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e Synergy between airborne and Lidar
observations for Saharan dust vertical
mass impact.

e Optical and microphysical properties
reported for Saharan Air Layer
characterization.

e Higher dust incidence in FT w.r.t. BL
regarding particle fine and coarse
size modes.

e Assuming averaged MEE is critical in
mass concentration estimation of
single layers.

e Good agreement in vertical extinc-
tion retrieval between MAXDOAS and
LIDAR profiling.
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ABSTRACT

A study of the vertical mass impact of Saharan dust intrusions is presented in this work. Simultaneous
ground-based remote-sensing and airborne in-situ measurements performed during the AMISOC-TNF
campaign over the Tenerife area (Canary Islands) in summertime from 01 July to 11 August 2013 were
used for that purpose. A particular dusty (DD) case, associated to a progressively arriving dust intrusion
lasting for two days on 31 July (weak incidence) and 01 August (strong incidence), is especially inves-
tigated. AERONET AOD and AEx values were ranging, respectively, from 0.2 to 1.4 and 0.35 to 0.05 along
these two days. Vertical particle size distributions within fine and coarse modes (0.16—2.8 pm range)
were obtained from aircraft aerosol spectrometer measurements. Extinction profiles and Lidar Ratio (LR)
values were derived from MPLNET/Micro Pulse Lidar observations. MAXDOAS measurements were also
used to retrieve the height-resolved aerosol extinction for evaluation purposes in comparison to Lidar-
derived profiles. The synergy between Lidar observations and airborne measurements is established in
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Mass efficiency
MAXDOAS

terms of the Mass Extinction Efficiency (MEE) to calculate the vertical mass concentration of Saharan
dust particles. Both the optical and microphysical profilings show dust particles mostly confined in a

layer of 4.3 km thickness from 1.7 to 6 km height. LR ranged between 50 and 55 sr, typical values for
Saharan dust particles. In addition, this 2-day dust event mostly affected the Free Troposphere (FT), being
less intense in the Boundary Layer (BL). In particular, rather high Total Mass Concentrations (TMC) were
found on the stronger DD day (01 August 2013): 124, 70 and 21 pg m—> were estimated, respectively, at
FT and BL altitudes and on the near-surface level. This dust impact was enhanced due to the increase of
large particles affecting the FT, but also the BL, likely due to their gravitational settling. However, the use
of an assumed averaged MEE value can be especially critical for estimating the mass concentration of
particular layers. Moreover, the potential of MAXDOAS retrieval for aerosol extinction profiling is also
evidenced by showing a relatively good agreement with the Lidar-derived extinction profiles, once a
particular smoothing procedure is applied to Lidar measurements.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The vertical distribution of dust plays a significant role in
climate-related issues, in particular those associated to its atmo-
spheric radiative forcing (Boucher et al., 2013; Myhre et al., 2013).
In addition, height-resolved information of the dust properties is
required for both aerosol transport modelling (i.e., de la Paz et al.,
2013; Zhang et al., 2013), particularly relevant for particle deposi-
tion estimation (Schepanski et al., 2009), and satellite data valida-
tion (i.e., Campbell, et al., 2012; Amiridis et al., 2013). In order to
obtain this information, a general effort is being made by the ESA
(European Space Agency) Earth Observation programs related to
the next future Copernicus/Sentinel and EarthCARE (Earth Cloud-
Aerosol-Radiation Explorer) missions focused on the vertical
monitoring of aerosols and clouds and the retrieval of their macro/
microphysical and optical properties for assessment of both the air
quality impact and radiative forcing concerns.

Canary Islands offer a suitable region for Saharan dust moni-
toring, as located downwind of the Sahara desert. The arrival of
dust plumes are frequent in this area, mainly in summertime and
extended up to high altitudes (Cérdoba-Jabonero et al., 2014, 2016).
The vertical characterization of individual dust events is relevant
for the determination of the so-called Saharan Air Layer (SAL),
defined as a mass of warm and dusty air, in order to evaluate the
climate impact of such phenomena, even at local scales (Carlson
and Prospero, 1972). Indeed, extended campaigns have been car-
ried out over this region and surroundings specially focused on dust
research; in particular, both AMMA 2006 (African Monsoon
Multidisciplinary Analysis, Formenti et al., 2011) and SAMUM 2006
and 2008 (Saharan Mineral Dust Experiment, Ansmann et al., 2011
and reference therein) must be mentioned for their relevance in
desert dust characterization using both ground-based and airborne
observations.

In this sense, the AMISOC (Atmospheric Minor Species relevant
to the Ozone Chemistry) project was planned as a multi-
instrumented campaign (AMISOC-TNF) carried out, particularly,
over Tenerife area (Canary Islands, Spain) in summertime. The main
goal was the study of the behaviour of minor traces gases under
clean skies and heavy aerosol loading as well as the dust impact in
air quality and climate-related issues. Among all AMISOC activities,
a particular emphasis was put on dust profiling. Indeed, this study
reflects the synergy of airborne in-situ instrumentation (Optical
Particle Counters, OPC) and ground-based active (LIDAR) tech-
niques to derive, respectively, the height-resolved microphysical
and optical properties of particles in the SAL. In addition, the
available MAXDOAS (Multi-AXis Differential Optical Absorption
Spectrometry) measurements during AMISOC-TNF were also used
to retrieve the height-resolved aerosol extinction.

The Total Mass Concentration (TMC) of dust particles, regarding
their radiative impact factor, can be also estimated in terms of the
Mass Extinction Efficiency (MEE). MEE is a measure of the aerosol
effectiveness on solar radiation, relating both optical and micro-
physical properties. In general, MEE values as reported in the Op-
tical Properties of Aerosols and Clouds (OPAC) database (d'Almeida
et al,, 1991; Tegen and Lacis, 1996; Hess et al., 1998; www.pole-
ether.fr) are higher for smaller particles. Indeed, MEE for dust de-
creases as effective particle radius increases. Values of
31-23m? g ! and 0.97—0.16 m? g~! are obtained for dust particle
size distributions with effective radius within the fine and coarse
modes, respectively (see OPAC database, www.pole-ether.fr). In
particular, MEE values of 0.5, around 1.0 and 1.09 m? g~ were
obtained from in-situ measurements performed in close regions to
Saharan dust sources as Izana/Tenerife site (Maring et al., 2000),
Morocco (SAMUM, 2006; Kandler et al., 2009) and Cape Verde
(AMMA campaign, Chen et al., 2011), respectively, likely in average
depending on the different contribution of fine (higher MEE) and
coarse (lower MEE) particles. In addition, MEE values of 0.75 and
0.80 m? g~! were assumed for campaigns carried out in more
distant areas as Puerto Rico (during the Puerto Rico Dust
Experiment-PRIDE campaign, Reid et al., 2003) and Barbados (Li
et al., 1996), respectively. That previous work reported in Reid
et al. (2003) shows the dust vertical profiling during the PRIDE
airborne campaign, devoted to the transcontinental transport of
Saharan dust particles. An emphasis is put on the vertical distri-
bution, using similar airborne instrumentation as that used in
AMISOC-TNF. Whereas Reid et al. (2003) mostly focused on dust
particles present over the Caribbean region after their long-range
transport from the African continent, our study is mainly moti-
vated on the detection of Saharan dust after short-range transport
of dust particles from their African source regions.

Therefore, the aim of this work is twofold: (1) to examine the
vertical features of both the dust Lidar-derived optical properties
(e.g., extinction coefficients and LR) and the microphysical prop-
erties (e.g., particle size distributions and fine/coarse mode (fm/cm)
predominance) obtained from airborne in-situ measurements; and
(2) to study the potential of combined Lidar and airborne obser-
vations in estimating the mass concentration of Saharan dust par-
ticles and their vertical incidence with implications in the air
quality and health. In addition, the also available passive
MAXDOAS-derived extinction profiles are also evaluated in com-
parison with those retrieved from active Lidar measurements in
order to show the potential of this technique lately also used to
derive the aerosol extinction profiling. In general, single/multi-
layered dust structure, SAL top height, dust incidence in both Free
Troposphere (FT) and Boundary layer (BL), Lidar Ratio (LR) esti-
mation, and particle fm/cm predominance are the main aspects
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examined.

All the methodology used in this work is described in Section 2.
Section 3 presents the results obtained and their discussion in
relation with: 1) the description of the dusty conditions occurred
along the overall AMISOC-TNF campaign; 2) the vertical features of
a progressively arriving Saharan dust intrusion lasting two days
regarding its weak and strong BL/FT incidence; 3) the mass con-
centrations of dust particles found during that 2-day dust intru-
sion; and 4) the evaluation of the MAXDOAS extinction profiles.
Main conclusions are introduced in Section 4.

2. Methodology
2.1. AMISOC-TNF sampling area

Simultaneous aerosol vertical observations were carried out
over the Canary Islands region by using both airborne in-situ and
ground-based (GB) active and passive remote sensing
measurements.

GB instrumentation was deployed at Tenerife Island (one of the
Canary Islands, Spain) in two stations: the Sta. Cruz de Tenerife
observatory (SCO, 28.5°N 16.3°W, 52 m a.s.l.) and the Izana obser-
vatory (IZO, 28.3°N 16.5°W, 2373 m a.s.l.), both managed by the
Spanish Meteorological Agency (Agencia Estatal de Meteorologia,
AEMET). They are located at about 40 km distance each other, and
around 1000 km far from Saharan dust sources (Cérdoba-Jabonero
etal., 2011; see Fig. 1). Both stations are AERONET (AErosol RObotic
NETwork, aeronet.gsfc.nasa.gov) sites, and in particular SCO is also
a MPLNET (MicroPulse Lidar NETwork, mplnet.gsfc.nasa.gov) site.

Airborne measurements were carried out aboard the INTA/C212
aircraft (INTA, Instituto Nacional de Técnica Aeroespacial/Spanish
Institute for Aerospace Technology). This aerial platform performed
six flights during AMISOC-TNF campaign under both non-dusty
(ND) (4 flights) and dusty (DD) (2 flights) conditions. In partic-
ular, the selected dust intrusion event examined in this work cor-
responded to the aircraft flights performed on 31 July and 01
August 2013 (see Section 3.1). The flight carried out on 30 July 2013
(clean day) was used as a reference under ND conditions. On these
days, the flight trajectory followed by the aircraft consisted on
ascent and descent vertical spirals between the islands of Tenerife
and Las Palmas de Gran Canaria. 11 straight level runs (SLR) at
constant height were inserted into the descent spiral at different
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Fig. 1. Temporal evolution of AERONET daily-averaged AOD (full circles) and AEx (open
triangles) values during AMISOC-TNF campaign. The four observed DD periods are
highlighted (detached by dashed lines), indicating also their mean AOD and day-length
(in brackets). Aircraft flights are also shown by white/grey bands.

heights. The vertical speed was fixed to 3 m/s to maximize the
number of measurements. The altitude range was from 100 m to
around 6500 m a.g.l., and the time window was between 09:30 and
12:30 UTC lasting 2 h, approximately.

2.2. Airborne in-situ instrumentation

Aerosol size distributions (SD) at several size ranges were ob-
tained by using an optical particle counter (OPC), the Passive Cavity
Aerosol Spectrometer Probe (PCASP-100X), manufactured by
Droplet Measurements Systems (DMS, see more details in
Baumgardner et al., 2001). The PCASP spectrometer was mounted
in a pod under the wing of the INTA/C212 aircraft during AMISOC-
TNF; PCASP is similar to that also used in other airborne campaigns:
AMMA (Formenti et al., 2011), SAMUM (Weinzierl et al., 2009) and
PRIDE (Reid et al., 2003).

In general, PCASP instrument classifies the aerosol particles into
several size channels, being the nominal size range between 0.1 and
3.0 um diameter. Regarding the refractive index of the dust parti-
cles, the size range of each channel is adjusted respect to that value
used in calibrations. A representative refractive index for Saharan
dust of 1.49 (Schuster et al., 2012), neglecting the absorption, is
assumed. Hence, PCASP SDs were detached in 13 channels with an
overall particle size range of 0.1-3.3 pm diameter. However, as
usually for OPCs, the first and last PCASP channels are excluded
from our analysis (as exposed in Reid et al., 2003), leaving an
operational size range between 0.16 and 2.8 pm particle diameter.
Single size channels of this interval were selected and assembled
into three ‘wider’ size ranges in order to examine particles within
both fine and coarse modes. Accounting for the AERONET cut-off
size between these two particle modes (0.6 pm radius), PCASP
channels 3—6, 7—10 and 11—12 were grouped, corresponding,
respectively, to the fine 0.16—0.34 um (D1) and 0.34—1.34 um (D2)
diameter-size ranges and the 1.34—2.83 um (D3) size range for
particles within the coarse mode. Despite coarse particles larger
than those measured by PCASP are also present under Saharan dust
intrusion occurrence (i.e., Weinzierl et al.,, 2009), the analysis of
particles within these three D1-D3 size fractions is especially
relevant for studies on aerosol radiative effect. Indeed, MEE values
for dust (see OPAC database, d'Almeida et al., 1991; Tegen and Lacis,
1996; Hess et al., 1998) are higher for smaller particles.

SD calculations were performed by applying those algorithms
used in Molero et al. (2014) to PCASP measurements, reporting
accuracies in size estimation and aerosol concentration of 16% and
20%, respectively (Baumgardner et al., 2005). The PCASP measuring
principle and uncertainties are described in detail in Rosenberg
et al. (2012) and Cai et al. (2013) (and references therein). Num-
ber SDs (NSD, cm~3) and volume SDs (VSD, pm?® cm—3) profiles for
particles within those D1, D2 and D3 size ranges were obtained.

2.3. Ground-based remote sensing instrumentation

Aerosol GB measurements were performed by using both active
and passive remote sensing (RS) instrumentation.

2.3.1. Active RS: MPLNET Micropulse Lidar

The Micro Pulse Lidar v. 3 (MPL-3) is a standard system of those
that are running within the NASA/MPLNET, and routinely operated
at SCO site since 2005. The MPL-3 system is managed by the INTA/
Atmospheric Research and Instrumentation Branch (INTA/AIIA,
www.inta.es/atmosfera) in collaboration with AEMET. The MPL-3
features can be summarized as follows (see Campbell et al., 2002;
Cérdoba-Jabonero et al, 2011; for more details): eye-safe laser
beam at 523 nm, energy pulse of 7—8 pJ, pulse repetition frequency
of 2500 Hz, and 20-cm diameter of telescope-receiver system. Lidar
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measurements were registered with a 15-m vertical resolution and
1-min integrating time, and the range-corrected signal (RCS) pro-
files were hourly-averaged.

Optical properties of the Saharan dust particles are derived from
Lidar measurements by using the inversion procedure described in
Cordoba-Jabonero et al. (2014). In short, both vertically-resolved
extinction coefficients and the Lidar Ratio (LR, extinction-to-
backscatter ratio) are retrieved by using a modified version of the
Klett-Fernald elastic Lidar inversion algorithm (Fernald, 1984; Klett,
1985) by constraining the height-integrated extinction with AER-
ONET sun-photometer AOD data obtained at both SCO and 1ZO
stations.

2.3.2. Passive RS: AERONET sun-photometry

NASA/AERONET sun-photometers are located at both SCO and
IZO sites. Columnar-integrated AOD at 500 nm and Angstrom
Exponent (AEx) at the 440/675 nm wavelength pair are used for
two proposes: (1) AOD constrain is required in the elastic lidar
retrieval algorithm to obtain the extinction profiles and LR values
(Cérdoba-Jabonero et al., 2014), as exposed before; and (2) selec-
tion of the DD cases observed during AMISOC-TNF campaign. These
two parameters are usually used for dust identification (Holben
et al., 2001; Toledano et al., 2007a,b) within a particular interval
of AOD and AEx values. Dust intrusions are usually detected by
observing AOD increases simultaneously with AEx decreases down
to near-zero values.

In particular, DD conditions during the AMISOC-TNF campaign
were identified by using our experience about AOD data at the
sampling site with the criterion for dust particles adopted in
Cordoba-Jabonero et al. (2011), where a Saharan dust intrusion
transported over the same study zone of this work was monitored
and analyzed. This criterion is based on AERONET AOD and AEx
data at SCO site for evidence of the predominance of coarse parti-
cles (dust intrusion conditions): high-moderate AOD (>0.2) and
low AEx (<0.5) were defined as threshold DD values that represent
dusty conditions in the Tenerife area. AERONET data at the AEMET/
I1ZO station, representative for background FT sites (as located at
2367 m a.s.l.), were also used for identifying differences in vertical
dust loading, in particular, between the BL and FT.

2.3.3. Passive RS: MAXDOAS spectroscopy

Multi-Axis Differential Optical Absorption Spectroscopy (MAX-
DOAS) observations were also performed over IZO site during
AMISOC-TNF campaign using the MAXDOAS spectrometer settled
in the framework of NDACC (Network for the Detection of Atmo-
spheric Composition Change) at IZO in 2010. Detailed description of
the instrument can be found in Gil et al. (2008) and Puentedura
et al. (2012). MAXDOAS is a passive RS technique for the mea-
surement of atmospheric gases mixing ratios, based on the spec-
trum of diffuse solar radiation recorded by a DOAS spectrometer
pointing at several observational angles (multi-axis observations)
(Platt and Stutz, 2008). The MAXDOAS spectrometer used in this
work recorded the sky spectrum in the visible range with a spectral
resolution of 0.55 nm at 10 elevation angles from —1° to 90° respect
to the horizon, and was fixed pointing to North (0° azimuth); the
field of view was 1°, and a full cycle was covered in 20 min. The
analysis of these measurements provides the slant column density
(SCD) for a given gas, defined as the density of the gas integrated
along the optical path. The retrieval procedure for the SCD calcu-
lation from MAXDOAS measurements is the same as shown in Gil
et al. (2008) for DOAS observations. In particular, the aerosol pro-
files are retrieved from the O4 SCD measured at different elevation
angles. Hence, O4 SCDs are routinely evaluated in the standard
spectral 425—520 nm range defined by NDACC for NO,, since Og4
presents a strong absorption band at 477 nm.

04-based MAXDOAS measurements are used in combination
with a radiative transfer model inversion algorithm to retrieve the
aerosol vertical profiles (Wagner et al., 2004; Friess et al., 2006) by
using the Optimal Estimation Method (OEM) (Rodgers, 1990). In the
linear case (retrieval of trace gas profiles) (e.g., Clémer et al., 2010;
Hendrick et al., 2014), given a set of measurements y with the error
covariance S, the OEM provides the state vector x that maximizes
the probability that x, containing the trace gas vertical distribution,
belongs to the interval [x, ¥ + dx]. Applying OEM approach, the
maximum a posteriori solution X is calculated by the following
expression:

-1
X = Xq + SaKT (1< SaKT + se) vV — KXa) = Xq + Gy(y — K Xq)
(1)

where the weighting function matrix K refers to the sensitivity of
the measurements to variations in the trace gas profile. The xq4
vector and S, matrix correspond to an a priori gas profile and its
corresponding error covariance matrix, respectively.

A similar procedure can be applied to obtain the vertical aerosol
extinction profile. This procedure (e.g., Wagner et al., 2004; Friess
et al., 2006; Clémer et al., 2010) is based on the fact that the con-
centration of the oxygen dimmer (O4) is known and stable in the
atmosphere. Hence, a variation in their DSCDs is commonly related
to a change of the optical path, usually associated to the presence of
aerosols. In this case, the problem is non-linear (K is independent
on x), and then the aerosol extinction profile is obtained by using an
iterative process.

2.4. HYSPLIT backtrajectory analysis

Three-dimensional kinematic backtrajectories were calculated
using HYSPLIT (Hybrid Single Particle Lagrangian Integrated Tra-
jectory) model (Draxler et al., 2009) to identify the Saharan origin
of the air masses. The ECMWEF (European Centre for Medium Range
Weather Forecasts) meteorological fields with a spatial resolution
of 0.25° x 0.25° were used, with 22 vertical levels from the surface
to 250 mb and a time resolution of 6 h. Hourly backtrajectories with
a five-day (120 h) pathway were computed. In order to investigate
the lower and middle troposphere, five altitudes were selected:
500 m (close to the surface), 1000 m (representative of the BL top),
2000 and 3000 m (at FT altitudes) and 5000 m (above IZO station).

2.5. Calculation of the total mass concentration for Saharan dust
particles

NSDs and VSDs were obtained from PCASP measurements (see
Section 2.2) carried out by the aircraft flights performed during
AMISOC-TNFE.

The Mass Concentration (MC) was calculated for particles within
each selected size range (D;, i = 1, 2, 3) by using the expression:
MC(D;) = dp x VSD(D;) (2)
where dp, is the particle density (a value of 2.0 g cm 3 is assumed,
Reid et al., 2003; Cordoba-Jabonero et al., 2011), and VSD(D;) are the
integrated VSD of all particles within each ‘wide’ D1, D2 and D3
channels registered by PCASP (see Section 2.2). Hence, height-
resolved variations of the mass concentration of dust particles
can be obtained for both particle fine (D1 + D2) and partial coarse
(D3) modes. In addition, once the MC is calculated for the overall
D1 + D2 + D3 size range (particles with sizes smaller than 2.8 pm
diameter), the MC for larger particles with diameter greater than
2.8 um (i.e., particles within the labelled D4 size range hereafter)
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can be also estimated by subtracting the MC (D1 + D2 + D3) from
the Total Mass Concentration (TMC) for all the particles.

The Total Mass Concentration for all the particles (TMC, g m—3)
can be obtained by using its intrinsic relation with the optical
extinction in terms of the Mass Extinction Efficiency (MEE, m? g~ 1),
i.e., following the expression:

ot — MEE x TMC (3)

where ¢®! (m~1) is the extinction coefficient. Hence, a vertical es-
timate of the TMC can be calculated from Lidar-derived ¢¢*¢ profiles
in combination with an averaged value assumed for MEE. Several
MEE values are reported for dust in the literature, either obtained
from in-situ measurements or assumed, as mentioned in the
Introduction. Table 1 shows a brief overview of those reported MEE
values for dust together with related information.

In particular, among those values, a MEE of 1.0 m? g! is
assumed for TMC calculations in this work, as that reported during
SAMUM campaign performed over the nearest region to our sam-
pling area (see Table 1). The vertical estimate of mass concentra-
tions for Saharan dust particles in both fine and coarse modes is
also analyzed.

3. Results and discussion
3.1. Saharan dust occurrence during AMISOC-TNF campaign

AMISOC-TNF campaign was carried out from 01 July to 11
August 2013 (42 days in summertime). 24 days (57.1% of total) were
identified as dusty (DD) cases (see Section 2.3). Regarding IZO dusty
features for the overall period, the mean percentage of AOD over
1ZO (AOD'?°) respect to the total AOD (referred to the AOD over SCO,
AOD’©) was 49 + 19%, besides the AEx values over IZO were lower
than 0.5 (coarse particles predominance) for all those 24 DD days.
This result indicates the arrival of dust intrusions at high altitudes,
as expected in summertime over this region.

Fig. 1 shows the temporal evolution of the daily-averaged AOD
and AEx values over SCO site during AMISOC-TNF campaign,
observing four DD periods with a mean AOD higher than 0.2 and
lasting between 2 and 10 days. In addition, aircraft flights were
performed under clean ND conditions on 30 July 2013, and DD
loading on 31 July and 01 August 2013 (shown by white/grey bands
in Fig. 1). Hence, regarding simultaneous GB remote sensing and
airborne measurements, that particular 2-day DD event occurred
on 31 July and 01 August 2013 was selected to be examined in more
detail in this work.

This 2-day DD event corresponded to a progressively arriving
Saharan dust intrusion over Tenerife area on 31 July with weak
incidence, lasting on 01 August with a much stronger impact.
AERONET AOD and AEx values ranged, respectively, from 0.2 to 1.4
and 0.35 to 0.05 for these two days. ND loading conditions present
during the previous day on 30 July 2013 with mean AOD/AEX values
of 0.02/1.1 were also considered as a reference.

Both ND and DD conditions were also confirmed by back-
trajectory analysis. Fig. 2 shows HYSPLIT 5-day backtrajectories of
the air masses ending at 11:00 UTC (closest time to the aircraft
flights) over SCO site on 30 July, 31 July and 01 August 2013. Their
arrivals are shown at five altitudes (m a.g.l.): 500, 1000, 2000, 3000
and 5000 (see Section 2.4 for details).

ND conditions observed on 30 July 2013 are reflected by the
HYSPLIT backtrajectories, showing clean air masses mostly coming
from the Atlantic Ocean region at all those altitudes (see Fig. 2, left).
On 31 July 2013 from 00:00 UTC on (data not shown), a weak dust
intrusion is progressively coming, mainly observed at high levels
(around 5000 m a.g.l.), with a relatively low mean AOD of 0.17 but
also a low AEx value of 0.35 (coarse particles signature). Back-
trajectories at the closest time of the aircraft measurements indi-
cate air masses mostly arriving from Atlantic Ocean at atmospheric
levels lower than 5000 m a.g.l. (see Fig. 2, centre). The arrival of
dust particles is observed on 31 July from 12:00 UTC on over
3000 m a.g.l. This situation continues on 01 August 2013, with
increasing dust loading; hence, a strong dust intrusion is occurring
along this day (see Fig. 2, right). Indeed, results obtained by back-
trajectory analysis indicate Saharan air masses coming in a layer
confined mostly between 2000 and 5000 m a.g.l, while no dust
incidence is observed at lower BL layers with cleaner Atlantic Ocean
air masses arrivals.

3.2. Vertical profiling features and dust incidence

Simultaneous Lidar-derived extinction profiles together to
airborne vertical SDs are analyzed during the 31 July-01 August
period, corresponding to weak and strong DD conditions, respec-
tively (30 July case is also examined as a background ND reference).
Fig. 3 shows the vertical profiling of the MPL-3 extinction co-
efficients and the PCASP integrated NSD for particles registered
within D1, D2 and D3 size ranges on 30 July, 31 July and 01 August
2013. Since aircraft measurements were carried out for 1-2 h be-
tween 10:00 and 12:00 UTC, hourly-averaged extinction profiles
are shown at 10:00—11:00 UTC and 11:00—12:00 UTC (see Fig. 3,
solid and dashed lines, respectively).

In general, a wide dust layer is observed between 1.7 and 6 km
height with respect to previous ND conditions (30 July), being
much stronger on 01 August (see Section 3.1). Indeed, dust inci-
dence mostly affected FT altitudes with almost no incidence in the
BL (BL top height is reached at around 1200 m a.s.l.), as reflected by
both lidar and airborne measurements (see Fig. 3). In particular,
dust extinction in the FT increases 7 and 140 times in average on 31
July and 01 August, respectively, with respect to values for ND case;
however, the BL extinction increase is only 1.4 and 3.7 times higher.
Similar results are obtained for NSD data. Table 2 shows the
extinction and NSD increases at both FT and BL layers obtained on
31 July and 01 August with respect to those values registered on 30
July (dust particles are detached in the fine D1 and D2 and partial
coarse D3 PCASP channels). Indeed, the amount of dust D3 particles
is enhanced mostly at FT heights, while the enhancement of fine D1

Table 1
Averaged MEE values reported for Saharan dust particles (sampling sites and references are also included).
MEE (m? g~ 1) Site (region) Reference
0.50? Tenerife (Canary Islands, 1ZO site, 2400 m a.s.l.) Maring et al. (2000)
0.75 Puerto Rico (Caribbean region, PRIDE campaign) Reid et al. (2003)
0.80 Barbados (Caribbean region) Li et al. (1996)
0.88 SW Iberian Peninsula (INTA/El Arenosillo atmospheric observatory, ARN) Cordoba-Jabonero et al. (2011)
1.00 Morocco (North Africa, SAMUM, 2006 campaign) Kandler et al. (2009), Weinzierl et al. (2009)
1.09 Cape Verde (Africa, AMMA campaign) Chen et al. (2011)

¢ Mass Scattering Efficiency (MSE).
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Fig. 2. HYSPLIT 5-day backtrajectories ending at 11:00 UTC (closest time to aircraft flights) over SCO site on 30 July (left), 31 July (centre) and 01 August (right). Five altitudes (m
a.g.l.) of the arrival of the air masses are shown: 500 (red), 1000 (blue), 2000 (green), 3000 (light blue) and 5000 (pink). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

and D2 particles remains at similar values for the two DD days (see
Fig. 3 and Table 2). Note the increase of larger (D3) particles in the
BL from 31 July to 01 August, likely due to gravitational processes
from higher altitudes. The observed enhancement of Saharan dust
particles mainly in the FT, as also shown by backtrajectory analysis
(see Section 3.1), reveals the large extinction observed also at those
altitudes. In particular, this is especially marked on 01 August
(strong dust intrusion case), since the scattering is an extensive
aerosol property depending directly on the particle number.
Regarding the LR for this 3-day period (see Table 2), the ND case
with air masses coming from the Atlantic Ocean (as indicated by
HYSPLIT backtrajectory analysis, see Section 3.1), reported a daily-
averaged LR value of 30 + 1 sr, slightly higher than those typical
for marine conditions (20—25 sr) (Miiller et al., 2007; Coérdoba-
Jabonero et al.,, 2011). This result can be related to marine mix-
tures with other particles with predominance of sea salt aerosols.
On 31 July, a daily-averaged value of 38 + 8 sr was obtained
applying a ‘pure dust scenario’ retrieval to lidar measurements with
AOD'?° convergence (Cérdoba-Jabonero et al., 2014), since dust was

[ —30Juy 31July ——01August |

. 7 T T : .
0.05 05 1.0 10°
MPL-3 extinction coeff. (km™) PCASP NSD (cm™®)

Fig. 3. Simultaneous height-resolved measurements. (Left) Lidar-derived extinction
coefficients (hourly-averaged at 10:00—11:00 UTC (solid line) and 11:00—12:00 UTC
(dashed line) on 30 July (red), 31 July (green) and 01 August (blue) 2013. (Right) PCASP
particle number size distributions (NSD) at selected size ranges (D1, D2 and D3 are
shown by solid thin, dashed and solid thick lines, respectively) for those days (colour
lines correspond to the same days as shown in left panel). A NSD detection limit of
1072 cm~3 is shown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

confined mostly in the FT layer. However, the situation on this day
corresponded to a weak progressively arriving dust intrusion with
low dust loading present along the day, as also reflected by both the
AERONET AOD data found for this day (a mean value of 0.17 + 0.07
was reported) and the backtrajectories coming from Sahara area
only arriving at altitudes higher than 3000 m a.g.l. (see Fig. 2). In
particular, LR values derived from Lidar profiles registered between
10:00 and 12:00 UTC, coincident with the time interval of aircraft
measurements, were within the 31-50 sr range, being the last
value closer to those LRs reported for Saharan dust occurrence
(Miiller et al., 2007; Cérdoba-Jabonero et al., 2011, 2016; Schuster
et al., 2012). This difference shows the variability of DD condi-
tions along this day. As previously stated, a strong dust intrusion
occurs on 01 August 2013 (AERONET AODs of 1.43 + 0.06 are found,
see Section 3.1), corresponding to a daily-averaged LR of 51 + 16 sr.
This result indicates that typical values for pure Saharan dust
remained along the overall day unlike the previous day (31 July).
Similarly, LR ranged for the simultaneous lidar measurements with
aircraft flights between 53 and 55 sr, representative LR values for
pure Saharan dust particles.

3.3. Total mass concentration of Saharan dust particles

The Total Mass Concentration (TMC) is obtained directly by
applying Eq. (3), assuming a MEE value of 1.0 m? g, as that re-
ported for dust in Morocco (African zone closer to our sampling
site, see Table 1). Mass Concentration MC for particles within both
the fine (D1+D2) and coarse (D3 and D4) modes are also calculated

Table 2
Extinction and NSD increases at FT/BL layers with respect to the ND case for the
examined 3-day period.

30 July (ND) 31 July (DD) 01 August (DD)
FT/BL FT/BL FT/BL

Airborne data: NSD

D1 (fine mode) 1/1 7119 11/15

D2 (fine mode) 1/1 24 (1.2 101/1.4

D3 (coarse mode) 1/1 53 /1.7 448 [ 3.0

Lidar data

Extinction 1/1 7114 140 /3.7

LR (sr) Daily Daily (flight time) Daily (flight time)
301 38 +8(31 +50) 51 + 16 (53 + 55)
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as previously stated in Section 2.5. A vertical TMC estimate is shown
in Fig. 4 together to the mass concentration of particles within the
fine (D1 + D2) and coarse (D3 and D4) modes (Fig. 4, left panel). In
particular, the D4 particle mode was calculated as the difference
between the TMC and the MC for the extended fine-to-coarse
(D1 + D2 + D3) mode, as exposed in Section 2.5. Fig. 4 also
shows the MC for particles registered by PCASP in each D1, D2 and
D3 size range (Fig. 4, right panel).

The MC within each PCASP size range (D1, D2 and D3) shows the
dust layer confined mostly at FT altitudes, between 1.7 and 6 km
height, likewise as exposed in Section 3.2. Despite the amount of
particles with larger diameters is lower (see Fig. 3, right), their
contribution to the MC is enhanced (see Fig. 4, right) during the DD
event, as expected; in particular, the MC in each PCASP channel
increases at FT altitudes from 31 July to 01 August with respect to
ND conditions. Table 3 shows the MC values (in pg m~3) at around
4 km height, for instance, for each PCASP D1, D2 and D3 size range
on 30 July, 31 July and 01 August, respectively. A similar behaviour
is observed for the total mass concentration TMC evaluated by
using the dust extinction data (see Table 3 and Fig. 4, left). There-
fore, dust incidence is mostly affecting the MC of larger particles.

Regarding the DD situation on 31 July, the contribution to TMC
of large D4 particles is observed at both BL and FT altitudes, while
particles with diameter smaller than 2.8 um are mainly observed in
the FT. However, special attention should be paid to the layer
ranging from 1.8 to 2.4 km height, since the estimated mass con-
centration of all the particles is lower than that for particles with
diameter lower than 2.8 um (D1 + D2 + D3). Indeed, this incon-
sistency highlights the fact that TMC could be not correctly evalu-
ated for this layer. Neglecting that the errors in the airborne and
ground-based measurements could be causing this anomaly in
the calculation of mass concentrations, the actual values for MEE
rather than for particle density (see Eqgs. (2) and (3)) in this
particular atmospheric layer can be different from those assumed
in this work (see Section 2.5). In particular, the actual TMC can be
higher by using a MEE value lower than that assumed (i.e.,

| ——30July 31July ——01August |
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Fig. 4. (Left) Vertical TMC estimate (ug m~>) at the time of airborne measurements
(solid thick lines) on 30 July (red), 31 July (green) and 01 August (blue), together to the
vertical MC (pg m~3) for particles within both the fine (D1 -+ D2) (solid thin lines) and
coarse (D3 and D4) modes (solid and dashed lines, respectively). (Right) Vertical MC
(ng m~3) for particles registered by PCASP, as detached in the D1 (solid thin lines), D2
(dashed lines) and D3 (solid thick lines) size ranges (a particle density of 2.0 g cm— is
assumed). Colour lines correspond to the same days as shown in the left panel. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

1.0 m? g~ ). In general, MEE for dust depends on the predominant
particle mode. Tegen and Lacis (1996), modelling the particle size
distributions to estimate their influence in the radiative properties
of mineral dust, reported MEE values from 3.1 (fine particles) to 0.16
(coarse particles) m? g~'. Hence, our results reflect the predomi-
nance of considerably larger particles (represented by lower MEEs)
in this layer (1.8—2.4 km height). Unfortunately, the PCASP cut-off
size detection limit is found for particles with diameters higher
than 2.8 um (unregistered D4 particles), and hence a suitable MEE
value (lower than 1.0 m? g~ !, as assumed) is unable to be accurately
estimated for this particular layer.

In the case of the strong dust intrusion on 01 August, the TMC up
to 3.6 km height is likely linked only to the contribution of the no-
collected coarse mode particles (D4 particles); at higher altitudes,
the mass contribution of the smaller particles (fine and D3 mode) to
the TMC is particularly enhanced. These results indicate a pre-
dominance of particles larger than 2.8 um size at lower FT altitudes
than 3.6 km height, likewise smaller than 2.8 pm particles are
found at higher altitudes, contributing both to the total mass con-
centration TMC during the strong dust case. Hence, a selective
contribution by the particle size is clearly observed on 01 August,
likely due to gravitational settling processes of large particles.

The impact on mass concentration within the BL was weaker
than in the FT, as also observed in previous results (see Fig. 3). In
particular, the MC in the BL increases with respect to ND conditions,
but this increase rate is lower than that observed at FT altitudes. For
instance, TMC and the MC (in pg m~3) for each D1, D2 and D3 size
range at around 1.2 km height on 30 July, 31 July and 01 August is
shown in Table 3. In general, as mass concentration increases as
particle size is higher. Indeed, the primary contribution to the MC in
the BL is due to rather larger particles on both 31 July and 01 August
2013 (see Fig. 4, left). The comparison of the MC obtained by using
the PCAPS (D1+D2) fine mode particles (see Fig. 4, left) over Ten-
erife area with those obtained during the PRIDE experiment (Reid
et al., 2003) shows similar mass concentration levels under back-
ground ND conditions and during the weak dust intrusion on 31
July. In the case of the strong dust intrusion on 01 August, the dust
impact over Tenerife was rather higher. Indeed, unlike the PRIDE
campaign, these high dust loading levels were particularly present
during the AMISOC-TNF strong dust intrusion case.

Near-surface MC are also shown in Table 3 in order to indicate
the potential air quality impact in total suspended particles (TSP)
levels. Hence, TMC of around 9 and 21 pg m~> are found at 400 m
height, respectively, on 31 July and 01 August 2013.

3.4. Evaluation of MAXDOAS extinction profiling retrieval

Parameters characterizing the aerosol profile retrieval from
MAXDOAS measurements have been chosen carefully after several
tests. In this work, y represents the measured MAXDOAS O4 DSCD,
and S, is set to a diagonal matrix with their diagonal elements
corresponding to the molecular errors of the measurements (see Eq.
(1)). In addition, atmospheric parameters were obtained from the

Table 3

Mass concentration MC (ug m~>) at specific altitudes within the BL and FT (1.2 and
4.0 km height, respectively) and on the near-surface level for each PCASP channel
and the TMC as obtained from extinction Lidar data.

30 July (ND) 31 July (DD) 01 August (DD)
FT (4.0 km) / BL (1.2 km) / near-surface (0.4 km)
D1 (fine mode) 0.06 /0.23 /2.0 0.7/0.16 /3.4 1.7/04/28
D2 (fine mode) 0.07/0.11/1.2 20/0.14 /1.1 19.5/09/0.9
D3 (coarse mode) 0.015/0.02 /0.2 56/027 /24 75.0/3.2/0.8
TMC 1.6/1.8/3.6 15.5/18.3 /8.6 12470/ 21
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standard atmosphere for tropical latitudes (Anderson, 1986), being
the atmospheric column stratified into layers of 200 m from the 1ZO
station level (2370 m a.s.l. height) up to 3.9 km, layers of 600-m
thickness from 3.9 to 6.3 km height and over 8 km layers of the
same width as those corresponding to the standard atmosphere for
tropical latitudes. The retrieved profiles were calculated at 477 nm,
and at altitudes up to 6.3 km height, since the OEM sensitivity to the
measurements is reduced over this altitude. K matrix was calculated
with the LIDORT (Linearized Discrete Ordinate Radiative Transfer)
radiative transfer model (Spurr, 2008). The a priori aerosol extinc-
tion profile applied was an exponential function decreasing with
altitude adjusted to an extinction value of 0.02 km~! at the 1ZO
height level and nearby zero close to 6 km height. Diagonal S, ele-
ments are usually chosen to be a percentage of x,4, being set to 40% of
Xg, and its non-diagonal elements were calculated following the
expression (Barret et al., 2002; Friess et al., 2006):

2
Sai = .| SairSqj €Xp( — In2) <(z,~ - z;‘)/«,) (4)

where z; and z; are the heights of the altitude grid levels, i and j
respectively, and v is a half of the correlation length. In this work, a
value of 500 m was fixed for y. Functions S in Eq. (4) are Gaussian
correlation functions that account for correlations between trace
gas concentrations at different altitudes.

Aerosol extinction provided by the OEM approach at a given
altitude is actually an average of the total extinction profile
weighted by the corresponding row of the so-called Averaging
Kernel matrix A. This matrix expresses the sensitivity of the
retrieval to the true state, playing a determinant role in the char-
acterization of the retrieval. A is described by the following
expression:

A=GyK, (5)

where the gain matrix Gy quantifies the sensitivity of the retrieval
to the measurements, i.e.,

-1
Gy = SaK” (KSaKT + se) . (6)

In general, the A rows are functions with a single peak at the
appropriate height-level, where the measurement provides addi-
tional information to add to the a priori selected profile.

Lidar extinction profiles (e ) are characterized by a much higher
vertical resolution than MAXDOAS profiling retrievals. Hence, the
extinction profiles obtained by both RS techniques could be only
qualitatively compared. In order to properly compare both (MAX-
DOAS and Lidar) aerosol extinction profiles, the Lidar values coin-
cident in altitude with those obtained by the OEM retrieval were
only used, being additionally smoothed (e;’) by using the A func-
tions, i.e.,

e = Aer. (7)

Fig. 5 shows lidar extinction profiles on days 31 July (left panel)
and 1 August (right panel) 2013 as obtained before (black lines) and
after (red lines) applying that smoothing procedure, in comparison
with those obtained from O4-based MAXDOAS measurements
(green lines). Results indicate that both MAXDOAS and Lidar
extinction profiles present a relatively good agreement, once that
specific smoothing is applied to Lidar measurements. Indeed,
general features observed in the smoothed Lidar extinction profiles
are well reproduced by those derived from MAXDOAS retrievals,
taking into account the limitations of both techniques.
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Fig. 5. Extinction profiles between 10:00—11:00 (case A) and 16:00—17:00 UTC (case
B) on 31 July (left), and between 10:00—12:00 UTC (case C) on 1 August 2013 (right)
derived by: MAXDOAS retrieval (green lines), and LIDAR inversion before (black lines)
and after (red lines) Averaging Kernel smoothing. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

In particular, three cases are examined (see Fig. 5). On 31 July
between 10:00 and 11:00 UTC (case A), all the extinction profiles
show low values, as expected since the dust intrusion only partially
reached the IZO station. Later on the same day between 16:00 and
17:00 UTC (case B), when Saharan dust intrusion arrives completely
to 1ZO site, a dust layer with higher extinction values extending
from the station (around 2.4 km a.s.l.) up to 4.2 km height is
observed by both instruments. Maximal smoothed lidar extinction
values (about 0.06 km~!) are found at around 3.4 km a.s.l., whereas
close to these values (about 0.08 km 1) are derived by MAXDOAS at
around 3.6 km height. Next day, on 01 August between 10:00 and
12:00 UTC (case C), the stronger Saharan dust intrusion is observed
also by both RS techniques, showing a good agreement between the
maximal extinction values found, ranging from 0.33 to 0.44 km™~! at
around 3.2—3.4 km height, for both profiling datasets.

In addition, root-mean-squared differences (RMSD) were
calculated for smoothed lidar and MAXDOAS averaged profiles,
obtaining values of 0.008, 0.019 and 0.086 for cases A, B and C,
respectively. This apparent RMSD growth seems to be related to the
dust loading (or AOD) increase observed over IZO site during this 2-
day DD period, since AOD values at IZO of 0.06, 0.18 and 0.95 were
also reported for cases A, B and C, respectively; in particular, the
lower extinction values were found for case A (low AOD), presenting
also the lower RMSD. These results can reflect indeed the aerosol
loading effect in both the MAXDOAS technique and retrieval.
Furthermore, observed differences can be also associated to the fact
that MAXDOAS measurements are averaged over large horizontal
distances (i.e., up to tens of kilometres), whereas the lidar instru-
mentation provides measurements directly over the sampling site.

Therefore, although these first results are rather valuable for
MAXDOAS-derived dust extinction profiling assessment, a much
longer period of MAXDOAS measurements under Saharan dust
occurrence must be analyzed to actually confirm this AOD-RMSD
relationship for MAXDOAS retrievals. Hence, a more detailed
work is on-going.

4. Conclusions
Dusty (DD) conditions occurring during AMISOC-TNF campaign

have been analyzed in terms of the microphysical and optical
properties of Saharan dust particles. In particular, the DD situation
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corresponding to a progressively arriving Saharan dust intrusion
over Tenerife area on 31 July 2013 (weak incidence), remaining
along the following day (01 August) with strong incidence, has
been especially examined in this work by using simultaneous
airborne in-situ and remote sensing lidar measurements. This dust
intrusion was identified by both AERONET data (AOD and AEx
values, respectively, ranged from 0.2 to 0.35 to 1.5 and 0.05, for
these two days) and HYSPLIT backtrajectory analysis confirming
also its Saharan origin. As a reference, the background non-dusty
(ND) case occurred on the previous day (30 July) corresponded to
clean air masses coming from the Atlantic Ocean with AOD and AEx
values of 0.03 and 1.1, respectively.

Vertical profiles of both dust extinction and mass concentration
were derived, respectively, from lidar measurements and airborne
particle size distributions (SD) for three particle size ranges within
the fine and partial coarse modes. Both the optical and micro-
physical profilings show dust particles confined in a wide layer of
4.3 km thickness ranging from 1.7 to 6 km height. LR ranged be-
tween 50 and 55 sr, showing typical values for Saharan dust. Dust
incidence mostly affected FT altitudes, being rather lower in the BL,
as reflected by both the lidar and airborne measurements.

In general, during this 2-day DD period, the dust impact on mass
concentration was enhanced due to the increasing dust loading of
larger particles, affecting both the BL and FT, but showing differ-
ences depending on the dusty case. On 31 July (weak dust intru-
sion), the contribution of both fine and coarse particles is observed
at FT altitudes higher than 2.4 km, but only large particles seem to
be present at lower heights, covering the BL. Though, these large BL
aerosols can be mixtures of dust particles with likely marine
aerosols, since the arrival of Saharan air masses is observed only at
altitudes higher than 3000 m a.g.l. on this day, as corroborated by
HYSPLIT backtrajectory analysis. Hence, the presence of dust par-
ticles in the BL is likely due to gravitational processes from higher
altitudes. In addition, the use of an averaged MEE value to be
assumed for vertical total mass concentration estimation is espe-
cially critical for particular layers, and those cases must be exam-
ined in detail. On 01 August (strong dust intrusion), however, air
masses were coming from the Sahara region mostly at altitudes
higher than 1000 m a.g.l. This indicates clearly a selective contri-
bution with altitude depending on the particle size, likely due to
gravitational settling of larger particles into the BL. In particular, a
higher incidence of larger dust particles is observed in the FT from
1.7 km height up to 3.6 km height; from this altitude up, the
contribution of smaller dust particles is enhanced. Indeed, the
synergy between lidar retrievals and airborne in-situ measure-
ments is demonstrated for estimating the height-resolved mass
concentration of Saharan dust particles. In addition, the results of
our study point out the importance of dust impact within the BL
and FT and the different contributions of fine and coarse dust
particles, affecting the total suspended particulate (TSP) levels on
surface. Indeed, this is particularly relevant for both air quality
assessment and health effect concerns of dust particles.

Moreover, the potential of the MAXDOAS technique to provide
aerosol profiling retrievals has been especially highlighted in this
preliminary work, showing a good agreement with the lidar-
derived extinction profiles, once the Averaging Kernel smoothing
procedure is applied. Hence, a MAXDOAS-lidar validation study
using a more extended period of DD cases is on-going.
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