue. In my opinion, this is possible if some aspects presented
will be furtherly analyzed and discussed in those, but this is strange if
the results of those papers are used (e.g. Grof et al 2015, Haarig et al.,
Marinou et al.) before the corresponding peer review processes. In
principle, the results or conclusions of those papers could also be
rejected. This paper should have its own self-consistence and therefore
the results of those other papers should be introduced in a different
way, otherwise the paper should be accepted after the others will be
accepted for publication.

We agree that the paper has to be self-consistent and thus we
replaced the papers in preparation by peer-reviewed published papers


http://www.atmos-che-phys.net/15/11067/2015/,
http://www.atmos-che-phys.net/15/11067/2015/,

where a link to former or other work is needed. However we kept the
announcement that papers dealing with the same topic are in
preparation for this special issue.

In detail

Page 2, Lines 11-12: The authors write: “This strong increase at the top
of the cloud-topped or cloud-less CMBL is to our opinion a clearly sign
for an efficient...” The conclusion should be better discussed by the
authors.

We believe that the high values in the particle linear depolarization
ratio in the layer below the well-defined Saharan Air Layer is already
an indication that dust removal processes started to mix the dust out
of the SAL down to the ground. We added this to the text.

Page 3, Line 6: The authors justify the assumption about the two
component mixture of marine aerosols and mineral dust with
“coordinated in-situ measurements”. Which kind of measurements?

For this assumption we used airborne in-situ measurements of
microphysical and chemical composition of the observed aerosols. We
added this in the text.

Section 2.1. The authors assume several values for linear depolarization
ratio for dust and marine aerosols, lidar ratio. Did they try to have
support from direct measurements to these assumptions? For example,
in my opinion, with reference to the paper | cited before (Point 1), why
in this paper the authors do not use a similar optical characterization?

This reviewer is right that we should link the previous paper to this
work to justify our assumptions of the used values for the linear



depolarization ratio of dust and marine aerosols. We measured these
values during the SALTRACE campaign and the values are described in
detail in Grof et al., 2015. We now refer to this optical haracterization
of the different aerosol types to make clear that the values used for
the type separation are based on direct measurements at Barbados.

Section 2.2: It is not clear to me how, from the reference ensemble of
Gesteiger et al (2011) at 532 nm, the value 0.68x10-6m is obtained. But,
in general, this is applicable also to the several values of v/alpha. The
assumptions are introduced in a very fast way, without justifications. |
think, a discussion, even if minimum, should be given to give the paper
a self-consistence.

The v/alpha value is calculated for the reference ensemble by first
calculating the volume of the mixture and then the extinction
coefficient of the mixture as described by Gasteiger et al.

Page 4, Line 15: Did the authors tried a comparison using Raman
measurements? According to the paper | cited at the beginning (Point
1), POLIS is also equipped with Raman channels. How the backscatter in
fig 2a are calculated? Why Raman measurements have been not used to
characterize the layers like in the previous paper (see Point 1)?

POLIS is indeed equipped with Raman channels and we used these
measurements for the optical characterization of the different aerosols
and aerosols layers as was shown in the previous paper mentioned by
this reviewer (Point 1). We also characterized the intensive optical
lidar properties in the boundary layer as shown in Fig. 5 (now Fig. 4)
and Table 1. The shown case study was performed during daytime
where no Raman measurements were performed. As the aerosol type
separation is based on depolarization measurements, the backscatter



value and depolarization ratio measurements are the most important
values. We derived them with the Fernald/Klett algorithm as is now
described in the ‘Instrumentation and Method’ section. We chose this
case study as the measurements were performed during aircraft
overflights over the ground-based station and the date was chosen as
one of the ‘golden cases.’ Thus this case study might be useful for
further analyzes. We tried to better link to the previous study.

Page 9, Table 1: It is not clear to me the case 24 June — 10 July. What
does this indication mean: dust and marine (marine dominated), but
without marine cases.

‘dust and marine (marine dominated)’ refers to a mixture of dust and
marine aerosols which optical properties dominated by the marine
aerosols in this mixture.

Page 10, Line 2: Which is the distance between the measurement site
and the Ragged Point? Is this comparison significant?

The distance between Ragged Point and the lidar measurement site is
about 40 km. To check the significance of comparisons between both
sites we looked on aircraft in-situ and sunphotometer measurements
of total AOD and Angstrém Exponent.

Page 10, Line 8: Which is the meaning of the factor 1.25? How is it
obtained?

For the derivation of this correction factor we use the OPAC desert
mixture and calculate the aerosol volume of this mixture for upper cut-
off radii of 5 and 10 micrometer. We calculate the ratio between both
volumes, assuming that a cut-off radius of 10 micrometer is valid for
dust reaching Barbados and a cut-off radius of 5 micrometer is valid



for the instrument. This factor is about 1.25 and is applied to the PM10
measurements to calculate the ambient dust volume. However, as the
uncertainty about the size distribution of dust after long-range
transport is large, we consider an uncertainty of +-0.25 which also
covers the case that no aerosol with r > 5 micrometer reaches
Barbados.

Page 10, Lines 9 and 10: What does it mean “we assume an uncertainty
of...”. How this estimation has been obtained?

See previous comment.

Page 10: The comment to the results of Fig. 6 is really very short. In
general, these should be better discussed.

We extended the discussion.

Page 11, Summary: | image that the conclusions are referred to the 10
July case study. The authors does not report this. Moreover, | do not
see correspondence between the values reported for PLDR in the
Summary and those reported in table 1. Again, in the last line, which is
the distance from the eastern part of the island? In general, the
summary should be more clear and should give the idea of the
importance of the reached goals.

We completely modified the summary to make it more clear and to
give and idea of the reached goals.

Technical corrections

Page 1, Line 5: change “information of the CMBL” into “information on
the CMBL”



We changed that.

Page 2, Line 21: change “information of the boundary layer” into
“information on the boundary layer”

We changed that.

Page 2, Line 24: change “ground-base” into “ground-based”

We changed that.

Page 2, Line 26: change “located at the area” into “located in the area”.
We corrected that.

Page 3 Lines 6-8: Specify that the content of the sentence has been
demonstrated when aerosols are transported across the Atlantic in
summertime, otherwise it seems valid in general.

We tried to limit the validity of this statement by mentioning that it is
valid for this study. However we agree with this Reviewer that a
wrong assumption of general validity has to be avoided. Therefore we
modified the text to make clear that this two-type assumption is only
valid during dust long-range transport across the Atlantic Ocean as it
was found for this study.

Page 7, Lines 3 and 5: change “on top the CMBL” into “on top of the
CMBL”. Page 7, Line 3: change “found, that” into “found that”. Remove
the comma.

We corrected that.

Page 8, Line 9: the authors write “AOD >= 0.4 nm”. They missed the
wavelength between “0.4” and “nm”



We corrected that.
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Saharan dust contribution to the Caribbean summertime boundary
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Abstract. Dual-wavelength lidar measurements with the small lidar system POLIS of the Ludwig-Maximilians-Universitit
Miinchen were performed during the SALTRACE experiment at Barbados in June and July 2013. Based on (high=accuracy
measurements of the linear depolarization ratio down to about 200 m above ground level, the dust volume fraction and the
dust mass concentration within the €onvective'marine boundary layer can be derived. Additional information from radiosonde
launches at the ground-based measurement site provide independent information en the Eonvectivermarine boundary layer
height and the meteorological situation within the €onVectiVeimarifie boundary layer. We investigate the lidar=derived optical
properties, the lidar ratio and the particle linear depolarization ratio at 355 and 532 nm and find jmean values of 0.04 (Stdev
0:03)) and 0.05 (stdev'0104) at 355 and 532 nm, respectively, for the particle linear depolarization ratio, and (26 =+ §)) sr for the
lidar ratio at 355 and 532 nm. For the concentration of dust in the €onvectivermarine boundary layer we find that most values
were between 20 and 50(g/i370On most days the dust contribution to total aerosol volume was about 30-40%. Comparing the
dust contribution to the €olumn=integrated sun-photometer measurements we see a correlation between high dust contribution,
high total aerosol optical depth and g low Angstrom exponent, and of low dust contribution with low total aerosol optical

depth.

1 Introduction

Saharan dust is one (6f the'primary components) of the global aerosol load (Forster and et al., 2007; Haywood and Boucher,
2000) with an estimated annual emission of more than 1000 Mt (Duce et al., 1991). Saharan dust can be transported @ven
several thousand kilometers (Goudie and Middleton, 2001; Liu et al., 2008), influencing the Earth’s energy budget on its way
(Tegen et al., 1997). Turbulent downward mixing of dust in the €6iVEeti¥@ marine boundary layer (CMBI) over the tropical
Atlantic is assumed to be an efficient dust removal process. To support modeling efforts to simulate dust long-range transport
and removal (pfocesses accurately and o' validate the'model output, a high-quality vertically resolved characterization of the

optical and microphysical particle properties in the E6fVEEEV® marine boundary layer @id in the main dust layer (Saharan Air
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Layer, SAL) is @€ssentiald SAL properties found dufiig'SALTRACE iave already b€ presented by GroB et al. (2015)Fheie)
we present the properties for the CMBIZ Further papers will be presented {filtheframeworkiof thiS'SAETRACE Specialtissie)

that will also partly deal with the removal of dust by turbulent downward mixing (Rittmeister et al., in preparation; Marinou et
al., in preparation).

(Typically;ithe cloud-topped convective boundary layer in the trade-wind-dominated tropics consists of the so-called sub-

ud layer, which is identical with the convective @afifi® boundary layer in the absence of cloud formation and @sually
es to 500-1000 m height, and the cloud layer (Siebert et al., 2013). Moist convection can lead to a considerable increase
verall depth of the convectively active height range. Over Barbados, cloud top heights were frequently observed from
m. In the convectively active zone, the observed particle linear depolarization is usually low (< 0.1) and rapidly
typical values > 0.2 in the base of the €leévated mineral dust layer (Grof et al. 2015, Haarig et al., in preparation
ial issue). This strong increase at the top of the cloud-topped or cloud-less CMBL (€an'belintetpretedias) a €lear
cient downward mixing of dust at the interface between the CMBL and the €lévated’SAIasitlindicatesilarge
SAL. Dust trapped in the CMBL will then be comparably quickly transported down to
d surface and deposited.

of long-range transported dust with the space-borne lidar system CALIOP (Liu etal., 2008),
is low close to western Africa in summer and increases with distance from Africa. This finding is in agreement
idar observations in May 2013 (K@nitZ et al., 2014)) Frequent cloud formation in the marine boundary layer
odynamic conditions in the range from about 700 to 1500-2000 m towards @ less stable air stratification Such
cloud formation is facilitated and clouds may reach higher altitudes.

e present information em the CMBL and the dust contribution within the CMBL over Barbados in June and July
rmation is based on ground-based lidar measurements with the depolarization and Raman lidar system POLIS
et al., 2015; GroB et al., 2015) of the Ludwig-Maximilians-Universitit, Miinchen, performed in cooperation
sches Zentrum fiir Luft- und Raumfahrt (DLR), and on radiosonde measurements (launched typically twice a
e Barbados (gfounid=based site performed B¥) the Leibnitz-Insitut of tropospheric research (TROPOS), Leipzig.
rements were conducted in the framework of the Saharan Aerosol Long-range Transport and Cloud-interaction
nt ((SAETRACE;Weinzietl'éfal2016)) The measurement site was located @ the area of the Caribbean Institute of
ology and Hydrology (CIMH) at Husbands (13.14° N, 59.62° W, 100 m), on the south-western part of Barbados.

e general properties discussed in this paper include height, wind direction and wind speed Withifl the boundary layer. The
ar derived properties include the mean lidar ratio and mean particle depolarization ratio within the @MBI at 355 nm and
532 nm, @nd the retrieved dust volume fraction and dust concentration within the @MBIE) The aim of this paper is to provide
a detailed characterization GfReSCMBID as part of the vertical aerosol @istribution over Barbados during SALTRACE. The
characterization of the whole atmospheric column by vertical profiles of its properties, and a characterization of the different
(layerswithifis important as it enables to link ground-based dust measurements, airborne measurements, and column-integrated

measurements e.g. with sun-photometers.
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This paper is structured as follows; in Section 2 measurements, jnstrumentation, and methodology are briefly described, in
(Sectionsi3rand Section @ the results are (presentedand|diScussed; and Section & concludes this work.

2 (nstrumentsiand Method

2.1 SALTRACE

22 POLIS lidar system

10

20

25

30

coordinated with radiosonde ascents at the lidar site. For a general description of measurements and analysis see Grof et al.
(2015);

2.3 (CIMED

‘Two AERONET sunphotometer (site name: Barbados_SALTRACE) were co-located with the ground-based lidar POLIS. Di-

particle size distribution, complex

| |
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refractive index, single scattering albedo and fraction of spherical particles. For further details on the instrument, calibration
procedures and data products, see Holben et al. (1998), Dubovik and King (2000), and Dubovik et al. (2006).

During SALTRACE radiosondes were Taunched typically twice a day along with the lidar measurements; one during the
moming sessions (14-15 UTC) and one during the evening session (231 UTC). The radiosondes recorded temperature, air

measurements

and SMPS?

dust paRtcles
for the dynamic shape factor

was found to be lower by 14% compared

to the dust mass concentration from optical absorption. Niedermeier et al. (2014) pointed out, that the determination of the



Compare: Einfügen�
Text
"510152025refractiveindex,singlescatteringalbedoandfraction"

Compare: Einfügen�
Text
"sphericalparticles.Forfurtherdetailson"

Compare: Ersetzen�
Text
[Text alt]: "twocomponents."

[Text neu]: "instrument,calibrationproceduresanddataproducts,seeHolbenetal.(1998),DubovikandKing(2000),andDuboviketal.(2006)."

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Löschen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Löschen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Löschen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Löschen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Ersetzen�
Text
[Text alt]: "Comparisons"

[Text neu]: "2.4RadiosondesDuringSALTRACEradiosondeswerelaunchedtypicallytwiceadayalong"
Die folgenden Attribute von Text wurden geändert: 
   Schrift

Compare: Ersetzen�
Text
[Text alt]: "coordinatedin-situ"

[Text neu]: "thelidarmeasurements;oneduringthemorningsessions(14–15UTC)andoneduringtheeveningsession(23–1UTC).Theradiosondesrecordedtemperature,airpressure,relativehumidity,windspeedandwinddirection.Altogether56radiosondeswerelaunchedduringSALTRACE.2.5In-situ"

Compare: Ersetzen�
Text
Die folgenden Attribute von Text wurden geändert: 
   Schrift

Compare: Ersetzen�
Text
[Text alt]: "justify"

[Text neu]: "In-situdustmassconcentrationsweredeterminedattheﬁeldstationRaggedpoint(seeProsperoandMayol-Bracero2013)."

Compare: Einfügen�
Text
"FortheSALTRACEcampaignthestationwasequippedwithadditionalinstrumentationfordustcharacterization.AerosolsweresampledthroughanaerosolPM10inletontopofamast17maboveground.Theaerosolladenairwasdrawnwithaﬂowrateof16.6l/minthrougha3/4inchstainlesssteeltube.At"

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Ersetzen�
Text
[Text alt]: "assumption"

[Text neu]: "base"

Compare: Einfügen�
Text
"themasttheﬂowwassplitanddirectedtodifferentinstruments.Beforethemeasurements,theaerosolwasdriedto"

Compare: Ersetzen�
Text
[Text alt]: "twocomponentmixture"

[Text neu]: "relativehumidityofabout40%usingNaﬁonmembranes.Instrumentsforinvestigatingproperties"

Compare: Ersetzen�
Text
[Text alt]: "marineaerosols"

[Text neu]: "cloudcondensationnucleiaredescribedinKristensenetal."

Compare: Einfügen�
Text
"ThetotalparticlemassconcentrationisderivedfromtheparticlenumbersizedistributionmeasuredwithAPS"

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Text
"(2012))formeasuringthesub-micrometerparticlenumbersizedistributionwereused."

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Text
"ParticlelightscatteringcoefﬁcientsweremeasuredwithaNephelometer(Aurora4000m,EcotechPtyLtd.,Australia)andlightabsorptioncoefﬁcientsweremeasuredwithaSpectralOpticalAbsorptionPhotometer(SOAP,Mülleretal.2011).Additionally,anAerodynamicParticleSizer(APS-3321,TSI)formeasuringtheparticlenumbersizedistributionforsub-micrometerparticlesandaScanningMobilityParticleSizer(SMPS,Wiedensohleretal."

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Text
"(2016).Instrumentsformeasuringopticalpropertieswereplacedinanoutsidecabinetunderthemasttoavoidsamplinglinelossesforsuper-micrometerparticles."

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Ersetzen�
Text
[Text alt]: "mineral"

[Text neu]: "SMPS.Toconverttheaerodynamicparticlenumbersizedistributiontoavolumeequivalentnumbersizedistributionfor"

Compare: Einfügen�
Text
"particleswechoseadynamicshapefactorof1.17andadensityof2.45g/cm3.Themethodandthevalues"

Compare: Ersetzen�
Text
[Text alt]: "thisstudy.It"

[Text neu]: "thedynamicshapefactoranddensityarediscussedinNiedermeieretal.(2014).Forcaseswithhighdustconcentrations(dustmassconcentration>20µg/m3),thetotalmassconcentrationfromtheparticlenumbersizedistribution"

Compare: Ersetzen�
Text
[Text alt]: "shownthatlongrangetransported"

[Text neu]: "foundtobelowerby14%comparedtothe"

Compare: Ersetzen�
Text
[Text alt]: "doesnotshowenhancedhygroscopicityand"

[Text neu]: "massconcentrationfromopticalabsorption."

Compare: Einfügen�
Text
"Niedermeieretal.(2014)pointedout,"

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Ersetzen�
Text
[Text alt]: "chemicalcomposition"

[Text neu]: "determination"

Compare: Ersetzen�
Text
[Text alt]: "remainesratherunchanged(Denjeanetal.,2015).The"

[Text neu]: "massconcentrationfromopticalabsorptiondependsonthechoiceofthemassabsorptioncoefﬁcient,speciﬁcallyonthe"

Compare: Ersetzen�
Text
[Text alt]: "humiditywithin"

[Text neu]: "abundanceof"

Compare: Ersetzen�
Text
[Text alt]: "boundarylayer"

[Text neu]: "stronglyabsorptionironoxides."

Compare: Einfügen�
Text
"Themassabsorptioncoefﬁcientusedinthisstudy"

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Ersetzen�
Text
[Text alt]: "alwayshigher60%sothatwedonotconsideranydrymarineaerosolswithin"

[Text neu]: "derivedfrom"

Compare: Ersetzen�
Text
[Text alt]: "boundarylayer(Murayama"

[Text neu]: "SAMUM-IcampaignforSaharandesertdustwithanrelativeironabundanceof1%(Kandler"

Compare: Ersetzen�
Text
[Text alt]: "1999;Sakai"

[Text neu]: "2009).Thiscanexplaindifferencesbetweenthetwomethodsqualitatively,adetailederrordiscussionofthemethodsisbeyondthescopeofthispaper."

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Einfügen�
Anmerkung
Übereinstimmende Anmerkung nicht gefunden

Compare: Verschieben�
Außertextliches Element
Außertextliches Element wurde von Seite 4 des alten Dokuments verschoben


216 Aerosol type separation

From the profiles of the particle linear depolarization ratio d, and particle backscatter coefficient 3, measured at 532 nm we

determine the dust backscatter coefficient 54 following the procedure described by Tesche et al. (2009a); GroB et al. (2011a)

and Ansmann et al. (2011). This method is-based on the work of Shimizu et al. (2004)/asSumingatwocomponentmixture with
known particle depolarization ratio of the two components as indicated by coordinated aircraft in-situ measurements (Weinzierl
al.,(2016))AS input parameters for the'aerosol type separation we use the) mean dust linear depolarization ratio dq of 0.30 @s
(Freudenthaler et al., 2009;
al., 2011b)./We also include measurements over Barbados during the SALTRACE experiment focusing on the general
and on the optical properties of long-range transported Saharan dust (GroB et al., 2015). For

a mean linear depolarization ratio d,q of 0.02 for relative humidity values >45% (GroB

The dust oy and marine extinction coefficient ayg are calculated according to o = 8- .S with a | dust lidar
r (Tesche et al., 2009b; GroB et al., 2015) and a marine lidar ratio S,q of 20 st (GroB et al., 2015) at 532 nm.

me and mass conversion

e volume concentration of both particle types is derived using a conversion factor from extinction to volume
c. This conversion factor strongly depends on the microphysical properties of the aerosol type, in particular on
v/a/@nd to study the potential differences in the conversion factor v/« for fresh and long-range
v/a was derived from SAMUM and SALTRACE-AERONET measurements during pure @USEpetiodsiThe)

dust outbreaks observed over Morocco, Cape Verde and Barbados with acrosol optical depth

a constant value of @/a=0165"10~° m formeasurements close forthersource
we [@dopt this Valuefor'the'conversion. To derive the conversion factor for marine aerosols
easurements at Barbados from 2007-2015 (Wetelanalyzed Altogetheraboutil00observationswhichiwereidefined
were (found) resulting in a @aFiAS conversion factor
> m. The conversion factors for dust and marine aerosols are similar because the size distribution of both aerosol
The dust volume fraction can then easily be calculated from the ratio of the dust volume concentration to
otal volume concentration. The dust mass concentration is calculated from the dust volume concentration by multiplication

th the particle density, which we assumed to be 2.5 @/¢m®based on thie fact, that in Mostcases’a mixtures of coarse and fine

mode particles (Ansmann et al., 2011; Mamouri and Ansmann, 2014) and sulfate particles (Kaaden et al.,(2009)Wasfoundin
the Saharan dust layer.
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2.8 | CMBL height identification

Werinfer the height of the CMBLEfrom'the'radiosonde’measurements? As turbulent convection in the boundary layer causes
constant values of the potential temperature and mixing ratio (Hooper and Eloranta, 1986; Kaimal et al., 1976), we use these
properties as indicators for the CMBL height. Furthermore we mse temperature information derived from the radiosonde as-
centsy as the boundary layer is mostly capped by an inversion layer (Carson, 1973). Independently we derived the CMBL
height from the optical properties measured B¥) our lidar system. Aerosol concentration and thus the aerosol backscatter co-
efficient show a gradient on top of the boundary layer (Boers et al., 1984; Hooper and Eloranta, (1986)WeTtse the'strongest
gradient to determine the CMBL height.|Furthermore we also use the measured intensive lidar quantities like the linear particle

depolarization ratio to strengthen our result.

3 Results
3.1 General measurement situation

The main measurement period for closure studies during SALTRACE was from 20 June to 12 July 2013. During this time the
aerosol situation above Barbados was characterized by an aerosol optical depth (AOD) which mainly ranged between about |
022 and 0.4 @lmost wavelength-independent for the CIMEL measurements at 340, 500 and 1020 nm (Fig. 1). The Angstrom
Exponent (AE) was typically 0.2 or lower. On some days, however, the aerosol load over Barbados was (Stubstantially 1ower;
with AOD values @€l below 0.2. Those low AOD values were connected with higher AE of about 0.5-0.7. On 7 July 2013 the
AE was even as high as 1.1. Five episodes with#ligh) AOD values (up to 0.6) were observed.
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Figure 1. Angstrom Exponent between 440 and 870 nm (upper panel) and the Aerosol optical depth at 340 (blue), 500 (green) and 1020 nm
(red) derived from AERONET-CIMEL sun-photometer measurements at the Caribbean Institute for Meteorology and Hydrology, Barbados
(data: Barbados_SALTRACE) from 20 June to 13 July 2013
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3.2 Case study — 10 July 2013

LA multi-layer aerosol structure was observed over Barbados during SALTRACE in June and July 20137 (GroBretal;; 2015))
Figure 2 provides an overview of the situation on 10 July 2013 based on aerosol lidar observation at 532 nm with POLIS.
The general structure of the shown profiles is representative for most of the SALTRACE measurements» From the volume
and particle linear depolarization ratio (Fig. 2b) two aerosol regimes are clearly WiSibl€3 in the lowermost 1.5 km the particle
depolarization ratio is around or even below 0.1, {ifidi€atifig) that dust has only a minor contribution to the aerosol mixture.
Above about 1.6 km the volume and particle linear depolarization ratio is clearly higher with values of about 0.14 to 0.18
for the volume linear depolarization ratio and 0.28 to 0.3 for the particle linear depolarization ratio. The separation of the
two aerosol regimes is also visible in the radiosonde measurements latnched at 17:49 UTC (Fig. 2e,f) showing a temperature
inversion between about 1.6 and 1.8 km height together with a change in relative humidity, mixing ratio, potential temperature

and wind speed (not shown).

Figure 2. (a) (Séparation) of dust (red) and non-dust (blue) particle backscatter coefficient (BSC) at 532 nm from total particle backscatter
coefficent (black) at 532 nm, (b) measured volume (light green) and particle (dark green) linear depolarization ratio at 532 nm, (c) dust((#&d)

(feasurementsy(d)idast volume fraction, (€)) dust concentration derived from POLIS measurements at Barbados on 10 July 2013 at 20 UTC,
((£) temperature (dark blue) and relative humidity (dark yellow) profiles, and (§)) profiles of potential temperature (dark green) and water
vapor mixing ratio (orange) derived from radiosonde measurements started on 10 July 2013 at 17:49 UTC. Error bars give the systematical

uncertainties resulting from measurement uncertainties and uncertainties in the lidar specific input parameters.

According to the criteria for CMBL height identification with lidar (Boers et al., 1984; Hooper and Eloranta, 1986) the
CMBL height on 10 July 2013 svas at about 500 m. Lidar measurements show a strong gradient in the aerosol backscatter co-

(efficient (Fig. 2a) at about 500 m. CMBL height detection from radiosonde measurements at 17:49 UTC is not that distinctive;
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10

only the water vapor mixing ratio shows slight changes. The capping inversion in the temperature profile and the change in the
potential temperature on top of the CMBL (at'about’ 500 m altitude) were missing or not pronounced. Also the measured vol-
ume and particle linear depolarization ratio (Fig. 2b) within the CMBL Shéwed only slight differences compared to the values
found in the transition layer between the CMBL and the Saharan air layer. The CMBL was characterized by a constant value
of the potential gemperature of about 28°C and a constant water vapor mixing ratio of about 16 g/kg. The relative humidity
within the boundary layer increéased with height from about 65 to 80%. The wind in the boundary layer (not shown) eame from
easterly directions with a mean wind speed around 7 m/s. The aerosol optical depth within the boundary layer is about 0.1 at
532 mmy and the mean volume and particle depolarization ratio at 532 nm are about 0.06 and 0.08, respectively.

Following the procedure described in Section 2% the volume fraction of dust is derived (Fig.2d)) Above about 1.6 km dust
contributes to @lmost100% to the total aerosol volume while below 1.5 km height the dust contribution is only 0% or less. In
the €CMBLD (lowermost 0.5 km) the dust volume fraction is even less than 60%? For the dust concentration (Fig.2€) we find a
rather constant value of about @107g/M?® in the lowest 1.5 km. Above @h&ightioh 1.5 km the profile of the dust concentration
generally) follows the profile of the backscatter coefficient (Fig. 2a) @fdithelextinctioncoefficient(Figh2¢) with a maximum in

dust concentration of about 190 (ig/m® between 1.4 and 1.6 km height.
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Figure 3. (a) EMBL height derived from radiosonde measurements (brown dots) and lidar measurements (magenta rectangles), (b) Inean
relative humidity within the CMBL derived from radiosonde measurements, (c) mean wind speed in the CMBL measured with radiosonde,

and (d) mean wind direction in the CMBL derived from radiosonde measurements.
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3.3 CMBL height and conditions diiFifig SALTRACE

As described in Section 218 the CMBL height is derived from radiosonde and lidar measurements (Fig. 3a). The CMBL top
above our measurement site during SALTRACE is mainly between 0.5 and 0.9 km, in some cases the boundary layer feaches
up to 1.8 km. The CMBL height derived from radiosondes and lidar mostly agree within 100 m, however in a few cases the

CMBL height derived from lidar measurements is higher than the CMBL height derived from radiosondes. In those cases the

BL height from radiosondes is mainly based'on'observed changes in the mixing §atio) we do not see a profound change in
tential temperature nor a capping inversion layer on top of the CMBL. However'we'do'see'a pronounced temperature
n and change in the potential temperature ifi'those cases Within'the height ranges of the lidar=derived CMBL heights.
ntly f6und pronounced changes of the intensive lidar quantities ({l€Nquantitiesithationlyldependionitherobserved
on ({fSIamoufit)iof) top 6F the CMBL (fiféonnection with strong capping inversions and changes
mperature on top of the CMBINThE differences of the intensive optical properties between CMBL and transition
pronounced in Situations'wherethe capping inversion on top 6f the CMBL was @bsént and changes in potential
re Smalld Those laterSituations'oceurred mainly during the @daytimes
RACE the relative humidity within the CMBISwas quite high with values around 80%. Only on a few days the
within the boundary layer was lower, but never below 60% (Fig. 3b). The mean wind speed within the CMBIE
ring SALTRACE (Was predominantly) between 8 and 12m/s (Fig. @€)/Which'até optimal conditions for the
salt particles (Gong, 2003; Knippertz et al., 2011). Between 5 July and 7 July 2013 @ad during individual
June and 23 June 2013 the wind speed was lower with values around 6 m/s, but €H6S® values are still @bove
erived threshold for sea-salt @#a86l production of 5.5 m/s (Knippertz et al., 2011). Only on the last days of
s the wind speed is lower than this empirical value.
surements we assume that sea salt particles @fBarbadosiexist only below about 1500 7200071 most likely
measurement site by strong onshore easterly winds. The wind direction within the CMBL derived from ra-

. 3d) was mainly East to North-East, except for very few cases when the wind eame from either northern or

1 properties within the CMBL

the last dust event during the SALTRACE campaign, the CMBL during SALTRACE was characterized by low

f the particle linear depolarization ratio and the lidar ratio ranging between 0.01-0.08 and 15-31 sr at 355 and 532 nm
@)) These values are in good agreement with the findings of Murayama et al. (1999), who found mean values of the
iclg linear depolarization ratio at 532 nm of 0.01 and 0.1 in a marine boundary layerwithoutand with dustinfluence) They
related the lower values to pure marine aerosols whereas they assumed a contribution of dust for the higher values. Similar
to Murayama et al. (1999) and GroB et al. (2011b, a) we assign values of the particle linear depolarization ratio of 0.01-0.03
(mean value 0.02) at 355 and 532 nm to marine aerosols, which is in good agreement 0 the findings of Sakai et al. (2010)3

who found values of 001 for sea-salt droplets from laboratory chamber measurements at 532 nm. The corresponding values
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Figure 4. Mean values, median, standard deviation of the mean and mean systematic error of the particle linear depolarization ratio (upper
‘panel) and the lidar ratio (lower panel) at 355 and 532 nm measured with POLIS within the convective marine boundary layer. Blue dots
and green diamonds show the mean values at 355 and 532 nm, light blue triangles and dark green stars show the median values at 355 and
532 nm, thick lines show the standard deviation of the mean, and the thin error bars denote the mean systematic errors.

@fh® lidar ratio for the marine aerosol cases are 16—24 sr with mean values of 20==3 at 355 nm and of 22=5 at 532 nm.
These values are also in good agreement to [pféVious) findings from theoretical studies (Ackermann, 1998) and measurements
(Gro8 et al., 2011b, a). During the last measurement day the mean value of the lidar ratio within the CMBL is about 35 sr
(independent of Wavelength) @he particle linear depolarization ratio shows mean values of about 0.12 at 355 nm and of about
0.16 at 532 nm, indicating a larger ffagfi6m of mineral dust (Murayama et al., 1999; GroB et al., 2011b). The overall values of
the particle linear depolarization ratio are wavelength independent with mean values of 0.04 + 0.03 at 355 nm and 0.05 4 0.04

at 532@m(E=values give the'standard deviation of the'mean)? The overall mean value of the lidar ratio within the boundary

layer is 26 & 5 sr at 355 and 532 f(EEValus GV thestandard deviation o themean))
According to former findings (e.g. Ackermann 1998; Sakai et al. 2010; Murayama et al. 1999; Gro8 et al. 2011b, a) and lidar

based aerosol classification schemes (GroB et al., 2011b; Burton et al., 2012; Gro8 et al., 2013) we find four days during the
whole SALTRACE measurement period with a pure marine €MBIZ) one day with dust dominated dust-marine mixture within
the CMBLIYOM all the other days we assign {6ipolluteéd marine-dominated mixture within the CMBL. The results of the optical
properties within the CMBL during SALTRACE are summarized in Table 1.
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Table 1. Mean values of the lidar ratio and particle linear depolarization ratio (PLDR) including the mean systematic errors (%) for different

aerosol types and their dominant time periods. FE=ValiesHortheloverallimeanvaliesiindicaterthestandard deviaticniof thermean?

Dominant type Date PLDR Lidar ratio/sr
355 nm 532 nm 355nm = 532 nm
20, 29 June
marine 0.02+0.01  0.02£0.01 203 ~ 22+£5
2,5,9 July

dustand marine  @APuREENONUY)
(marine-dominated)  (FIUIONZISHON)

dust and marine

0.04+0.01  0.05£0.01  27£3  28&£3

11 July 0.12+0.01  0.154+0.02 @583 - 35+3
(dust-dominated)

overall 0.04£0.03- - 0.05+£0.04 " 265 26%5

Figure 5. Dust volume fraction (upper panel) and dust mass concentration (lower panel) within the CMBL over Barbados derived from

POLISTidarmeastifements? Error bars give the systematical uncertainties resulting from measurement uncertainties and uncertainties in the

lidar specific input parameters.

3.5 Dust contribution in the CMBL

([Figure 5 shows the mean dust volume fraction and the mean dust mass concentration within the CMBL retrieved from our
(lida® measurements. The dust volume fraction within the CMBL shows values between 0.01 and 0.65. BgP the ajotity of [days

we find values between about 0.3 and about 0.4. The dust mass concentration within the CMBL ranges between 2 and 100
ug/m? with most frequent values found between 20 and 50 p1g/m?. High dust mass concentrations are derived at the end of
the campaign when the wind speed in the boundary layer was low. Thus we conclude that low wind in the CMBL may provide
(optinial conditions for dustdownward mixing, Comparing the dust volume fraction and dust mass concentration within the
CMBL with total AOD at 500 nm and AE (between 440 and 870 nm) for the complete atmospheric column derived from
sun-photometer measurements (Fig. (I)Fone eansee thatdayswithlowidustyolume factionand low dusuimass concentration
within the CMBL are found for days with column integrated AOD < 0.1 at 500 nm and corresponding AE > 0.4. The highest
Values'of the dust Volumerfractioniandithe dust mass concentration @relfoundiforidaysiwitiihighiAOD =>104ratis 00 mmand
corresponding low AE of < 0.2.
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3.6 Closure

derived dust mass concentration with synchronized ground-based in-situ measurements of dust concentration at Ragged Point

(Kristensen et al. 2016; Miiller et al., in preparation for this special issue) at the eastern coast of Barbados (SEETFig 6).

Figure 6. Dustimassiconcentration derived from lidar analysis versus dust mass concentration measured in-situ at Ragged (POifi{(feddots))

Only measurements that match in time (U NGATMEASIFEMENSere performed il On Wil Emporaloverlap o e Samplng period
of the in-situ measurements) are plotied. Additionally the in-situ vs. lidar derived dust mass concentration is plotted including a correction of
the in-situ measurements (multiplied by a factor of 1.25) due to the nominal cut-off of the PM10 measurements (blue circles). Error hars for

the lidar derived dust mass concentration give the systematic uncertainties resulting from measurement uncertainties and lidar specific input
parameters. Error bars for the in-situ derived dust mass concentration result from the nominal cut-off and the assumed dust mass which thus

can not be covered by the in-situ measurements. The @ashed line gives the pne-to-one line.

6  The dust concentration derived from both methods Show good (@greenment for dust mass’ concentrations below about 40
Jug/m®. Dust mass concentrations derived from both methods below this value do not show significant differences. However,

the lidar-derived dust concentration is on average about 3 jug/m? higher than the in-situ derived dust mass concentration. A
linear fit considering all measurements ithiduSEmass concentrationbelow 40/ g/ ncluding 17 measurement points) has

a slope of (02937 The good agreement of the derived dust mass concentration f6# lidar and jn-situ {i€asurements’Suggestsithat)

Aonrthermethod torderive dust mass concentration ffomilidafmeastrementsorksvelld

For values above 40 jig/n® we do not see a good agreement between both methods. These larger dust mass concentrations
derived from the lidar measurements at the western part of the island are not captured by the in-situ measurements. We found
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evidence that the PM10 inlet causes an underestimation of mass concentrations especially for high dust concentrations. A
detailed analysis for SALTRACE data is not finished yet, but unpublished data indicate that mass concentrations could be
underestimated by up o 50%. Corrections are considered to be uncertain since inlet efficiencies are not well characterized
for the high wind speeds frequently found at Ragged Point. This underestimation would partly explain the differences found
for mass concentrations above 40 jig/im®. Fuithermore, the ambient aerosol was sampled through a PMIO inlet (i.¢. nominal

t-off at r=5pum) for the in-situ measurements (Kristensen et al., 2016). (Thus‘a'certain'fraction'of therambient'dust'mass’is
Using the OPAC desert mixture and assuming that particles up to r=10pum
he Barbados measurement Site (Weihzierl'€t'al:; 2016); we @edice that the mass concentration derived from the in-situ
nents needs to be multiplied by a factor of about 1.25 to get ambient mass concentration. [HoWeveryas thelcoarsemode

the oTVEEEveNaRIe boundary layer and fieicontfbutioNoPduSEwithin e CMBINS
10 be adopted to derive dust volume and dust mass concentration within the CMBL.
the @MBI we GSSTEdE two-

a two-component mixture of marine aerosols and mineral dust for the

ct al. (2009) found a mean

(GroB et al., 2011a). (Measufementsiof Iong=range
the Mid-West and the Caribbean (Burton et al., 2015) confirm a

lidar systemsy Fur2
{these optical properties @f long-range transported 'Sahiaran dust were @lSo'seen with lidarmeasurements at Barbados
linear depolarization Fafio FagEdFoM026 Hnd 03 U532y Thus e

adopted value of 0.3 4 0.01 in this study is in good agreement to previous findings. The lidar ratio of long-range transported
Saharan dust is also derived from SALTRACE measurements. A mean value of 55sr at 532 nm was found (GroB et al., 2015)
‘which is also in good agreement to previous studies of Saharan dust lidar ratios (e.g.Tesche et al. (2011)). In this study we use
avalue of 55 st to derive the dust extinction coefficient. Denjean et al. (2015) show that long-range transported dust does not
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Saharan dust contribution to the Caribbean summertime boundary
layer - A lidar study during SALTRACE
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Abstract. Dual-wavelength lidar measurements with the small lidar system POLIS of the Ludwig-Maximilians-Universitit
Miinchen were performed during the SALTRACE experiment at Barbados in June and July 2013. Based on fhigh accurate
measurements of the linear depolarization ratio down to about #50=200 m above ground level, the dust volume fraction and the
dust mass concentration within the €afibbean boundary layer can be derived. Additional information from radiosonde launches
at the ground-based measurement site provide independent information @f the boundary layer height and the meteorological
situation within the boundary layer. We investigate the lidar"derived optical properties, the lidar ratio and the particle linear
depolarization ratio at 355 and 532 nm and find over-all mean values and mean uncertainties of 0.04 #0103 and 0.05 &70:04
at 355 and 532 nm, respectively, for the particle linear depolarization ratio, and 26 + & sr for the lidar ratio at 355 and 532 nm.
For the concentration of dust in the @afibbéai boundary layer we find that most values are between 20 and 50 (ug/in®; and that
on most days the dust contribution to total aerosol volume 8 about 30-40%. Comparing the dust contribution to the Column-
integrated sun-photometer measurements we see a correlation ©f high dust contribution, high total aerosol optical depth and a
corresponding low Angstrom exponent, and of low dust contribution with low total aerosol optical ([dépthiand corresponding
high Angstrom exponent. The relative humidity within the boundary layer was high with values around 80% on most of the

days:

1 Introduction

Saharan dust is one [Main'componeit of the global aerosol load (Forster and et al., 2007; Haywood and Boucher, 2000) with
an estimated annual emission of more than 1000 Mt (Duce et al., 1991). Saharan dust can be transported €6¢ several thousand
kilometers (Goudie and Middleton, 2001; Liu et al., 2008), influencing the Earth’s energy budget on its way (Tegen et al.,
1997). Turbulent downward mixing of dust in the marine boundary layer gver the tropical Atlantic is assumed to be an efficient
dust removal process. To support modeling efforts to aceurately simulate dust long-range transport and removal processesy a

high-quality vertically resolved characterization of the optical and microphysical particle properties in the marine boundary
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layer @s'well"as in the main dust layer (Saharan Air Layer, SAL) is mecessaryy SAL properties are already presented by Grof3
be'mentioned that'further papers will be presented that will also partly deal with the removal of dust by turbulent downward
mixing in-the frameweork of this SALTRACE special-issue (Rittmeister et al., in preparation; Marinou et al., in preparation).

Thertypically) cloud-topped convective boundary layer in the trade-wind-dominated tropics consists of the so-called sub-
cloud layer, which is identical with the convective boundary layer in the absence of cloud formation and {§pi€ally) reaches
to 500-1000 m height, and the cloud layer (Siebert et al., 2013). Moist convection can lead to a considerable increase of the
overall depth of the convectively active height range. Over Barbados, cloud top heights were frequently observed from 1500~
2500 m. In the convectively active zone, the observed particle linear depolarization is usually low (< 0.1) and rapidly increases
to typical values > 0.2 in the basis of the lofte€d mineral dust layer (GroB et al. 2015, Haarig et al., in preparation for this special
issue). This strong increase at the top of the cloud-topped or cloud-less CMBL (i§to’out opifnion a €learly) sign for an efficient
downward mixing of dust at the interface between the CMBL and the 16ftéd SAL. Dust trapped in the CMBL will then be
comparably quickly transported down to the ocean or land surface and deposited.

As-shewn-by-Marinou-et-al- (il ptéparation for this'specialissue)in'terms of the patticle'linear depolarization ratio measured
by the CALIOPspacelidar; the CMBL depth is low close to western Africa in summer and increases with distance from Africa.
This finding is in agreement with shipborne lidar observations in May 2013 (RittmeiSter et al., iffpreparation for this'special
isstie)! Frequent cloud formation in the marine boundary layer change the thermodynamic conditions in the range from about
700 to 1500-2000 m towards less stable air stratification @nd'more highetr moisture 1evels'so that subsequent cloud formation
is facilitated and clouds may reach higher altitudes.

In this work we present information @f the CMBL and the dust contribution within the CMBL over Barbados in June and July
2013. This information is based on ground-based lidar measurements with the depolarization and Raman lidar system POLIS
(Freudenthaler et al., 2015; GroB et al., 2015) of the Ludwig-Maximilians-Universitit, Miinchen, performed in cooperation
with the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), and on radiosonde measurements (launched typically twice a
day) over the Barbados (gfotind=base) site performed ffom the Leibnitz-Insitut of tropospheric research (TROPOS), Leipzig.
The measurements were conducted in the framework of the Saharan Aerosol Long-range Transport and Cloud-interaction
Experiment (SAETRACE)'in June and July 2013 The measurement site was located @b the area of the Caribbean Institute of
Meteorology and Hydrology (CIMH) at Husbands (13.14° N, 59.62° W, 100 m), on the south-western part of Barbados.

The general properties discussed in this paper include the height, the wind direction and wind speed @f the boundary layer.
The lidar derived properties include the mean lidar ratio and mean particle depolarization ratio within the (boufidarylayer) at
355 nm and 532 nm, @s"wellas the retrieved dust volume fraction and dust concentration within the (botundary’layer) The aim
of this paper is to provide a detailed beundary-layer characterization as part of the vertical aerosol Structure over Barbados
during SALTRACE. This is important as it enables to link ground-based dust measurements, airborne measurements, and
column-integrated measurements e.g. with sun-photometers.

This paper is structured as follows; in Section 2 the measurements, the instrumentation, and the methodology are briefly

described, in Section @ the results are(presénted; and Section @ concludes this work.
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2 | Method
2.1 | Aerosol type separation

From the profiles of the particle linear depolarization ratio J, and particle backscatter coefficient 3, measured at 532 nm we

determine the dust backscatter coefficient 34 following the procedure described by Tesche et al. (2009a); GroB et al. (2011a)

5 and Ansmann et al. (2011). This method is based-on the work of.Shimizu. et.al. (2004)-assuming a (W0 component Mixture)
with known particle [€polarization'ratic) of the tworcomponents:ComparisSons with Coordinatedin=sitil measurements (Ustify)
| the @ssumption) of ja EWo component mixture) of Marine’aerosols| and, @iferal dust for hiSTStudy It was Shown'that Iong-
range transported dust does not show enhanced hygroscopicity and that the chemical composition of the dust remaines rather
unchanged (Denjean et al., 2015). The relative humidity within the boundary layer was always higher 60% so that we do not

10 consider any dry marine aerosols within the boundary layer (Murayama ct al., 1999; Sakai ct al.. 2010). Thus, we used as input
parameters @t"532mm'a mean dust linear depolarization ratio d4 of 0.30 (Freudenthaler et al., 2009; Gro8 et al., 2011b;2015)

Jand 2 mean marine-(non-dust) linear depolarization ratio d,q of 0.02 for relative humidity values >45% (GroB et al., 2001b)3
The dust oy and marine extinction coefficient ayg are calculated according to a = 5 - .S with a mean dust lidar ratio Sq of 55 sr
(Tesche et al., 2009b; GroB et al;, 2015) and a mean marine lidar ratio Syq of 20 st (GroB et al., 2015) at 532 nm.

15 2.2 Dust volume and mass conversion

In a next step the volume concentration of both particle types is derived using a conversion factor from extinction to volume
concentration v/«. This conversion factor strongly depends on the microphysical properties of the aerosol type, in particular on
the size distribution, and the refractive index. The conversion factor v/« of the reference ensemble of Gasteiger et al. (2011)
(i870:68°10" i for a wavelength of 5321} This ensemble was found to be consistent with lidar measurements of Saharan
20 aerosolinMorocco-during- SAMUM-1-To study the potential differences in the conversion factor v/« for fresh and long-range
transported dust, v/« was also derived from SAMUME=D and SALTRACE-AERONET measurements during pure dust periodsy
showing a constant value of ©/a=0.65-10= m (ot Showi here): Thus we s a dust conversion factor of 4/a=0,65-10=C
i this Stady) To derive the conversion factor for marine aerosols AERONET measurements at Barbados from 2007-2015 |
were @nalyzedy resulting in a conversion factor @/@=0:66:105% m. The dust volume fraction can then easily be calculated from
25 the ratio of the dust volume concentration to the total volume concentration. The dust mass concentration is calculated from
the dust volume concentration by multiplication with the particle density, which we assumed to be 2.5 (@/ém 2 /according o

mixtures of coarse and fine mode particles (Ansmann et al., 2011; Mamouri and Ansmann, 2014) and sulfate particles (Kaaden

| etal,2009%

2.3 CMBL height identification

30 ([From'the'radiosonde'measurements'we'inferred the height of the €BIE) As turbulent convection in the boundary layer causes

constant values of the potential temperature and mixing ratio (Hooper and Eloranta, 1986; Kaimal et al., 1976), we use these
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15

properties as indicators for the CMBL height. Furthermore we @séd temperature information derived from the radiosonde
ascents) as the boundary layer is mostly capped by an inversion layer (Carson, 1973). Independently we derived the CMBL
height from the optical properties measured With our lidar system. Aerosol concentration and thus the aerosol backscatter
coefficient show a gradient on top of the boundary layer (Boers et al., 1984; Hooper and Eloranta, (1986)"which'we used to
determine the CMBL height.

3 Results
3.1 General measurement situation

The main measurement period for closure studies during SALTRACE was from 20 June to 12 July 2013. During this time the
aerosol situation above Barbados was characterized by an aerosol optical depth (AOD) which mainly ranged between about 0.2
and 0.4 @eafly) wavelength-independent for the CIMEL measurements at 340, 500 and 1020 nm (Fig. 1). The Angstrém Expo-
nent (AE) was typically 0.2 or lower. On some days, however, the aerosol load over Barbados was¥efy1ow; with AOD values
below 0.2. Those low AOD values were connected with higher AE of about 0.5-0.7. On 7 July 2013 the AE was even as high
as 1.1. Five episodes with AOD values higher (up to 0.6) were observed.
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Figure 1. Shown is the Angstrom Exponent between 440 and 870 nm (upper panel) and the Aerosol optical depth at 340 (blue), 500
(green) and 1020 nm (red) derived from AERONET-CIMEL sun-photometer measurements at the Caribbean Institute for Meteorology and
Hydrology, Barbados (data: Barbados_SALTRACE) from 20 June to 13 July 2013

3.2 Case study — 10 July 2013

A multi-layer aerosol structure was observed over Barbados during SALTRACE in June and July 20132 Figure 2 provides an
overview of the situation on 10 July 2013 based on aerosol lidar observation at 532 nm with POLIS. The general structure

of the shown profiles is representative for most of the SALTRACE easurements (GroB'etal’y2015)) From the volume and
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particle linear depolarization ratio (Fig. 2b) two aerosol regimes are clearly identifieds in the lowermost 1.5 km the particle
depolarization ratio is around or even below 0.1, WhichiisTanfindication that dust has only a minor contribution to the aerosol
mixture. Above about 1.6 km the volume and particle linear depolarization ratio is clearly higher with values of about 0.14 to
0.18 for the volume linear depolarization ratio and 0.28 to 0.3 for the particle linear depolarization ratio. The separation of the
two aerosol regimes is also visible in the radiosonde measurements Started at 17:49 UTC (Fig. 2e,f) showing a temperature
Jinversion between about 1.6 and 1.8 km height together with a change in relative humidity, mixing ratio, potential temperature

and wind speed (not shown). i

Figure 2. Shownis (a) fhé'separation of dust (red) and non-dust (blue) particle backscatter coefficient (BSC) at 532 nm from total particle
backscatter coefficent (black) at 532 nm, (b) measured volume (light green) and particle (dark green) linear depolarization ratio at 532 nm,
(c) dust yolume fraction, (@) dust concentration derived from POLIS measurements at Barbados on 10 July 2013 at 20 UTC, {(€) temperature
(dark blue) and relative humidity (dark yellow) profiles, and {(f) profiles of potential temperature (dark green) and water vapor mixing ratio
(orange) derived from radiosonde measurements started on 10 July 2013 at 17:49 UTC. Error bars give the systematical uncertainties resulting

from measurement uncertainties and uncertainties in the lidar specific input parameters.

According to the criteria for CMBL height identification with lidar (Boers et al., 1984; Hooper and Eloranta, 1986) the
CMBL height on 10 July 2013 @8 at about 500 m. Lidar measurements show a strong gradient in the aerosol backscatter €oef-
fficient (Fig. 2a) at about 500 m. CMBL height detection from radiosonde measurements at 17:49 UTC is not that distinctive;
only the water vapor mixing ratio shows slight changes. The capping inversion in the temperature profile and the change in
the potential temperature on top of the CMBL are missing or not pronounced. Also the measured volume and particle linear
depolarization ratio (Fig. 2b) within the CMBL 8hoW! only slight differences compared to the values found in the transition
layer between the CMBL and the Saharan air layer. The CMBL 8 characterized by a constant valug of the potential gempera-
ture of about 28°C and a constant water vapor mixing ratio of about 16 g/kg. The relative humidity within the boundary layer
(increases with height from about 65 to 80%. The wind in the boundary layer (not shown) eemes from easterly directions with
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a mean wind speed around 7 m/s. The aerosol optical depth within the boundary layer is about 0.1 at 532 @M (fi6t’'Shown)) and
the mean volume and particle depolarization ratio at 532 nm are about 0.06 and 0.08, respectively.

Following the procedure described in Section 2:2 the volume fraction of dust is derived (Fig.(2€)) Above about 1.6 km dust
contributes to @bout100:% to the total aerosol volume while below 1.5 km height the dust contribution is only #0:% or less.
In the (boundarylayer (lowermost 0.5 km) the dust volume fraction is even less than G08%? For the dust concentration (Fig.
2d) we find a rather constant value of about (QXINEg/EM) in the lowest 1.5 km. Above j1.5 km height the profile of the dust
concentration follows in-general the profile of the backscatter coefficient (Fig. 2a) with a maximum in dust concentration of

about 190 jugléim® between 1.4 and 1.6 km height.
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Figure 3. Shownis (a) the CMBL height derived from radiosonde measurements (brown dots) and lidar measurements (magenta rectangles),
(b) the mean relative humidity within the CMBL derived from radiosonde measurements, (c) the mean wind speed in the CMBL measured

with radiosonde, and (d) the mean wind direction in the CMBL derived from radiosonde measurements.

3.3 CMBL height and conditions

As described in Section 2i3) the CMBL height is derived from radiosonde and lidar measurements (Fig. 3a). The CMBL top
above our measurement site during SALTRACE is mainly between 0.5 and 0.9 km, in some cases the boundary layer {6p'is
even higher up to 1.8 km. The CMBL height derived from radiosondes and lidar mostly agree within 100 m, however in a few
cases the CMBL height derived from lidar measurements is higher than the CMBL height derived from radiosondes. In these

cases the CMBL height from radiosondes is mainly defivedfrom changes in the mixing fatio-In"all'these’cases we do not see
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a profound change in the potential temperature nor a capping inversion layer on top of the CMBL. @& pronounced temperature
inversion and change in the potential temperature @tthese cases isfoundin height ranges of the lidarderived CMBL heights. We
frequently found;ithat pronounced changes of the intensive lidar quantities on top the CMBL @re'often‘connected with strong
capping inversions and changes in potential temperature on top of the (CMBLEJWwhile'the differences of the intensive optical
5 properties between CMBL and transition layer was not pronounced in €asesiwhen capping inversion on top the CMBL was
(MiSSifig and changes in potential temperature were Gy little) Those eases mainly occurred during the [daytimemeasurements?
During SALTRACE the relative humidity within the (foundary layeris) quite high with values around 80%. Only on a few
days the relative humidity within the boundary layer 8 lower, but the values-are never lowerithan 60% (Fig. 3b). The mean wind
speed within the (boundarylayer over Barbados during SALTRACE (is'mainly) between 8 and 12 m/s (Fig. 3¢);and therewith
10—represents optimal conditions for the production of sea salt particles (Gong, 2003; Knippertz et al., 2011). Between 5 July and
7 July 2013 @sswellfas during individual days between 20 June and 23 June 2013 the wind speed @8 lower with values around
6m/s, but fiese values are still figher than) the empirically derived threshold for sea-salt production of 5.5m/s (Knippertz

et al., 2011). Only on the last days of our measurements the wind speed is lower than this empirical value.
From our measurements we @ssumey that sea salt particles ean only bedetected below about 1500 at'Barbados; most
15 likely advected to our measurement site by strong onshore easterly winds. The wind direction within the CMBL derived from
radiosondes (Fig. 3d) @ mainly East to North-East, except for very few cases when the wind fléws from either northern or

southern directions.

Figure 4.
dos derived from POLIS lidar measurements. Error bars give the systematical uncertainties resulting from measurement uncertainties and

uncertainties in the lidar specific input parameters.
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3.4 Dust contribution in the CMBL

measurements: The dust volume fraction within the CMBL shows values between 0.01 and 0.65. The-majority-of days-show
. L o 3 sith

5 most frequent values between 20 and 50 igferm?. (COMpaRng the dust VolumeTractonand duSHMasS ConceRtratioN Within the

Figure 5.

3.5 Optical properties within the CMBL

Except for the last dust event during the SALTRACE campaign, the CMBL during SALTRACE is characterized by low values

of the particle linear depolarization ratio and the lidar ratio ranging between 0.01-0.08 and 15-31 sr at 355 and 532 nm (Fig.
(5)) These values are in good agreement with the findings of Murayama et al. (1999), who found mean values of the particle



Compare: Verschieben�

Außertextliches Element

Außertextliches Element wurde auf Seite 8 des neuen Dokuments verschoben



Compare: Verschieben�

Text

Text wurde auf Seite 11 des neuen Dokuments verschoben



Compare: Löschen�

Text

"Figure4showsthemeandustvolumefractionandthemeandustmassconcentrationwithintheCMBLretrievedfromourlidarmeasurements."



Compare: Löschen�

Anmerkung

Übereinstimmende Anmerkung nicht gefunden



Compare: Verschieben�

Text

Text wurde auf Seite 11 des neuen Dokuments verschoben



Compare: Löschen�

Text

"Themajorityofdaysshowvaluesbetweenabout0.3andabout0.4.ThedustmassconcentrationwithintheCMBLrangesbetween2and100µg/cm3with5mostfrequentvaluesbetween20and50µg/cm3."



Compare: Verschieben�

Text

Text wurde auf Seite 11 des neuen Dokuments verschoben



Compare: Löschen�

Text

"1),onecanseethatdayswithlowdustvolumefractionandlowdustmassconcentrationwithintheCMBLarefoundfordayswithcolumnintegratedAOD≤0.1at500nmandcorrespondingAE≥0.4."



Compare: Löschen�

Anmerkung

Übereinstimmende Anmerkung nicht gefunden



Compare: Löschen�

Text

"ThehighestvaluesofthedustvolumefractionandthedustmassconcentrationarefoundfordayswithhighAOD≥0.4nmandcorresponding10lowAEof≤0.2."



Compare: Löschen�

Bild

Übereinstimmende Bild nicht gefunden



Compare: Verschieben�

Text

Text wurde auf Seite 11 des neuen Dokuments verschoben



Compare: Löschen�

Text

"Shownarethemeanvaluesoftheparticlelineardepolarizationratio(upperpanel)andthelidarratio(lowerpanel)at355and532nmmeasuredwithPOLISwithintheboundarylayer.Thethicklinesshowthestandarddeviationofthemean,thethinerrorbarsdenotethemeansystematicerrors."



Compare: Verschieben�

Text

Text wurde auf Seite 11 des neuen Dokuments verschoben



Compare: Einfügen�

Text

"values"



Compare: Ersetzen�

Text

[Text alt]: "5)."

[Text neu]: "4)."



Compare: Löschen�

Anmerkung

Übereinstimmende Anmerkung nicht gefunden



Compare: Löschen�

Anmerkung

Übereinstimmende Anmerkung nicht gefunden



Compare: Löschen�

Anmerkung

Übereinstimmende Anmerkung nicht gefunden



Compare: Ersetzen�

Text

[Text alt]: "Comparing"

[Text neu]: "Asidefrom"



Compare: Einfügen�

Text

"last"



Compare: Ersetzen�

Text

[Text alt]: "volumefractionanddustmassconcentrationwithin"

[Text neu]: "eventduringtheSALTRACEcampaign,"



Compare: Ersetzen�

Text

[Text alt]: "withtotalAODat500nmandAE(between440and870nm)forthecompleteatmosphericcolumnderivedfromsunphotometermeasurements(Fig."

[Text neu]: "duringSALTRACEwascharacterizedbylow"



Compare: Ersetzen�

Text

[Text alt]: "Except"

[Text neu]: "(2010),whofoundvaluesof0.01"



Compare: Ersetzen�

Text

[Text alt]: "thelastdusteventduringtheSALTRACEcampaign,theCMBLduringSALTRACEischaracterizedbylowvalues"

[Text neu]: "sea-saltdropletsfromlaboratorychambermeasurementsat532nm."





10

15

Table 1. Mean values of the lidar ratio and particle linear depolarization ratio (PLDR) including the mean systematic errors (%) for different

aerosol types and their dominant time periods.

Dominant type Date PLDR Lidar ratio/sr
355 nm 532 nm 355nm 532 nm
20, 29 June
marine 0.024+0.01  0.024+0.01  20£3 2245
2,5,9 July
dust and marine 24-June—10July

0.044+0.01  0.054+0.01  27+£3 2843
(marine-dominated) = without marine cases

dust and marine 3543
11 July 0.12+0.01 = 0.15+£0.02 35+3
(dust-dominated)

overall 0.044£0.03. " 0.054£0.04 - 265 26%5

linear depolarization ratio at 532 nm of 0.01 and 0.1 in a dustinfluenced marine boundary layet) They related the lower values
to pure marine aerosols whereas they assumed a contribution of dust for the higher values. Similar to Murayama et al. (1999)
and GroB et al. (2011b, a) we assign values of the particle linear depolarization ratio of 0.01-0.03 (mean value 0.02) at 355
and 532 nm to marine aerosols, which is in good agreement With the findings of Sakai et al. (2010)ywho found values of (0:01
for'sea=salt'droplets from laboratory chamber measurements at 532 nme» The-corresponding values jof the lidar ratio for the
marine aerosol cases are 1624 sr with mean values of 20=3 at 355 nm and of 2256 at 532 nm. These values are also in good
agreement to former findings from theoretical studies (Ackermann, 1998) and measurements (GroB et al., 2011b, a). During
the last measurement day the mean value of the lidar ratio within the CMBL is about 35 sr Wavelength'independent, and the
particle linear depolarization ratio shows mean values of about 0.12 at 355 nm and of abouf 0.16 at 532 nm, indicating a larger
amount of mineral dust (Murayama et al., 1999; GroB3 et al., 2011b). The overall values of the particle linear depolarization
ratio are wavelength independent with mean values of 0.04 &+ 0.03 at 355 nm and 0.05 + 0.04 at 532 ame= The overall mean
value of the lidar ratio within the boundary layer is 26 £ 5 sr at 355 and 532 nms

According to former findings (e.g. Ackermann 1998; Sakai et al. 2010; Murayama et al. 1999; Gro8 et al. 2011b, a) and lidar
based aerosol classification schemes (Grof et al., 2011b; Burton et al., 2012; Gro8 et al., 2013) we find four days during the
whole SALTRACE measurement period with a pure marine (boundarylayer, one day with dust dominated dust-marine mixture
within the (CMBLEand'on all the other days we assign #he marine-dominated mixture within the CMBL. The results of the
optical properties within the CMBL during SALTRACE are summarized in Table 1.}
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3.6 Closure

5 (ambient aerosol was sampled through'a PMI0hIEE (i€} nominal cut-off at r=5um) for the in-situ measurements (Kristensen
et al;, 2016). Thus a certain fraction 6f the @mbient dust mass [POSSibIy s MOt Covered by the ii=sitl measurements. Using the

OPAC desert mixture and assuming that particles up to r=10um reach the Barbados measurement §ite; we deduced that the
mass concentration derived from the in-situ measurements needs to be multiplied by a factor of about 1.25 to get ambient
mass concentration. However,-as the Coarse' modesizedistribution of transported dust is not well characterized, we assumesan

10 uncertainty of £0.25 for that factor. The factor 1.25 + 0.25 is considered in Fig. 6.

Figure 6. Shown is the dust dust mass concentration deriyed from lidar analysis versus the dust mass concentration measured in-situ at
Ragged Poifit? Only measurements that match in time are plotted. Error bars for the lidar derived dust mass concentration give the systematic
uncertainties resulting from measurement uncertainties and lidar specific input parameters. Error bars for the in-situ derived dust mass

concentration result from the nominal cut-off and the assumed dust mass which thus can not be covered by the in-situ measurements. The

(Straight line gives the linear-fit-of-all-measurement-points; the dashed line the one-to-one line.

. The dust concentration derived from both methods ShoWslifi'génerallaVery) good @greement: The'mean difference between)
both methods is about 3 [@g/éim) A linear fit considering all synchronized measurements has a slope of (INIIWithialtendency)
FORIAREEVAIUES of the lidar derived dust mass concentration @ higher USHASS ConCERtAtion e CMBITHEEa lidar
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and mean in-situ @efived dust mass concentration do not SHOWISyStEmAtiCdifferences considering e neerantEsop both

methods.

(We'used ground-based lidar measurements @ndradiosonde data to §tudy the boundary layer over Barbados and to derive the
5 dust contribution. Therefore we applied a well described method for aerosol type separation presented by Tesche et al. (2009a)
@nd (GroB et al., 2011a). We found good-agreement between the boundarylayerheight derived fromradiosondeidata and lidar
‘measurements. The boundary layer height was about 0.4 to 1.8 km. The optical properties in the boundary layer were mainly
(dominated by marine aerosols) with mean linear particle depolarization Fatios of 0:01==0:08 at 355 and 532 nm @ndmean lidar
ratios of 15=31) sr @tboth'wavelengths: The Volume fraction of dust within the boundary layer Wasimaifil§) between 0:3 and 04
10 except on days with low acrosol load. The corresponding dust concentration on most days was 20 and 50 pgfern?. We found a

| very (good agreement between our lidar derived dust concentration @hd in-situ measurements (performed on) the @asternpart of
the island. |

| Acknowledgements. The SALTRACE campaign was mainly funded by the Helmholtz Association, the Deutsches Zentrum fiir Luft- und

) Raumfahrt (DLR), the Ludwig-Maximilians-Universitit Miinchen (LMU) and the Institut fiir Troposphérenforschung (TROPOS). This work
@5 project was partly founded by a DLR VO-R young investigator group, by the Deutsche Forschungsgemeinschaft (DFG) in the SPP (no.
1294/2) "Atmosphéren- und Erdsystemforschung mit dem Forschungsflugzeug HALO" under contract no. KI1567/1-1, and the LMU Mu-
nichs Institutional Strategy LMUexcellent within the framework of the German Excellence Initiative. The lidar and sun-photometer mea-
surements were performed at the site of the Caribbean Institute for Meteorology and Hydrology (CIMH). We thank CIMH for providing us
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