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Abstract. In this work we present an analysis of aerosol

microphysical properties during a mineral dust event tak-

ing advantage of the combination of different state-of-the-

art retrieval techniques applied to active and passive remote

sensing measurements and the evaluation of some of those

techniques using independent data acquired from in situ air-

craft measurements. Data were collected in a field campaign

performed during a mineral dust outbreak at the Granada,

Spain, experimental site (37.16◦ N, 3.61◦W, 680 m a.s.l.) on

27 June 2011. Column-integrated properties are provided

by sun- and star-photometry, which allows for a continuous

evaluation of the mineral dust optical properties during both

day and nighttime. Both the linear estimation and AERONET

(Aerosol Robotic Network) inversion algorithms are applied

for the retrieval of the column-integrated microphysical par-

ticle properties. In addition, vertically resolved microphys-

ical properties are obtained from a multi-wavelength Ra-

man lidar system included in EARLINET (European Aerosol

Research Lidar Network), by using both LIRIC (Lidar Ra-

diometer Inversion Code) algorithm during daytime and an

algorithm applied to the Raman measurements based on the

regularization technique during nighttime. LIRIC retrievals
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reveal the presence of dust layers between 3 and 5 km a.s.l.

with volume concentrations of the coarse spheroid mode

up to 60 µm3 cm−3. The combined use of the regulariza-

tion and LIRIC methods reveals the night-to-day evolution

of the vertical structure of the mineral dust microphysi-

cal properties and offers complementary information to that

from column-integrated variables retrieved from passive re-

mote sensing. Additionally, lidar depolarization profiles and

LIRIC retrieved volume concentration are compared with

aircraft in situ measurements. This study presents for the

first time a comparison of the total volume concentration re-

trieved with LIRIC with independent in situ measurements,

obtaining agreement within the estimated uncertainties for

both methods and quite good agreement for the vertical dis-

tribution of the aerosol layers. Regarding the depolarization,

the first published data set of the CAS-POL for polarization

ratios is presented here and qualitatively compared with the

lidar technique.

1 Introduction

Mineral dust is estimated to be the most abundant aerosol

type in the atmosphere (∼ half of the total global aerosol bur-

den) (e.g., Textor et al., 2007; Choobari et al., 2014), with

global emission between 1000 and 3000 Mt yr−1 (Zender et

al., 2003, 2004; Shao et al., 2011). Mineral dust directly

scatters and absorbs solar and infrared radiation (Miller and

Tegen, 1998), and impacts the optical properties of clouds

(Ferek et al., 2000; Rosenfeld et al., 2001; Creamen et al.,

2013). In addition, mineral dust particles can act as cloud

condensation and ice nuclei (Twohy et al., 2009; Ansmann et

al., 2009a; DeMott and Prenni, 2010) and affect air quality

(Fairlie et al., 2010). The high temporal and spatial variabil-

ity of dust particles and the complexity in their microphysical

and optical properties present a significant challenge to our

understanding of how these particles impact the environment.

Numerous field campaigns have been conducted to better

characterize mineral dust properties, e.g., the Saharan Min-

eral Dust Experiments SAMUM-1 and SAMUM-2 (Ans-

mann et al., 2009b, 2011a and references therein) and the

Saharan Aerosol Long-range Transport and Aerosol-Cloud-

Interaction Experiment SALTRACE (http://www.pa.op.dlr.

de/saltrace/), among others. However, the information on

mineral dust properties is still quite scarce (Formenti et al.,

2011), even though many measurements worldwide have

been made using different approaches. Satellites are pro-

viding global coverage but the retrievals of particle prop-

erties are still affected by large uncertainties (Levy et al.,

2013). Moreover, the interaction of dust particles with so-

lar and terrestrial radiation is complex due to their irreg-

ular shapes and variable refractive indices (Mishchenko et

al., 1997). Because of this, in the past years it has been

difficult to develop accurate algorithms for the retrieval of

dust microphysical properties from optical measurements.

Dubovik et al. (2006), one of the first studies that addressed

this problem, developed an algorithm that took into account

the scattering patterns of non-spherical particles and imple-

mented an inversion method for column-integrated radio-

metric measurements in the AERONET (Aerosol Robotic

Network) network (http://aeronet.gsfc.nasa.gov/, Holben et

al., 1998). Other approximations using non-spherical mod-

els have also been proposed, e.g., Olmo et al. (2006), Valen-

zuela et al. (2012a). However, due to the inherent charac-

teristics of the sun-photometer only daytime retrievals are

possible. The linear estimation (LE) algorithm, introduced

in Veselovskii et al. (2012), allows for the retrieval column-

integrated aerosol microphysical properties with high tem-

poral resolution (Kazadzis et al., 2014) during both day and

nighttime taking advantage of sun- and star-photometry mea-

surements (Pérez-Ramírez et al., 2015).

Currently, information on the vertical distribution of the

mineral dust can also be retrieved by different techniques.

Information of mineral dust on the vertical coordinate is es-

sential for understanding particle transport processes from

regional to intercontinental scales, to improve radiative forc-

ing calculations and to analyze the influence of mineral dust

on cloud formation (Ansmann et al., 2008, 2009a, b, 2011a;

Seifert et al., 2010). Therefore, advanced methods to char-

acterize dust microphysical properties profiles from remote

sensors like lidar systems are crucial. In this framework,

Chaikovsky et al. (2012, 2015), developed the Lidar Ra-

diometer Inversion Code (LIRIC) that can provide vertically

resolved profiles of aerosol microphysical properties dur-

ing daytime by combining elastic lidar measurements and

column-integrated sun-photometer microphysical properties

retrieved from AERONET. Even though multiwavelength li-

dar measurements are required at least in three wavelengths,

the widespread use of multiwavelength elastic backscattered

lidar systems in networks such as EARLINET (European

Aerosol Research Lidar Network, Pappalardo et al., 2014)

and LALINET (Latin American Lidar Network, Guerrero-

Rascado et al., 2014) provides enough global coverage. The

availability of collocated simultaneous AERONET measure-

ments in most of these lidar stations widely expands the ap-

plicability of LIRIC.

As with the case of the column-integrated microphysical

properties, LIRIC retrievals are also limited to daytime be-

cause of the use of the sun-photometer measurements. To

overcome this difficulty, the regularization technique im-

plemented by Veselovskii et al. (2010) can be used to re-

trieve nighttime aerosol microphysical profiles. The method

by Veselovskii et al. (2010) implemented the kernel func-

tions of Dubovik et al. (2006) in a regularization technique

(Müller et al., 1999; Veselovskii et al., 2002) to obtain verti-

cally resolved dust properties. This approach was first imple-

mented using data of the SAMUM field campaign (Müller et

al., 2013) and from measurements of long-range transport of

dust over Europe (e.g., Veselovskii et al., 2010; Papayannis
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et al., 2012). This technique has the limitation that for the

input data Raman or HSRL measurements are required. Be-

cause of the low signal-to-noise ratio in these systems, their

use is mostly limited to nighttime. Additionally, acquiring

and maintaining Raman and HSRL systems is quite costly.

Hence, their implementation is not as widespread as elastic

backscatter systems.

During the summer of 2011, a measurement campaign was

launched at Granada experimental station during a dust event

in order to contribute to better characterize mineral dust prop-

erties. One of the main goals of this campaign (previously

presented in Bravo-Aranda et al., 2015) was to use the syn-

ergy between different remote sensing techniques to retrieve

the evolution of microphysical properties of mineral dust dur-

ing day and nighttime at different levels. Results obtained for

both column-integrated and vertical profiles of mineral dust

microphysical properties are presented in this study.

Measurements performed at Granada were coordinated

with a flight of the CASA C-212-200 research aircraft above

the station (Andrey et al., 2014; Bravo-Aranda et al., 2015)

on 27 June 2011. The aircraft was equipped with in situ in-

strumentation that allowed us to compare for the first time,

up to the best of our knowledge, the microphysical properties

profiles retrieved with LIRIC with well-established simulta-

neous in situ measurements. On the other hand, the aircraft

was equipped with a CAS-POL, which provided polarization

information; this will be explained in detail later on. With

the measurements acquired by this sonde, we were seeking

to make for the very first time a qualitative comparison of

an in situ measurement of depolarization ratio with that mea-

sured remotely by the lidar depolarization technique.

2 Experimental site and instrumentation

2.1 Experimental site

The data from ground-based instrumentation were acquired

at the Andalusian Institute for Earth System Research

(IISTA-CEAMA) located in the city of Granada (37.16◦ N,

3.61◦W, 680 m a.s.l.), (Lyamani et al., 2010; Titos et al.,

2012; Valenzuela et al., 2012b). Granada is a medium-

size city in the southeast of Spain located in a natural

basin, delimited on the east by mountains with peaks up

to 3000 m a.s.l. Air masses affecting the area arrive mainly

from the Atlantic Ocean, central Europe, the Mediterranean

Basin and northern Africa (Valenzuela et al., 2012a; Pérez-

RamÍrez et al., 2012a). The number of mineral dust events

at the Granada station originating in northern Africa is quite

high, especially during summer, with an occurrence of 45 %

of the days in June, July, and August (Valenzuela et al.,

2012b). These events can transport particles at altitudes of

up to 5500 m a.s.l., not always affecting the surface level

(Guerrero-Rascado et al., 2008, 2009; Navas-Guzmán et al.,

2013). The experimental site is also impacted by anthro-

pogenic particles from local and regional aerosol sources

(Lyamani et al., 2008, 2010, 2012; Titos et al., 2014).

2.2 Ground-based instrumentation

2.2.1 Lidar system MULHACEN

The Raman-lidar MULHACEN (based on LR331D400, Ray-

metrics, Greece) used for aerosol vertical-profiling is de-

scribed in detail by Guerrero-Rascado et al. (2008, 2009) and

Navas-Guzmán et al. (2011). It employs a Nd:YAG laser that

emits at three different wavelengths (355, 532, and 1064 nm).

The receiving system consists of detectors that split the ra-

diation according to the three elastic channels (355, 532,

and 1064 nm), two nitrogen Raman channels (387, 607 nm)

and a water vapor Raman channel (408 nm). These Raman

measurements have sufficient signal-to-noise ratio only for

nighttime detection. The system also measures depolariza-

tion of the returned signal at 532 nm (532-cross and 532-

parallel detection channels) (Bravo-Aranda et al., 2013) for

retrieving vertical profiles of the particle linear depolariza-

tion ratio (δP
λ). The aerosol optical properties profiles pre-

sented in this study were obtained by means of the Klett–

Fernald (Fernald et al., 1972; Fernald, 1984; Klett, 1981)

algorithm during daytime and using the Raman technique

(Ansmann et al., 1990) at night. The depolarization profiles

were retrieved according to the methodology described in

Bravo-Aranda et al. (2013) and Freudentaler et al. (2009).

More details on the retrieval of the aerosol optical proper-

ties profiles from the lidar data presented in this study can be

found in Bravo-Aranda et al. (2015). The estimated uncer-

tainties associated with the lidar signals are between±15 and

20 % for the aerosol particle backscatter coefficient, βaer
λ , and

±20 % for the aerosol particle extinction coefficient, αaer
λ .

These estimates are based on the statistical uncertainties re-

trieved with Monte Carlo techniques according to Pappalardo

et al. (2004) and Guerrero-Rascado et al. (2008). The proce-

dure described by Wandinger and Ansmann et al. (2002) to

correct the incomplete overlap of the system is applied to

our data. The use of this overlap correction allows us to ob-

tain reliable βaer
λ profiles at 355 and 532 nm down to 320 m

above the station (Navas-Guzmán et al., 2011); however, reli-

able data are obtained only from ∼ 1000 m above the station

for αaer
λ . The Raman lidar system is part of EARLINET and

currently is included in the ACTRIS2 (Aerosols, Clouds, and

Trace gases Research InfraStructure Network 2) European

project (http://www.actris.net/).

2.2.2 Sun-photometer CIMEL CE-318

Sun photometric measurements obtained at Granada are

used to obtain column-integrated aerosol properties us-

ing a CIMEL CE-318. This instrument is included in the

AERONET-RIMA network (Iberian Network for Aerosol

Measurements, federated to AERONET) since 2002 and
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is calibrated following the AERONET protocols. Details

about the CIMEL sun-photometer can be found in Hol-

ben et al. (1998); however, a brief description is presented

here. This instrument makes direct sun measurements at 340,

380, 440, 500, 670, 870, 940, and 1020 nm and sky radi-

ance measurements at 440, 670, 870, and 1020 nm. The di-

rect sun measurements are used to retrieve aerosol optical

depth (τλ) at 340, 380, 440, 500, 675, 870 and 1020 nm.

The τλ uncertainties provided by AERONET are ±0.02 for

λ< 400 nm and±0.01 for λ> 400 nm. Additionally, the spec-

tral dependency of the τλ has been considered through the

Ångström exponent, AE (440–870), calculated in the range

440–870 nm. Also included in the analysis are aerosol op-

tical depths at 500 nm for fine mode (τfine) and for coarse

mode (τcoarse) as well as the fine mode fraction (η) (ratio

of τfine to τ), determined using the spectral de-convolution

algorithm method developed by O’Neill et al. (2003). In

addition, column-integrated aerosol microphysical proper-

ties (size distribution, refractive index, volume concentra-

tion, etc.) provided by the AERONET code are also used

(Dubovik and King, 2000; Dubovik et al., 2002, 2006). For

the retrieval of the aerosol microphysical properties both the

direct sun and the sky radiance measurements are used. The

reported size distribution retrieval uncertainties are ±10–

35 %, for the size range 0.1 µm < r < 7 µm, and outside this

range they are as large as ±80–100 %. All the data used

here are Level 1.5 data obtained using the AERONET Ver-

sion 2 algorithm. Only a small number AERONET Level 2.0

were available due to the restrictions imposed by AERONET

code (τ440nm > 0.4 and solar zenith angle > 50◦). Therefore,

AERONET Level 1.5 (cloud screened data with pre- and

post-calibrations applied) were used in this study, consider-

ing only those data that fulfil the following conditions to as-

sure their quality: τ440nm > 0.2 and solar zenith angle > 50◦.

2.2.3 Star-photometer EXCALIBUR

EXCALIBUR provides τλ measurements from the stars’ di-

rect irradiance using interferential filters at 380, 436, 500,

670, 880, and 1020 nm (nominal wavelengths) using a CCD

camera as detector during nighttime. More details can be

found in Pérez-Ramírez et al. (2008a, b). A regular calibra-

tion of the instrument is performed once a year at a high

mountain location. Errors in the τλ are ±0.02 for λ< 800 nm

and ±0.01 for λ> 800 nm (Pérez-Ramírez et al., 2011). Data

are cloud-screened and quality assured over 30 min intervals

(Pérez-Ramírez et al., 2012b).

2.2.4 Aerodynamic Particle Sizer APS-3321

Auxiliary measurements of the particle size distribution and

concentration at the surface were performed with an aero-

dynamic particle sizer (APS-3321; TSI). This instrument is

an optical particle counter that measures particle diameter

and aerosol concentration, in real time, in 52 nominal size

bins in the aerodynamic diameter range 0.50–20 µm by de-

termining the time-of-flight of individual particles in an ac-

celerating flow field. The APS can measure concentrations

up to 1000 particles cm−3 at 0.5 and 10 µm, with coinci-

dence errors inferior to 5 and 10 %, respectively. The min-

imum and maximum concentrations that can be measured

are 0.001 and 10 000 particles cm−3, respectively. For solid

particles, counting efficiencies range from 85 to 99 % (Vol-

ckens and Peters, 2005). The APS was operated at flow rate

of 5 L min−1 and with data averaging time of 5 min.

Air sampling for APS instrument was obtained from the

top of a stainless steel tube, 20 cm diameter and 5 m length

(Lyamani et al., 2008). The inlet was located about 15 m

above the ground surface. The measurements were per-

formed without aerosol size cut-off and no heating was ap-

plied to the sampled air.

2.3 Aircraft in situ instrumentation

Meteorological and aerosol particle measurements were

made with instruments mounted on the CASA C-212-200

research aircraft, operated by the Spanish National Institute

of Aerospace Technology (INTA). Details on aircraft mea-

surements can be found in Andrey et al. (2014) and Bravo-

Aranda et al. (2015). Here we give a short overview of the

instruments used for our study: the Cloud and Aerosol Spec-

trometer with Polarization detection (CAS-POL) and the the

Passive Cavity Aerosol Spectrometer (PCASP-100X).

The CAS-POL measures the light scattered by individual

particles passing through a focused, 658 nm polarized laser

beam (Baumgardner et al., 2001). The equivalent optical di-

ameter (EOD), over a nominal size range from 0.6 to 50 µm,

is derived from the light that is collected over a 4–12◦ solid

angle in the forward direction, assuming that the particle is

spherical with a refractive index of 1.54–i0.0 (McConnell et

al., 2010). The backscattered light is collected over the solid

angle 168–176◦ and then separated with a beam splitter into

two components. One component is directed to a detector

with a polarized filter to transmit only scattered light that

is perpendicular to the plane of polarization of the incident

light. This component is referred to as the “S” polarization.

The other component is directed to a detector with no filter

so it measures the total backscattered light. In order to get

the backscattered light that is polarized in the same plane

as the incident light, the parallel “P ” polarization, the signal

from the “S” polarization detector is subtracted from the total

backscattering detector.

The size derivation is well calibrated, using reference par-

ticles of polystyrene latex spheres (PSL) and glass beads

(crown glass and boric acid) of monodispersed size and

known refractive index at the wavelength of the CAS-POL.

The total backscatter signals are also related to particle size

with the same reference particles.

For the depolarization data, there are currently no refer-

ence particles that produce a known intensity of polarized
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scattered light. Hence, the “S” and derived “P ” signals are

presently used only qualitatively and the depolarization ratio,

defined as the quotient “S” to “P ”, cannot be quantitatively

compared with the same ratio derived from the lidar mea-

surements. The procedure for setting the gains of the “S” and

“P ” detectors is explained in greater detail in Appendix A.

As will be amplified in the following sections, the CAS-POL

depolarization ratios will be compared with those from the

lidar vertical profiles in a qualitative way to evaluate the per-

formance and potential of the in situ depolarization measure-

ments with the CAS-POL, not absolute values are evaluated.

The measurement uncertainties are associated with the ac-

curacy of determining the sample volume and the derivation

of the EOD. The estimated uncertainty in the sample volume

is ±20 % and the sizing uncertainty ranges from 20 to 50 %

depending on the variation in the refractive index and the

non-sphericity of the particles. The degree of non-sphericity

and the orientation of the particle in the beam leads to varia-

tions of the depolarization ratio of 20–100 %, depending on

the aspect ratio of the dust (see Appendix A and Fig. 9 for

more detail).

The errors in the sample volume and size are propagated

using the root sum squared (RSS) approach to estimate the

uncertainty in the derived bulk parameters of number and

volume concentrations and the median volume diameter.

These estimated uncertainties are ±20, ±90 and ±50 %, re-

spectively. A detailed description of the CAS-POL and asso-

ciated uncertainties is given in Appendix A.

The other instrument on the aircraft that measured aerosol

size distributions was the Passive Cavity Aerosol Spectrome-

ter (PCASP-100X) that provides aerosol size distributions in

the 0.1–3 µm diameter range in 15 different bins. The mea-

surements from the PCASP increased the size range provided

by the CAS-POL measurements down to 0.1 µm in our study.

The measurement principle and uncertainties (20 % for the

size distributions) have been described in detail by Cai et

al. (2013), Rosenberg et al. (2012) and references therein.

3 Methodology: retrievals of aerosol particles

microphysical properties

3.1 LIRIC code

The LIRIC algorithm is applied to lidar and sun-photometer

data to retrieve aerosol particle microphysical properties

profiles during daytime (Chaikovsky et al., 2008, 2012,

2015; Wagner et al., 2013; Granados-Muñoz et al., 2014,

2015; Binietoglou et al., 2015). This algorithm requires the

column-integrated optical and microphysical properties re-

trieved from AERONET code as input data (Dubovik et

al., 2002; Dubovik et al., 2006) and measured lidar elas-

tic backscattered signals at least at three different wave-

lengths (355, 532, and 1064 nm). The depolarization infor-

mation from lidar data can optionally be used in LIRIC.

To perform the retrieval, an aerosol model, based on the

AERONET code, which assumes a mixture of randomly

oriented spheroid and spherical particles defined by the

column-integrated volume concentrations of each mode, is

used (Dubovik and King, 2000; Dubovik et al., 2006). Sub-

sequently, an iterative procedure based on the Levenberg–

Marquardt method is applied. The combined lidar and sun-

photometer information provides volume concentration pro-

files for the fine and coarse modes, distinguishing also be-

tween coarse spherical and coarse spheroid particles if depo-

larization information is considered. The separation between

the fine and the coarse modes is made by searching the ra-

dius located at the minimum of the AERONET bimodal size

distribution in the radii range between 0.194 and 0.576 µm.

Uncertainties of the volume concentration profiles related

to the different user-defined parameters used within LIRIC

algorithm are usually below 15 % (Granados-Muñoz et al.,

2014), proving LIRIC to be quite stable. A detailed analysis

on the uncertainty due to the input lidar and sun-photometer

data uncertainties is still lacking, but it can be estimated for

our case. The uncertainty in the retrieved volume concentra-

tion is related to the size distribution that is retrieved from

AERONET. As discussed above, this uncertainty can range

from 10 to 35 % if the particle radii are less than 7 µm but

can be as much as 100 % if there is significant volume in

particles larger than this (Dubovik et al., 2000). As will be

illustrated below, measurements of the volume–size distribu-

tion with the CAS-POL show that there are particles larger

than 7 µm radius and in the dust layer they can be larger than

30 µm. Hence, a reasonable estimate of the retrieved volume

uncertainty in our case is approximately 50 %, less than the

90 % uncertainty estimated for the volume measured by the

CAS-POL (Appendix A).

3.2 Inversion of Raman lidar measurements to retrieve

microphysical properties

The Raman lidar system provides αaer
λ profiles at 355 and

532 nm, βaer
λ at 355, 532, 1064 nm and the δP

λ at 532 nm. This

3β + 2α+ 1δ data set was inverted to retrieve the aerosol

particle microphysical properties using the regularization

approach, described in detail by Müller et al. (1999) and

Veselovskii et al. (2002, 2004).

To account for mineral dust particles non-sphericity the

model of randomly oriented spheroids was used, as described

in Veselovskii et al. (2010). Following this approach, the

minimum and maximum particle size are determined dur-

ing the retrieval. A large number of inversion windows are

tested by using the look up tables introduced in Veselovskii

et al. (2010), which comprise radii between 0.05 and 25 µm.

The real and imaginary part of the refractive indices are var-

ied in the range 1.45–1.55 for the real part and 5× 10−4
−

0.01 for the imaginary part. The particle volume concentra-

tion and effective radius in our case were estimated with an

uncertainty of about 50 and 25 %, respectively. The real part

www.atmos-meas-tech.net/9/1113/2016/ Atmos. Meas. Tech., 9, 1113–1133, 2016
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Figure 1. Time series of the RCS for the period 00:00–01:00 and 06:45–12:10 UTC on the 27 June 2011.

of the refractive index, mr, was also estimated, with an un-

certainty of ±0.05. A detailed description on the procedure

to calculate the uncertainties is included in Veselovskii et

al. (2010).

3.3 Inversion of τλ spectral measurements

In the present study, we used two different techniques to

retrieve the column-integrated aerosol microphysical prop-

erties. Firstly, data provided by AERONET operational al-

gorithm (version 2) were used to retrieve the aerosol mi-

crophysics during daytime by inversion of τλ and sky radi-

ances obtained from the sun-photometer. In addition to these

AERONET aerosol retrievals, we inverted τλ spectral val-

ues with the LE algorithm to get high temporally resolved

aerosol properties such as the integrated volume and effective

radius (Kazadzis et al., 2014). The LE algorithm is described

in Veselovskii et al. (2012) and more details are provided

by Pérez-Ramírez et al. (2015), where correction functions

to get accurate aerosol data close to that of the operational

AERONET code were introduced. The LE algorithm is ap-

plied in our study to both sun- and star-photometer data, al-

lowing us to retrieve column-integrated aerosol microphysi-

cal properties during day and night.

4 Results and discussion

Different models such as NAAPS (Navy Aerosol Analy-

sis and Prediction System) (Christensen, 1997) and BSC-

DREAM8b (Pérez et al., 2006a, b; Basart et al., 2012), fore-

cast mineral dust above Granada station on the 27 June 2011.

Based on these forecasts, a measurement campaign was

launched using all the available instrumentation at the IISTA-

CEAMA experimental station coordinated with a simultane-

ous flight of the CASA C-212-200 research aircraft (Bravo-

Aranda et al., 2015). The flight took place around 10:30 UTC

on 27 June, whereas ground-based measurements started the

night before to cover the dust event during night and day-

time (Fig. 1). The aircraft performed a pseudo spiral track

flying from 1200 to 5200 m a.s.l. at a distance of approxi-

mately 8 km from the IISTA-CEAMA station.

4.1 Column-integrated aerosol microphysical

properties

Columnar aerosol optical and microphysical properties from

the sun and star photometry measurements are shown in

Fig. 2. Figure 2a illustrates the temporal trends in the τ500nm,

and the corresponding contributions of fine (τfine) and coarse

(τcoarse) modes using the Spectral Deconvolution Algorithm

(O’Neill et al., 2001a, b; 2003). The τλ-related Ångström

exponent (AE(λ1-λ2)) computed using the wavelengths be-

tween 440 and 870 nm (436 and 880 nm for star photometry)

and the fine mode fraction (η) are shown in Fig. 2b. As can

be observed, there was a smooth temporal evolution of the

aerosol properties with small variations. τ500nm time series

indicated that the aerosol load slightly varied during the an-

alyzed period, with values ranging between 0.27 and 0.37.

τcoarse was significantly larger than τfine during the end of the

night and daytime measurements, whereas τfine was almost

constant around 0.1 during the study period. The simulta-

neous increase of τ500nm and τcoarse from midnight suggests

an increase of the incoming mineral dust in the atmospheric

column. However, during the first hours of the night, the fine

mode had a relevant contribution to the total τ500nm. The AE

ranged between 0.80 at nighttime and 0.4 during daytime,

suggesting a clear predominance of coarse particles that can

be associated with the transport of dust particles. However,

the larger values obtained at the beginning of the night pe-

riod are higher than those acquired from AERONET mea-

surements in the presence of mineral dust (e.g., Dubovik et

al., 2002), and thus the contribution of fine particles to the

aerosol mixture is also considerable.

The evolution of the effective radius, reff, and the col-

umn volume concentration, V , obtained both by LE and

AERONET retrievals during daytime and by LE during

nighttime for the 27 June 2011 is shown in Figs. 2c and 2d.

Good agreement between AERONET and LE retrievals was

obtained during daytime corroborating the good perfor-
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Figure 2. Night-to-day temporal evolution of (a) aerosol optical depth (τλ) including also its separation between fine (τfine) and coarse

(τcoarse) mode at 500 nm, (b) Ångström exponent (AE) between 440 and 870 nm (436–880 nm for star photometry) and fine mode fraction η

(c) effective radius (reff) and (d) column-integrated volume concentration (V) on 27 June 2011.

mance of the LE method. In addition, continuity between the

star- and sun-photometer measurements was observed, which

shows the utility of combining both instruments to perform

a continuous monitoring of aerosol properties. As observed

in Figs. 2c–d, both reff and V were slightly lower during the

night compared to daytime. The reff values were around 0.3–

0.4 µm during nighttime and almost constant around 0.5 µm

during daytime. These values suggest a predominance of

coarse particles in the atmospheric column. The V values

were increasing from 0.15 µm3 µm−2 during the night up to

0.25 µm3 µm−2 in the early morning and then they decreased

again down to 0.1 µm3 µm−2 at noon. The changes observed

in aerosol properties suggest a mixture of different aerosol

types changing from night to day.

4.2 Mineral dust microphysical properties profiles

4.2.1 Daytime retrieval of mineral dust microphysical

properties profiles with LIRIC

A comprehensive analysis of the optical properties profiles

retrieved during daytime by Klett-Fernald (Fernald et al.,

1972; Fernald, 1984; Klett, 1981) method and during night-

time by Raman method (Ansmann et al., 1990) was previ-

ously presented by Bravo-Aranda et al. (2015) and is out of

the scope of our study. However, some of the optical profiles

(Fig. 3) and a brief discussion are included here to contex-

tualize the mineral dust event in a way that we have enough

information to properly discuss and understand the evolution

of the microphysical properties profiles.

Figure 3 shows βaer
532nm, β-AE(355–532 nm), which is the

backscatter related Ångström exponent between 355 and

532 nm and δP
532nm, obtained during daytime from lidar

elastic measurements. According to this figure and Bravo-

Aranda et al. (2015) two different layers were clearly dis-

tinguished. The first layer was in the height range between

3000 and 5000 m a.s.l., where βaer
532nm values were decreas-

ing during the morning and β-AE(355–532 nm) profiles sug-

gest the predominance of coarse particles with values close

to zero during the analyzed period. δP
532nm values ranged be-

tween 0.23 and 0.28, suggesting an important contribution of

non-spherical particles (Gross et al., 2011). However, below

2000 m a.s.l., β-AE(355–532 nm) was decreasing from 2 in

the early morning down to∼ 0.5 around midday. At the same

time, δP
532nm was increasing from 0.08 up to 0.20, suggest-
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β‐

Figure 3. Profiles of (a) aerosol particle backscatter at 532 nm

(βaer
532nm

) (b) backscatter-related Ångström exponent between 355

and 532 nm (β-AE(355–532 nm)) and (c) linear particle depolar-

ization ratio at 532 nm (δP
532nm

) retrieved from lidar elastic mea-

surements at different hours between 07:30 and 11:30 UTC on the

morning of the 27 June 2011.

ing the influence of anthropogenic particles from local origin

that were mixed with the mineral dust due to convective pro-

cesses within the planetary mixing layer (Bravo-Aranda et

al., 2015).

LIRIC retrievals obtained for the morning of the

27 June 2011 are shown in Fig. 4. A clear predominance of

the coarse spheroid mode is observed from the surface up to

5000 m a.s.l., as expected for mineral dust events. In addition,

a decrease of the total volume concentration values occurred

throughout the morning, as expected from the observed de-

crease in βaer
532nm (Fig. 3) and the decrease in the integrated

volume concentration V (Fig. 2d). A maximum peak in the

volume concentration of the coarse spheroid mode was ob-

served between 4000 and 4500 m a.s.l., in coincidence with

the maximum in βaer
532nm profiles, indicating the presence of

a distinguished aerosol layer at this height. It is worth not-

ing that fine particles were also observed during the dif-

ferent analysis periods as indicated by the volume concen-

tration profiles, but in low concentrations (∼ 6 µm3 cm−3).

The fact that the profiles of the fine mode volume concen-

tration show a maximum peak at the same height as the

coarse spheroid mode suggests that these fine particles could

have been advected with the mineral dust. Therefore, they

might correspond to the fine mode of mineral dust (Mamouri

and Ansmann, 2014) or even anthropogenic aerosol advected

from the industrial areas of northern Africa together with

the mineral dust (Rodríguez et al., 2011; Valenzuela et al.,

2012c), as indicated by the backward trajectories analysis

performed with HYSPLIT model using GDAS meteorolog-

ical database (http://ready.arl.noaa.gov/HYSPLIT_traj.php,

not shown). However, Granados-Muñoz et al. (2014) sug-

gested that it might be an artifact introduced by LIRIC due

to problems with the incomplete overlap or in cases of non-

homogeneous layering distributing the contribution of local

pollution at high altitudes. Additional data sets would be re-

quired to clarify the origin of these fine particles in our study.

The coarse spherical mode volume concentration slightly

increased during the morning, reaching its maximum values

(∼ 7 µm3 cm−3) between 11:15 and 11:45 UTC. This slight

increase in the volume concentration of the coarse spherical

mode (from 0 up to 5 µm3 cm−3) around 4500 m a.s.l. was in

agreement with a slight decrease in δP
532nm values (from 0.28

to 0.23) in the same height range, indicating a larger con-

tribution of spherical particles and corroborating once again

the coherence between the aerosol optical and microphysical

properties profiles obtained.

Even though layering was observed in the optical prop-

erties profiles (Fig. 3), with mineral dust in the upper layer

between 3000 and 5000 m a.s.l. and anthropogenic particles

in the lower part of the troposphere, LIRIC results showed

much more homogeneous profiles with no such layering. The

layering observed in the optical properties profiles (Fig. 3)

indicated the presence of mineral dust in the upper layer

between 3000 and 5000 m a.s.l. and the presence of anthro-

pogenic particles in the lower part of the troposphere that was

not detected by LIRIC. This can be explained by the fact that

LIRIC assumes several AERONET-retrieved properties (i. e.,

refractive index, size distribution, sphericity, etc.) as height-

independent and therefore LIRIC results are much more ver-

tically homogeneous regarding the distribution of the modes

than those retrieved from the lidar data with Klett–Fernald al-

gorithm. A combined inversion of lidar and sun-photometer

data without such assumptions, as the one proposed in GAR-

RLIC (Generalized Aerosol Retrieval from Radiometer and

Lidar Combined data) (Lopatin et al., 2013), might provide

more accurate results regarding the vertical distribution of the

aerosol properties, although GARRLIC is out of the scope

of this work. Meanwhile, the interpretation and analysis of

the LIRIC-retrieved volume concentration profiles needs to

be carefully made when the atmospheric aerosol layers com-

prise different aerosol types, as shown in Granados-Muñoz

et al. (2014).

4.2.2 Nighttime retrieval of mineral dust microphysical

properties profiles with the regularization

technique

Figure 5 shows the aerosol optical and microphysical prop-

erties profiles retrieved for the first period of lidar measure-

ments (00:00–01:00 UTC). The Raman 3β + 2α+ δ profiles

(Figs. 5a, b and c) were inverted to retrieve vertical profiles

of volume concentration, reff and the real part of the refrac-

tive index (Fig. 5d and e) using the regularization approach

by Veselovskii et al. (2010).

During the night period, values of βaer
532nm (Fig. 5b) were

similar to those observed at daytime (Fig. 3), especially in

the early morning (06:15–06:45 UTC). Two differentiated re-
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Figure 4. Volume concentration profiles of the fine, coarse spherical and coarse spheroid modes obtained with LIRIC from 30 min averaged

lidar data for different periods on the 27 June 2011. The error bars represent the uncertainty associated to the selection of the user-defined

input parameters in LIRIC, obtained as indicated in Granados-Muñoz et al. (2014).

Table 1. Aerosol properties on region 1, corresponding to the mixture of anthropogenic aerosol and mineral dust below 2250 m a.s.l. and

region 2, corresponding to the mineral dust particles located above 2250 m a.s.l.

βaer
532nm

(Mm−1 sr−1) δP
532nm

β -AE(355–532 nm) reff (µm) V (µm3 cm−3)

Region 1 38 0.15 0.18 0.61 44

Region 2 82 0.25 0.05 1.23 54

gions with different aerosol types were observed at night.

Namely, there were mineral dust particles above 2250 m a.s.l.

(δP
532nm ∼ 0.25) and a mixing of local anthropogenic aerosol

with mineral dust below this height. Even though, similar

layers were observed during both analyzed periods, the verti-

cal structure of the aerosol layer was different, indicating an

evolution of the aerosol vertical structure during the night.

As observed when comparing Figs. 5 and 3, two peaks were

detected during nighttime around 3200 and 4200 m a.s.l.

whereas a more homogeneous structure was observed during

daytime, with only one maximum at 4100 m a.s.l. Besides,

a significant increase of the anthropogenic pollution in the

lower layer was observed during the morning.

Mineral dust microphysical properties profiles were ob-

tained with the regularization technique using the optical

data, averaged in 250 m layers for the heights between 2000

and 3600 m a.s.l. Above that height averaging was done in

1000 m layers. The overlap effects prevented using extinction

data below 2000 m and therefore inversion of microphysical

properties was not possible below this height. The retrieved

profiles are shown in Fig. 5d, 5e and 5f. As we can observe in

Fig. 5d, reff values varied in the different layers. The highest

values,∼ 1.76 µm, were found in the layer between 2500 and

3500 m a.s.l., which is the mineral dust layer. The smallest

values, ∼ 0.53 µm, were found in the layer where the anthro-

pogenic pollution was mixed with the mineral dust, below

2300 m a.s.l. layer . Values around 4200 m a.s.l. (∼ 1.1 µm)

were still larger than those in the lower layer, but lower than

in the maximum around 3200 m a.s.l. This decrease in the ra-

dius with height can be due to an artifact of the algorithm

because of the larger averaging height interval used in the

upper part of the profiles and not necessarily related to a de-

crease in the size of the particles. Volume concentration val-

ues were also larger for the dust layer than for the one with

mixed particles. This fact can be explained by both the vol-

ume concentration dependence on particle radius and also the

larger aerosol load in this layer (as observed in the layering

structure of βaer
λ in Fig. 5b). Two regions were also clearly

distinguished in the mr profile obtained with the regulariza-

tion technique. The mr values were larger in the upper part

of the profile, corresponding to the mineral dust layer and

lower values were obtained in the lower part of the profile,

www.atmos-meas-tech.net/9/1113/2016/ Atmos. Meas. Tech., 9, 1113–1133, 2016
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Figure 5. (a) βaer
532nm

and αaer
532nm

retrieved with Raman technique and (b) derived β-AE(355–532 nm) and δP
532nm

at 00:00–01:00 UTC on

the 27 June 2011. (c) Total volume concentration, reff and (d) mr retrieved for the same period with the regularization technique applied

to the 3β + 2α+ 1δ lidar data and (e) Volume–size distributions retrieved at different height levels using the APS (surface level) and the

regularization technique applied to the 3β+2α+1δ lidar data at 00:00–01:00 UTC on the 27 June 2011. Column-integrated AERONET size

distribution corresponding to the 26 June 2011 at 18:15 UTC is included (bottom).

due to the presence of the mixture of mineral dust and an-

thropogenic particles. The mean value of mr in the profile

was 1.55± 0.05. A summary with the values of the different

aerosol properties in both detected layers is shown in Table 1.

Finally, Fig. 5f shows the volume–size distributions for

different altitudes. At the surface level, the APS was used

to obtain the hourly average volume–size distribution in the

aerodynamic radius range 0.25–10 µm for the period 00:00 to

01:00. The volume–size distributions at higher altitudes were

obtained by the regularization technique. In addition, the

closer-in-time column-integrated AERONET size distribu-

tion (26 June 2011 at 18:15 UTC) was included for compari-

son. From both APS and lidar measurements, it was observed

a clear increase in the coarse mode radius with height, as the

location of the maximum is displaced towards larger radii, in

agreement with reff profiles. There was also an increase of

the aerosol load since the maximum in the volume concen-

tration strongly increased with height. Fine mode was almost

insignificant in the different layers. However, the AERONET

column-integrated distribution showed a small contribution

of the fine mode aerosol particles and also the coarse mode

radius shifted to smaller values. The low column-integrated

values of reff obtained with the LE algorithm in Fig. 2 to-

gether with the AERONET distribution suggest an important

contribution of fine particles in the region below 2 km a.s.l.

during the analyzed period, not observed by the lidar because

of the incomplete overlap. This contribution of fine particles

also explains the difference in the real part of the refrac-

tive index between the closest in time AERONET retrieval,

which was 1.45, and the value obtained with the regulariza-

tion technique (1.55). The limitations of the APS to measure

fine mode particles at the surface do not allow to confirm

this, but in situ measurements presented by Bravo-Aranda et

al. (2015) also pointed in this direction.

4.3 Comparison of airborne in situ measurements and

ground-based retrieved profiles

4.3.1 Comparison of the volume concentration profiles

Figure 6a shows the vertical profiles of the total volume con-

centration profiles obtained with LIRIC algorithm and those

obtained from the aircraft in situ measurements. The hori-

zontal bars on the LIRIC profile (blue curve) are the esti-

mated uncertainties of ±50 %. The horizontal bars on the

aircraft profile (black curve) are the standard deviation about

the mean value. For the retrieval of the volume concentration

profiles from the in situ aircraft measurements, a refractive

index of 1.54–i0.0 (McConnell et al., 2010) was assumed

and Mie theory was applied assuming spherical aerosol par-

ticles as explained by Andrey et al. (2014) and discussed in

Appendix A. This refractive index value is very similar to the

one obtained with the regularization technique for the night-

time measurements, which was 1.55± 0.05. Therefore, the

assumption of the refractive index is not expected to intro-

duce large uncertainties. The agreement in the vertical struc-

ture between the aircraft and LIRIC volume concentration

profiles, with respect to where the peak values are located,

is quite good considering that the aircraft profiles are hori-

zontally displaced from those by the lidar by approximately

8 km. Similar layering was detected with both LIRIC and

the airborne data, distinguishing two maximum peaks around

3500 and 4200 km a.s.l. The geometrical thickness of the dif-
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Figure 6. (a) 30 min averaged volume concentrations retrieved with LIRIC (blue line) centered at 10:30 UTC and the combined PCASP-

100X and CAS-POL concentrations (black line) retrieved during the flight ascent on the 27 June 2011. The blue horizontal bars are the

estimated uncertainty in the LIRIC values and the black horizontal bars are the standard deviation about the average aircraft values. (b) De-

polarization ratio retrieved from the CAS-POL measurements (black line) and δP
532nm

retrieved from the lidar data (blue line) between 10:30

and 11:00 UTC Horizontal bars show the estimated uncertainties from the lidar (blue) and the standard deviation about the average CAS-POL

values (black). (c) Depolarization ratios normalized to the maximum values derived from the lidar (blue) and CAS-POL (black).

ferent layers observed was also very similar for both LIRIC

and the aircraft data. The slight difference between the height

of the first maximum obtained by aircraft in situ measure-

ments (3450 m a.s.l.) and LIRIC algorithm (3250 m a.s.l.) can

easily be explained by taking into account the differences be-

tween both techniques and the horizontal distance between

the lidar and the aircraft measurements.

Regarding the volume concentration values, the differ-

ences are within the expected uncertainties and natural vari-

ability, marked by the horizontal bars in Fig. 6a, revealing

quite promising results. In general, average in situ values ex-

ceed those from LIRIC by less than 20 µm3 cm−3, except for

the concentration maximum between 3200 and 3500 m a.s.l.

The difference between the profiles reveals a likely under-

estimation of the volume concentration profiles retrieved by

LIRIC by some fraction that depends on the amount of parti-

cle volume in sizes larger than 15 µm (in radius) not consid-

ered in AERONET. However, this underestimation does not

completely explain the observed differences. The intrinsic

differences between both techniques and the differences in

sampling can also lead to discrepancies between the profiles.

This comparison analysis raises the question as to which

technique is providing the more accurate value. Both tech-

niques rely on assumptions that could potentially bias the

results. In the discussion of the CAS-POL uncertainties in

Appendix A, the two most important assumptions are related

to the refractive index and shape of the particles. If the refrac-

tive index of the particles differ from what is assumed, this

can bias the sizing either smaller or larger, but no more than

20 %. The assumption that the particles are spherical will bias

the sizes, and hence the volumes, perhaps even as much as

a factor of 2 if the dust particles are very aspherical. This

could explain the discrepancies between the two techniques

over most of the profiles where the differences are within a

factor of 2. Countering that argument, however, is the com-

parison of the size distributions measured with the combined

PCASP-100X and the CAS-POL and those derived from the

regularization technique applied to nighttime lidar measure-

ments. Figure 7 shows average volume concentration size

distributions, measured with the PCASP and CAS-POL at

3250 and 4250 m, the altitudes of maximum particle concen-

trations. Also shown are the size distributions derived from

the lidar measurements using the regularization method. The

in situ and remote sensing derived spectra show very simi-

lar shapes; i.e., the maximum peaks at 3250 m fall at 4 µm

and 3.5 µm, respectively for the CAS-POL and lidar and at 4

and 5 µm at 4250 m. It was suggested earlier that the larger

volume concentrations measured by the CAS-POL might be

a result of oversizing but Fig. 7 indicates that this is not the

case.

4.3.2 Comparison of the depolarization ratio profiles

A number of airborne particle depolarization ratios measure-

ments with lidar have been made in the past (e.g., Weinzierl

et al., 2009) and compared with ground based lidar; however,

in situ measurements of particle polarization ratios from air-

craft have never been published before, so the results pre-

sented here are the first opportunity to compare profiles from

aircraft with those derived from remote sensors and ana-

lyze the potential of aircraft depolarization measurements.
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1124 M. J. Granados-Muñoz et al.: Aerosol microphysical properties profiles during a dust event

Figure 7. Size distributions of volume concentrations derived from

the combined PCAP-100X and CAS-POL measurements and size

distributions retrieved with the regularization technique from the

lidar nighttime measurements at 3250 and 4250 m.

The CAS-POL averaged polarization ratio at a wavelength

of 658 nm is compared with the δP
532nm profile retrieved at

10:30 UTC from the lidar data (Fig. 6b). The horizontal bars

on the lidar profile (blue curve) show the estimated uncer-

tainties, while the bars on the CAS-POL values (black curve)

are the standard deviations about the average. The polariza-

tion ratios from the CAS-POL are calculated as the summed

perpendicular-polarization values divided by the summed

parallel-polarization values in order to be more comparable

with the ensemble averages provided by the lidar. In gen-

eral, we observe a rough agreement in the vertical distribu-

tion of the depolarization derived from lidar δP
532nn profiles

and CAS-POL, with a correlation coefficient between both

profiles of 0.69. Note that, as discussed in greater detail in

the Appendix, the CAS-POL measures the polarization com-

ponents at a different angle than the 180◦ measured by the

lidar. This difference can lead to different polarization val-

ues. There are also few studies that quantitatively relate the

polarization ratio to specific types of aspherical particles (in

the Appendix, Fig. 9 we show laboratory studies that show

polarization ratios measured by the CAS-POL for different

particle types). From laboratory studies, water droplets pro-

duce an average polarization ratio of 0.18 for the CAS-POL

(see Appendix), whereas this value is close to zero for lidar

measurements. In Fig. 6b, the CAS-POL polarization ratio is

offset by approximately this much; however, further studies

are needed to better quantify the relationship between lidar

and CAS-POL derived ratio.

In this study, we are more interested in comparing if both

techniques show similar, relative changes in the depolariza-

tion ratio with altitude. In Fig. 6c we have normalized the

depolarization ratios at each level by their maximum ratios,

0.26 and 0.34 for the lidar and CAS-POL techniques, respec-

tively. Both methods are able to clearly distinguish between

the dust layer in the upper part and the mixed dust with an-

thropogenic pollution in the lower part of the profiles. Some

discrepancies are still observed in the lower layer of the pro-

files and in the region around 4.75 km, but to explain them

it is worthwhile to consider the different vertical resolution

and that the CAS-POL is measuring instantaneous values,

whereas the lidar data correspond to 30-min averaged pro-

files. Taking into account the large variability observed in

these regions throughout the morning in Fig. 3, the separation

in time and location and the depolarization uncertainties for

both data sets, differences are within the expected uncertain-

ties. According to these results, calibrated profiles provided

by the CAS-POL using laboratory measurements will pro-

vide valuable information on the aerosol vertical structure re-

garding depolarization. Depolarization information retrieved

from aircraft measurements is currently very limited, and the

use of the CAS-POL offers promising results in this respect

for the near future.

5 Summary

An exhaustive measurement campaign was performed

27 June 2011 at Granada station during a Saharan dust out-

break. One of the main goals of the campaign was to ana-

lyze the evolution of mineral dust microphysical properties

by using the synergy of different techniques. The campaign

was coordinated with an aircraft research flight to be able to

perform some comparisons based on completely independent

data sets.

The different methods used for the retrieval of the mi-

crophysical properties were LIRIC and the regularization

method, to retrieve vertical profiles with lidar data during

both day and nighttime, and the AERONET code and the LE

technique, to retrieve column-integrated properties from sun-

and star-photometry. To our knowledge this is the first time

that these techniques are processed and compared together

to retrieve continuous microphysical properties for day and

night during a mineral dust event.

Results indicate that the night-to-day evolution of the

aerosol optical depth at 500 nm and the Ångström expo-

nent retrieved using star and sun-photometer data followed

a smooth behavior explained by the natural variability of

the aerosol particle population. The aerosol optical depth at

500 nm ranged between 0.27 and 0.37 during the analysis pe-

riod, while the Ångström exponent varied from 0.80 at night-

time to 0.4 during the daytime. Column-integrated micro-

physical properties retrieved with the operational AERONET

and linear estimation codes were in good agreement. More-

over, the linear estimation allowed for the retrieval of the dust

microphysical properties during nighttime using the star-

photometer data, which was not possible with the AERONET
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Figure 8. (a) Theoretical scattering cross section (Mie, 1908) of spherical particles as a function of diameter for three refractive indices and

the collection angles of the CAS-POL. Only a small size range is shown in order to illustrate the potential magnitude of uncertainty. The

dashed lines show that particles with four different sizes have the same scattering cross section. (b) Average retrieved diameter for a given

size at a refractive index of 1.48. Vertical bars represent 1 standard deviation around the mean. The red lines are the one-to-one (solid) and

±20 % (dotted) around the one to one. Blue lines correspond to maximum and minimum errors for each diameter.

code. A smooth temporal evolution was observed, with ef-

fective radius ranging between 0.3 and 0.5 µm. The derived

Ångström exponent and effective radius suggest a predom-

inance of coarse particles but with some contribution by

the fine mode particles. The fine contribution was quite sig-

nificant during some periods, especially during the night

period between 00:00 and 01:00 UTC. For this period, li-

dar measurements were performed, and combined vertical

and column-integrated information revealed that most of the

aerosol fine load was located below 2 km a.s.l., not affecting

the mineral dust layer.

In the vertical coordinate, two aerosol layers were ob-

served during both day and night: a lower layer correspond-

ing to a mixture of anthropogenic aerosol with mineral dust

and a higher layer corresponding to pure mineral dust. As

expected in the presence of mineral dust, the LIRIC anal-

ysis during daytime indicated a clear predominance of the

coarse spheroid mode, with average volume concentrations

around 30 µm3 cm−3, suggesting a medium intensity dust

event. Fine particles were observed in lower concentrations

(∼ 6 µm3 cm−3) at higher altitudes that could be associated

to particles of anthropogenic origin, along with the dust par-

ticles, in the industrial areas in the north of Africa or they

might correspond to the mineral dust fine mode. However,

they could also be related to a LIRIC artifact that distributes

the local anthropogenic aerosol at higher altitudes. Results

obtained with LIRIC are in agreement with the results ob-

tained from the analysis of the optical properties retrieved

from the lidar data in the upper layer corresponding to min-

eral dust. However, there is some disagreement in the low-

ermost part of the profiles, below 2000 m a.s.l., which cor-

responds to the mixture of mineral dust with anthropogenic

aerosol. These discrepancies are mainly related to the as-

sumption of height-independent aerosol properties in LIRIC

Figure 9. The average depolarization ratio as a function of the to-

tal backscattering (S plus P polarization) derived from CAS-POL

measurements in the laboratory of a number of different types of

particles: calibration particles, labeled by their nominal size, neb-

ulized water droplets, Arizona Test Dust (ATD), volcanic ash, ice

crystals and pollen.

and indicate that LIRIC profiles need to be carefully inter-

preted in cases of non-homogeneous aerosol layers.

The retrieval of the total volume concentration profile

at night (with the regularization technique) indicated a de-

crease in the volume concentration from maximum values

of 75 to 50 µm3 cm−3 and changes in the aerosol vertical

structure when compared to LIRIC retrieved volume concen-

tration profiles in the early morning. Nonetheless, column-

integrated values showed small changes in the aerosol prop-
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erties, remaining almost constant during the night. These re-

sults underscore the need for vertically resolved measure-

ments to adequately monitor the evolution of the aerosol

properties. The discrepancies between regularization and

LIRIC results are mainly explained by the natural variability

of the aerosol during the night. Because of this temporal vari-

ability, results obtained from the two different approaches are

not comparable in absolute terms. However, from our analy-

sis we can conclude that the combined use of LIRIC and the

regularization technique improves our capability for evaluat-

ing the evolution of microphysical properties profiles during

night and daytime.

For a direct intercomparison of LIRIC with the regular-

ization technique, more simultaneous data sets are required.

Advances in vibrational Raman will allow measurement of

the extinction coefficients during the daytime (e.g., Brocard

et al., 2013) and measurements from HSRL systems could

also help in this aspect. On the other hand, advances in tech-

niques to retrieve microphysical properties from star photom-

etry will allow for the use of LIRIC during night. Improve-

ments in the application of the linear estimation method also

could be addressed in this way. Such approaches are essen-

tial both to study the temporal evolution of aerosol micro-

physical profiles and also to define strategies for evaluating

satellite products.

In the last part of the study, profiles of linear particle depo-

larization retrieved with the lidar data and volume concentra-

tion retrieved with LIRIC were compared with in situ aircraft

measurements. The vertical profiles of the volume concentra-

tion, retrieved from the combined PCASP-100X and CAS-

POL size distributions and LIRIC retrievals showed good

agreement regarding the vertical distribution of the aerosol,

with maxima at 3200–3500 and 4100–4400 m identified by

both techniques. The agreement between the volume con-

centration values were within the expected uncertainties with

differences generally < 20 µm3 cm−3. Although the compar-

ison suggests that the volume concentrations from the CAS-

POL might be overestimated due to the asphericity of the

dust particles, the size distributions derived from the CAS-

POL and lidar are in very good agreement.

The first-ever published data set of depolarization data re-

trieve with the CAS-POL instrument on board a research air-

craft was also presented in this study and qualitatively com-

pared with the lidar retrieved depolarization profiles. The two

separate techniques showed roughly comparable results with

respect to the depolarization ratios in the dust layer compared

to the layers below and above.

6 Conclusions and future outlook

The synergy of instruments and different remote-sensing

techniques presented in this study reveals the current existing

potential to obtain a complete characterization of the aerosol

properties using a combination of different measurements

obtaining promising results. However, the comparison be-

tween the different ground-based remote sensing techniques

and with independent aircraft in situ data also points out lim-

itations of the different approaches used here and the need

for reducing the uncertainty of the measured and retrieved

aerosol properties in order to obtain more reliable and accu-

rate aerosol properties databases. Future efforts should aim

in this direction and validation campaigns and studies using

independent data sets are crucial to achieve this goal.
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Appendix A: CAS-POL measurement principles and

uncertainties

The CAS-POL in this study measures the light that is scat-

tered by individual particles that pass through a focused,

658 nm, polarized laser beam (Baumgardner et al., 2001).

Optical components are positioned to collect some of the

light that is scattered into a forward cone from 4 to 12◦ and

a backward cone from 168 to 176◦. The backward scattered

light is divided into two components: one that is measured

with a detector that is behind an optical filter that passes

only the scattered light with polarization that is perpendic-

ular to the polarization of the incident light and another de-

tector with no filter (Glen and Brooks, 2013). The equivalent

optical diameter (EOD) of each particle in the nominal size

range from 0.6 to 50 µm is derived from the peak intensity of

the collected forward scattered light using Mie theory (Mie,

1908) and an assumption of particle sphericity at a known

refractive index. The terminology, EOD, is used here to un-

derscore that ambient aerosol particles are only spherical if

they are liquid or have a liquid coating and the refractive in-

dex can vary over a wide range. Hence, the EOD refers to the

size of a spherical particle with known refractive index that

would have scattered the equivalent intensity of light.

The three signals, forward scattering (FS), backward scat-

tering (BS) and polarized (POL) provide three pieces of in-

formation that, from a relative perspective, can differentiate

regions of air masses that have different particle characteris-

tics. For the current study, FS is used to derive the EOD, and

BS and POL are used to calculate the average polarization ra-

tios discussed in the main body of the manuscript. The inter-

action of the linearly polarized laser radiation with a particle

leads to scattered light with some of the polarization in the

same plane as the incident light and some fraction at a per-

pendicular plane (Nicolet et al., 2007, 2010, 2012; Schnaiter

et al., 2012; Baumgardner et al., 2014). In laboratory studies,

Glen and Brooks (2013) showed that the relationships be-

tween the FS, BS, and POL signals were related to the type

of dust; i.e., hematite, quartz, and zeolite could be clearly dif-

ferentiated by comparing the three signals. In the analysis of

CAS-POL measurements in the current study, we will only

report the polarization ratio (defined below).

The measurement uncertainties are associated with the ac-

curacy of determining the sample volume, the derivation of

the EOD and the depolarization ratio. The estimated uncer-

tainty in the sample volume is ±20 % primarily due to the

optical technique used to qualify particles within the beam

(Baumgardner et al., 2001). The sizing uncertainty ranges

from 20 to 50 % and depends on the variation in the refrac-

tive index and the non-sphericity of the particles. Figure 8a

shows the theoretical scattering cross section (Mie, 1908) of

spherical particles as a function of diameter for three refrac-

tive indices and the collection angles of the CAS-POL. Only

a small size range is shown in order to illustrate the poten-

tial magnitude of uncertainty. We can see that particles with

different sizes have the same scattering cross section. The

scattering intensity is directly proportional to the particle op-

tical cross section; hence, when we measure scattering of this

magnitude with the instrument, we do not know if the parti-

cle was a water droplet with 1.25, 2.0, or 2.5 µm EOD, a salt

particle (NaCl) with a 1.75 or 2.5 µm EOD or a sulfate par-

ticle (refractive index of 1.44) with an EOD of 2.5 µm. The

average uncertainty due to deriving an EOD of unknown re-

fractive index was estimated by analyzing the variation in

size when assuming a particle had a refractive index of 1.48

then finding what particle size would have the same scatter-

ing cross section if it actually had a different refractive in-

dex. The calculation was carried out over a range of refrac-

tive indices from 1.33 (water) to 1.60 (some types of organ-

ics). Figure 8b presents the results of this evaluation, where

the ordinate is the average derived value for the given size

at a refractive index of 1.48 and the vertical bars are 1 stan-

dard deviation around the mean. The red lines are the one-to-

one (solid) and ±20 % (dotted) around the one to one. From

this figure we see that the uncertainty falls within ±20 % of

the assumed values except for the EOD between 2 and 4 µm.

Hence, the uncertainty due to the refractive index variations

is on average ±20 %.

The uncertainties that are related to the non-sphericity of

a particle are more difficult to estimate since they are de-

pendent on the complexity of the morphology, the degree

of non-sphericity and the orientation of the particle when it

passes through the beam. Borrmann et al. (2000) applied T-

matrix theory to estimate the amount of undersizing of pro-

late and oblate spheroids dependent on their aspect ratios

and demonstrated that the Forward Scattering Spectrometer

Probe (FSSP), the predecessor to the CAS, could undersize

ice crystals as much as 50 %. Single particle light scattering

probes like the FSSP and CAS measure the optical size of a

particle. Converting this size to a physical volume requires an

assumption of the shape, refractive index, and density of the

particle. Given the complexity of the morphology of dust, it

is beyond the scope of this paper to evaluate the relationship

between light scattering and particle morphology in order to

assess the uncertainty in sizing related to the properties of

dust. Based on the simple analysis conducted by Borrmann

et al. (2000), we use±50 % as a conservative estimate for the

uncertainty in sizing due to shape.

The errors in the sample volume and size are propagated

using the root sum squared (RSS) approach to estimate the

uncertainty in the derived bulk parameters of number and

volume concentrations and the median volume diameter.

These estimated uncertainties are ±20, ±90 and ±50 %, re-

spectively.

The change in polarization caused by a particle is also de-

pendent on aspect ratio and orientation. Volten et al. (2001)

measured the light scattering by Sahara dust particles, among

others, at angles ranging from 5 to 173◦. In the angle range

of the CAS-POL the polarization ratio varied from 0.2 to 0.5.

Recent laboratory measurements were made with a CAS-
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POL, similar to the one used in the study reported here, of

various spherical and aspherical particles. The results from

those measurements are summarized in Fig. 9 where the av-

erage polarization ratio is shown as a function of the sum of

the S and P polarization signals. The horizontal and vertical

bars show the standard deviations about the average values.

From these very preliminary results we can see that the polar-

ization ratio can vary as much as a factor of 2, or 100 %. As

seen in the results of measurements in the dust layer (Fig. 6),

the variation is much less than this.

The detectors that measure the backscattered light are

calibrated with monodisperse polystyrene latex spheres and

glass beads that are reference standards approved by the Na-

tional Institute of Science and Technology (NIST). The re-

sponse of the two detection systems are matched by repeat-

ing the calibration but interchanging the optics so that both

detectors will provide the same signal to the same reference

particle, thus ensuring that the polarization ratio is a true

measure of the ratio of the two polarized components.

The polarization ratios that are measured from particles of

unknown composition cannot be referenced to a standard cal-

ibration particle that produces a known polarization pattern

and subsequent polarization ratio. The lidar community cal-

ibrates their sensors in a similar manner as is done with the

CAS-POL; however, to our knowledge there has not been

a method to reference lidar depolarization methods against

a known reference particle other than water droplets. It is

also important to note that unlike lidars that measure at 180◦,

and hence have a polarization ratio of nearly zero for wa-

ter droplets, the CAS-POL measures a non-zero polarization

(Fig. 9) because water droplets do change the polarization

state at angles less than 180◦.
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