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Abstract. An intense and long-lasting Saharan dust outbreak crossed the Iberian Peninsula (IP) from the south-
west (SW) to the northeast (NE) from 25 March until 7 April 2021. This work aims to assess the optical and
mass contribution of both fine and coarse dust particles along their transport. Five Iberian lidar stations were
monitoring the transport and evolution of the Saharan dust particles, i.e. El Arenosillo/Huelva, Granada, Torre-
jén/Madrid and Barcelona in Spain, and Evora in Portugal. The particular meteorological conditions determined
the aerosol scenario along the overall dust event, differing in the first part of the event (25-31 March), in which
the strongest dust incidence occurred on 29-31 March at the south and central stations and 1 April at Barcelona,
from the second one (1-7 April). The use of the two-step POLIPHON algorithm showed the relevance of using
polarized lidar measurements for separating the aerosol properties of dust fine and coarse particles as an added
value. Both the fine dust (Df) and coarse dust (Dc) components of the total particle backscatter coefficient (total
dust, DD = Dc + Df) were separately derived. The dust plume was well-mixed with height and no significant
differences were found in the vertical structure of both the Dc and Df particle backscatter coefficients. From the
beginning of the dust outbreak until 1 April, the vertical Df / DD mass ratio was nearly constant in time at each
station and also in altitude with values of ~ 10 %. Moreover, the mean dust optical depth at 532 nm was decreas-
ing along that dust pathway, reporting values from SW to NE stations of 0.34 at El Arenosillo/Huelva, 0.28 at
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Granada, 0.20 at Evora, 0.28 at Torrejon/Madrid, and 0.14 at Barcelona, although its Df / DD ratio remained al-
most constant (28 %—30 %). A similar pattern was found for the total dust mass loading and its Df / DD ratio, i.e.
mostly decreasing mean mass values were reported, being constant in its Df / DD ratio (~ 10 %) along the SW—
NE dust pathway. In addition, the episode-mean centre-of-mass height increased with latitude overall, showing
a high variability, being greater than 0.5 km at the southern sites (El Arenosillo/Huelva, Granada, Evora) and
~ 1.0 km at Torrején/Madrid and Barcelona. However, despite the relatively high intensity of the dust intrusion,
the expected ageing of the dust particles was hardly observed, by taking into account the minor changes found
in the contribution and properties of the coarse and fine dust particles. This is on the basis that the IP is rela-
tively close to the Saharan dust sources and then, under certain dust transport conditions, any potential ageing
processes in the dust particles remained unappreciated. The following must be highlighted: the different relative
contribution of the fine dust particles to the total dust found for their optical properties (~ 30 %) associated with
the radiative effect of dust, with respect to that for the mass features (~ 10 %) linked to air quality issues, along

the overall dust event by crossing the IP.

1 Introduction

The impact of atmospheric aerosol particles on climate
change is directly related to both their optical and microphys-
ical properties and their spatio-temporal distribution (Myhre
et al., 2013). However, there are still large uncertainties asso-
ciated with their aerosol direct and indirect radiative effects,
mainly due to the change in the aerosol properties during the
transport, the incomplete characterization of complex mix-
tures, and the lack of information on cloud—aerosol interac-
tion mechanisms (Stevens, 2015). The most abundant aerosol
in the atmosphere is mineral dust, leading to worse air quality
with harmful effects on human health (e.g. Diaz et al., 2017,
Querol et al., 2019; Hashizume et al., 2020), especially un-
der scenarios of extreme events (e.g. Euphrasie-Clotilde et
al., 2021), with potential socio-economic impacts. Thus, the
study of their variability on a global, regional, and local scale
is extremely useful to improve the understanding of atmo-
spheric processes and model evaluation, and currently min-
eral dust is widely studied, becoming a remarkable scientific
discipline (Ho et al., 2018; Middleton, 2017).

Global models estimated the total mineral dust emissions
at 1000-3000 Tgyr—! (e.g. Zender et al., 2004), but more
recent studies, based on a global dust model intercompari-
son, suggested that they may range from 500 to 4000 Tg yr~!
(Huneeus et al., 2011). In particular, the Sahara Desert is the
main source of airborne mineral dust (Shao et al., 2011), rep-
resenting half of the global mineral dust emissions, between
400 to 2200 Tg yr~! (Huneeus et al., 2011). Saharan dust can
be transported to Europe under certain meteorological condi-
tions (e.g. Salvador et al., 2014; Marinou et al., 2017; Russo
et al., 2020; Couto et al., 2021), occasionally reaching rather
high altitudes (up to 8 km height; e.g. Mona et al., 2006; Pa-
payannis et al., 2008; Cérdoba-Jabonero et al., 2021a; Sicard
et al., 2022).

A great effort has been accomplished in the last decades
to assess the mineral dust effect along the Mediterranean
Basin, focused on the dust vertical distribution by using
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ground-based micro-pulse lidars and advanced lidar systems
belonging to EARLINET (European Aerosol Research Li-
dar NETwork; https://www.earlinet.org/, last access: 21 De-
cember 2021; Pappalardo et al., 2014). Thus, several studies
related to the study of dust optical and microphysical prop-
erties (e.g. Di Girolamo et al., 2012; Granados-Mufioz et al.,
2016; Soupiona et al., 2019) and their impact on radiative
forcing (e.g. Mallet et al., 2016; Sicard et al., 2016; Valen-
zuela et al., 2017; Soupiona et al., 2020; Kokkalis et al.,
2021) were performed. Recent studies show an increase in
the frequency of Saharan outbreaks over Europe when com-
pared with long-term records (Sousa et al., 2019; Salvador
et al., 2022). Moreover, since extreme dust outbreaks are
more and more frequently detected (Guerrero-Rascado et al.,
2009; Mamouri et al., 2016; Cazorla et al., 2017; Solomos
et al., 2017; Fernandez et al., 2019), the WMO SDS-WAS
(World Meteorological Organization Sand and Dust Storm
Warning Advisory and Assessment System; https://public.
wmo.int/en/our-mandate/focus-areas/environment/SDS, last
access: 20 February 2022) is devoted to research forecasting
products from atmospheric dust models to contribute to risk
reduction in many areas of societal benefit; and also, more re-
cently, EARLINET has introduced an early warning system
for atmospheric aerosol aviation hazards (Papagiannopoulos
et al., 2020).

In particular, by focusing on the Iberian Peninsula (IP), the
arrival of Saharan dust intrusions is more frequently observed
in springtime and summertime (e.g. Guerrero-Rascado et
al., 2008; Coérdoba-Jabonero et al., 2011; Obregén et al.,
2015; Mandija et al., 2017; Salvador et al., 2019; Cérdoba-
Jabonero et al., 2021a; L6pez-Cayuela et al., 2021; Salgueiro
et al., 2021; Abril-Gago et al., 2022), mainly at central and
southern IP (Russo et al., 2020). An increase in the number of
studies reporting severe and extreme events over the IP is also
remarkable (Sdnchez et al., 2007; Guerrero-Rascado et al.,
2009; PreiBller et al., 2011; Cabello et al., 2012; Valenzuela
etal., 2017), including the less and less extraordinary winter-
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time dust outbreaks (Cazorla et al., 2017; Cérdoba-Jabonero
et al., 2019; Fernandez et al., 2019).

This work aims to study an exceptionally intense and long-
lasting Saharan dust event occurring over the IP in springtime
2021 and monitored by five Iberian lidar stations, which cov-
ered mostly the IP from SW to NE. Other authors also studied
intense and extreme dust events of the IP at several stations,
focusing on the optical properties of the event (Cazorla et al.,
2017; Salvador et al., 2019). The new approach of this work
is not only focused on applying a validated methodology to
separate the contribution of both the coarse and fine dust par-
ticles, but also to include a study of the evolution of their
microphysical properties along their transport from the SW
to the NE IP in terms of the estimation of their mass concen-
trations, among other features. Moreover, thanks to the wide
spatial coverage for dust monitoring, it is possible to assess
the potential ageing of the dust particles along their transport
by crossing the IP, by examining the minor changes found
in the contribution and properties of the coarse and fine dust
particles.

The paper is structured as follows: the instrumentation
used in each station and the methodology applied are de-
scribed in Sects. 2 and 3, respectively; the results and dis-
cussion are described in Sect. 4; and, finally, the main con-
clusions are exposed in Sect. 5.

2 Monitoring stations and instrumentation

An intense Saharan dust outbreak was observed over the IP
in spring 2021 from 25 March until 7 April, being monitored
by five Iberian lidar stations. A description of the stations
used in this study (from SW to NE, by latitude), El Arenosil-
lo/Huelva (ARN), Granada (GRA), Evora (EVO), Torrejon/-
Madrid (TRJ), and Barcelona (BCN), covering most of the
IP, is shown in Table 1. Figure 1 shows the geographical po-
sition of each station to others in the IP.

On the one hand, polarized micro-pulse lidars (P-MPL,
v.4B, Droplet Measurement Technologies LLC, USA) are
operating at ARN, TRJ, and BCN. The P-MPL system is
a one-wavelength elastic lidar with a relatively high pulse
repetition frequency (2500 Hz) using a low-energy (~ 7 uJ)
Nd:YVOy laser at 532 nm, including polarization capabil-
ities. It operates in an automatic and full-time continuous
mode (24/7). A dead-time correction was applied follow-
ing the manufacturer’s instructions and laboratory calibra-
tions of the detector (Campbell et al., 2002). Dark-count and
after-pulse correction measurements are performed monthly
(Campbell et al., 2002; Welton and Campbell, 2002). The P-
MPL total range-corrected signal (RCS) and volume linear
depolarization ratio (VLDR) were determined according to
Flynn et al. (2007) by using in-house, well-validated data
processing (Cérdoba-Jabonero et al., 2018, 2019, 2021b;
Sicard et al., 2020). Both the RCS and the VLDR (§¥) were
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Figure 1. MODIS image of the corrected reflectance over the
Iberian Peninsula on 31 March 2021. The five Iberian lidar stations
are marked with a red dot (Raman lidar, RL) and blue dot (polarized
micro-pulse lidar, P-MPL) (from NE to SW in the Iberian Penin-
sula): Barcelona (BCN), Torrejéon/Madrid (TRJ), Evora (EVO),
Granada (GRA), and El Arenosillo/Huelva (ARN) sites.

obtained as hourly averaged profiles to increase the signal-
to-noise ratio.

On the other hand, multi-wavelength Raman lidar (RL)
systems are deployed at EVO and GRA stations, forming
part of the ACTRIS/EARLINET network. Those RL oper-
ate at three elastic wavelengths (355, 532, and 1064 nm),
two Raman channels (355 and 532 nm) and one polarization-
sensitive channel (532 nm), using high energy (~ 65-400 mJ)
Nd:YAG laser and relatively low pulse repetition frequency
(10-20Hz). Specifically, the RL deployed at GRA station
is an LR331D400 system (Raymetrics S.A., Greece), de-
scribed in detail in Guerrero-Rascado et al. (2008, 2009), and
a PollyXT system (Baars et al., 2016; Engelmann et al., 2016)
is operative at EVO station (Preifller et al., 2011). A com-
plete review of the lidar techniques using elastic, Raman, and
polarization-sensitive channels can be found in Comerén et
al. (2017).

The vertically-resolved particle backscatter coefficients
(Bp) were retrieved by assuming a fixed lidar ratio of 50 sr by
applying the Klett—Fernald algorithm (Fernald, 1984; Klett,
1985) for the P-MPL measurements, and the Single Calculus
Chain (SCC; D’ Amico et al., 2016; Mattis et al., 2016) for
the elastic RL measurements, which is the EARLINET stan-
dardized tool for lidar data processing. The particle linear
depolarization ratio (8) profiles were calculated from both
the 8, and 6" ones.

3 Methodology

3.1 Transport pathway and synoptic situation

The origin and pathway of the dust events affecting the IP
were analysed by using several models to accurately deter-
mine the spatial and temporal coverage of the dusty event

Atmos. Chem. Phys., 23, 143-161, 2023
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Table 1. Details of the five Iberian lidar stations used in this work and the corresponding period of the dust outbreak lasting over each one.

P-MPL and RL denote polarized micro-pulse lidar and Raman lidar, respectively.

El Arenosillo/ Granada, Spain Evora, Portugal Torrejon/ Barcelona,
Huelva, Spain (GRA) (EVO) Madrid, Spain
(ARN) Spain (TRJ) (BCN)

Period 25 March— 25 March— 25 March— 26 March— 28 March—
7 April 5 April 5 April 5 April 5 April

Institution Spanish Institute Andalusian Institute for  Institute of Earth Spanish Institute Polytechnic
for Aerospace Earth System Research  Sciences (ICT) for Aerospace University
Technology (IISTA-CEAMA). University of Technology of Catalonia
(INTA) University of Granada Evora (INTA) (UPC)

Location 37.11°N, 37.16° N, 38.57°N, 40.49°N, 41.39°N,
6.73° W 3.61°W 791°W 3.46°W 2.11°E
40ma.s.l 680ma.s.l. 293 ma.s.l 568 ma.s.l. 125ma.s.l.

Lidar type P-MPL RL RL P-MPL P-MPL

Wavelength  Elastic 532 355, 532, 1064 355, 532, 1064 532 532

(nm) Depolarization 532 532 532 532 532

Raman - 354 and 530 387 and 607 (Np) - -
407(H0)

Laser source Nd:YVO4 Nd:YAG Nd:YAG Nd:YVO4 Nd:YVO4

Vertical resolution (m) 15 7.5 30 15 75

Temporal resolution (s) 60 60 30 60 60

over the stations (see Table 1). On one hand, a first and
general insight of the geographical allocation of the aerosol
plumes was obtained using the added-value aerosol opti-
cal depth from Terra/Aqua MODIS satellite (https://modis.
gsfc.nasa.gov/about/, last access: 20 June 2021); images not
shown) and also from Meteosat SEVIRI image RGB com-
posites tailored to monitor the evolution of dust storms (https:
/Iview.eumetsat.int/, last access: 10 March 2022; images not
shown). On the other hand, an overview of the synoptic sit-
uation favouring the arrival and spreading of these dust par-
ticles was performed by using the NCEP/NCAR (National
Centers for Environmental Prediction and National Center
for Atmospheric Research) reanalysis. Specifically, images
of the mean geopotential height (m) are shown. Those im-
ages are provided by the NOAA Physical Sciences Labo-
ratory (http://psl.noaa.gov/data/composites/day/, last access:
11 April 2022).

Additionally, the PySPLIT HYSPLIT toolbox (Warner,
2018) has been used to identify the source area of the dust
particles as observed over the stations. This is a package that
contains functions and classes to automatically generate tra-
jectories from the NOAA Air Research Laboratory’s HYS-
PLIT model (Hybrid Single-Particle Lagrangian Integrated
Trajectory model version 4; Rolph et al., 2017; https://ready.
arl.noaa.gov/HYSPLIT.php, last access: 20 June 2021). In
particular, a total of 456 single 5d back-trajectories of air
masses have been computed for each station and day of the
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dust event, including their vertical extent from 500 to 9500 m
height (500 m step). That trajectory assembly is analysed in
terms of the percentage of back-trajectory points overpassing
the Saharan area. It is assumed that dust particles are poten-
tially transported by those air masses if at least one point of
their pathway is crossing the Sahara; otherwise, the trajectory
is discarded. The Global Data Assimilation System database
(GDAS, ftp://www.arl.noaa.gov/puv/archives/gdasl, last ac-
cess: 12 November 2021; spatial resolution of 1° x 1° every
3 h) was used to feed the HYSPLIT model.

3.2 Separation of the optical and mass properties

The Polarisation Lldar PHOtometer  Networking
(POLIPHON) approach (Mamouri and Ansmann, 2014,
2017) is used with the elastic polarized lidar measurements
for separating the optical properties (backscatter and ex-
tinction) of aerosol mixtures, whose particle components
present clearly different depolarization ratios. Specifically in
this work, the two-step POLIPHON approach was applied,
using the total B, and §; profiles at 532 nm to discriminate
the three components of a dusty mixture, namely the dust
coarse (Dc), dust fine (Df), and non-dust (ND) components.
The latter is assumed to be representative of background
fine aerosols with low depolarizing particles (6, ~ 0.05), in
contrast to the Df (§, ~ 0.16) and Dc (8, ~ 0.39) particles
(Ansmann et al., 2019).
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Note that 8, is an extensive parameter and, therefore, B, =
YiBi(z), where Bi (i =Df, Dc, ND) are the corresponding
backscatter coefficients for Df, Dc, and ND components, re-
spectively, and z denotes the height dependence. Hence, once
the single backscatter coefficient (8;) is separated, the pro-
files of the dust extinction coefficient for each component
(¢j) can be obtained by considering the specific particle li-
dar ratios at 532nm for each one, i.e. 55 sr for Df and Dc
and 50 sr for ND (Ansmann et al., 2019). The relative uncer-
tainties related to «; are 20 %—30 %, 40 %—60 %, and 25 %—
35 % for DD, Df, and Dc, respectively. More details on the
extinction retrieval by components can be found in Cérdoba-
Jabonero et al. (2018, 2021a).

The total dust (DD) extinction coefficient can be ob-
tained as the sum of the extinction coefficients for the Df
and Dc components. Thus, the dust optical depth at 532 nm
(DOD532) for each dust component, DOD?32, i =Df, Dc, is
obtained by height integration of each «;(z).

Additionally, the dust mass features along the dust event
are derived from the extinction profiles for the Dc and Df
components, as described in Cérdoba-Jabonero et al. (2019).
Indeed, the vertical profile of the total dust mass concentra-
tion (mpp) can be calculated as follows:

mpp (z) = mpf(z) + mpe(z)

= dp (eypropf(z) + cypeape(2)), (D

where d}, is the dust particle density (2.6 gcm™3; Mamouri
and Ansmann, 2017) and ¢y is the volume-to-extinction
conversion factors; that is, values of 0.83 x 10712 and
0.23 x 10712 Mm were selected for Dc and Df, respectively
(Mamouri and Ansmann, 2017; Ansmann et al., 2019). This
can yield a relative uncertainty in m; of 20 %-30 %, 40 %—
60 % ,and 25 %-35 % for DD, Df, and Dc, respectively. The
total dust mass loading (Mpp, in gm™2) can be obtained by
the height integration of the mass concentration profiles as
follows:

Mpp = Mp+Mpe =) mpr(z) Az+)  mpe(2) Az, (2)

where Az is the vertical resolution of the profiles for each
lidar system (see Table 1). The relative mass contribution of
each component to the total dust mass loading (M, in %,
where i =Dc, Df) is also calculated by using the following
expression:

M = 100£. (3)

Mpp

Finally, the centre-of-mass (CoM) height (Zcom) is also es-
timated to provide a measure of the vertical mass impact of
each component (Cérdoba-Jabonero et al., 2019), which is
expressed as

_ Zkzkm,- (zr) Az

4 a— 4
CoM ™ S~ mi (zx) Az “)
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where m; are the mass concentration profiles for each i com-
ponent (see Eq. 1, i =Df, Dc) and zj is the height at the k-
step as defined by the vertical resolution of each lidar system
(Table 1).

4 Results and discussion

4.1 Synoptic scenario

The meteorological situation is described by using the
NCEP/NCAR reanalysis data to check the conditions favour-
ing the advection injection of Saharan dust over the IP (Sal-
vador et al., 2014; Diaz et al., 2017; Couto et al., 2021). On
the one hand, the meteorological scenarios are described by
using daily pictures of geopotential height composite mean
at 700 hPa (around 3000 m a.s.1.) on particular days (Fig. 2a—
). On the other hand, the geopotential at 500 hPa (around
5500ma.s.l.) was selected on two critical days, namely
29 March and 1 April (Fig. 2j and k; vertical temperature
gradient), when dust layers were observed on relatively high
altitudes at central and north-eastern stations. Furthermore,
the percentage of HYSPLIT back-trajectories coming from
the Sahara desert area per day for each lidar station, and po-
tentially carrying dust particles, are shown in Fig. S1 in the
Supplement.

Before the dust intrusion arrival at the IP, the meteorolog-
ical situation in the region was governed by the North At-
lantic Anticyclone (Fig. 2a). From 25 March (Fig. 2b and c),
the geopotential height map at 700 hPa shows a low-pressure
system (L1) centred over the Canary Islands and leading
to a southern/south-eastern (S/SE) circulation weather type
(CWT). The highest probability of dust occurrence during
the meteorological spring season (March—April-May) was
60 %—80 %, in particular, under the S/SE CWT (Russo et al.
2020). Under this synoptical situation, a southern flow was
created, favouring the arrival of air masses from Northern
Africa, making the dust advection feasible and carrying dust
loads through the IP.

From 30 March (Fig. 2d and e), another low-pressure sys-
tem (L2) moved down from higher latitudes, and the gradient
between the high-pressure and the low-pressure systems in-
tensified (Fig. 2e), favouring also the increase in the wind
magnitude and moving toward the west IP from 31 March to
1 April (Fig. 2e and f). This synoptic situation was in agree-
ment with the results of the HYSPLIT model (Fig. S1 in the
Supplement), finding a gradually increasing percentage of air
masses coming from the Sahara area, with maximum values
(75 %—100 %) between 28-31 March. The L2 was accompa-
nied by a closed upper-level low-pressure system (500 hPa,
Fig. 2j) isolated from the general atmospheric circulation,
which led to convection and instability. On one hand, the
convection led to a rise in the air parcel coming from North
Africa that could transport dust particles. On the other hand,
this atmospheric instability induced vertical movements of
the air parcel, rising dust to high heights (see Sect. 3.3), and

Atmos. Chem. Phys., 23, 143-161, 2023



148 M. A. Lopez-Cayuela et al.: Vertical monitoring of fine and coarse dust crossing the Iberian Peninsula

700 hPa Geopotential

(MM Physical Sciences Laborato
d e
- 3 .\ 2

16
eight (m) Composite Mean

NCEP/NCAR Reanalysis

(m) Composite Mean
NCEP/NCAR Reanalysis

Figure 2. (a—i) The 700 hPa geopotential height (in m) composite mean for several significant days of the dust outbreak: 24, 26, 28, 30, and
31 March (a—e) and 1, 2, 3, and 5 April 2021 (f-i). High- and low-pressure systems are indicated by H and L, respectively. (j, k) Geopotential
height (in m) composite mean for 29 March and 1 April 2021 at 500 hPa. Images provided by the NOAA/ESRL Physical Sciences Laboratory,

Boulder Colorado (http://psl.noaa.gov/, last access: 11 April 2022).

favouring the formation of high-level thick ice clouds that
gradually affected most of the IP from SW to NE, between
the afternoon of 31 March and the night of 1 April. These ver-
tical motions can also be related to the presence of the difflu-
ent flow at 250 hPa and its relationship with the low-pressure
system whose distribution extended up to this level and from
700 hPa (geopotential field at 250 hPa not shown). This syn-
optic situation agreed with the findings of Yang et al. (2022).
Indeed, the presence of dust in the upper troposphere in the
Northern Hemisphere is most prominent in spring due to
the unique combination of the different annual cycles of the
westerly jet and the presence of dust at 4—6 km a.s.l. For the
African source, trough lifting is the leading uplift mechanism

Atmos. Chem. Phys., 23, 143-161, 2023

associated with a large temperature gradient at mid-latitudes
and frequent synoptic cyclones.

On the surface and at elevated levels, L2 kept crossing
from the west to the centre of the IP from 1 to 3 April (Fig. 2f
and g), favouring the formation of low-level clouds and pre-
cipitation, as confirmed by Meteosat satellite images (https:
/Iview.eumetsat.int/, last access: 15 April 2022; images not
included) and NCEP Climate Forecast System Reanalysis
displayed (data not shown). This precipitation could have
produced wet scavenging of dust aerosols and, consequently,
the removal of these particles from the atmosphere at ARN,
GRA, EVO, and TRJ stations (1-3 April). Nevertheless, the
cyclonic wind system (L2) could have re-circulated dust par-
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ticles again to the south IP, since the airflow came from NE
IP, which was under dusty conditions. Regarding the HYS-
PLIT analysis, the percentage of Saharan back-trajectories
decreased significantly from 1 to 3 April, down to values of
10 %, at all stations except BCN, coinciding with the con-
ditions explained above. From 3 to 4 April, the incidence
slightly increased again, reaching percentages of 25 %—-35 %,
still leading to dust advection. Finally, on 5 April, L2 had
dissipated (Fig. 2i) and a northerly flow was verified over the
northeast of the Peninsula at higher levels. Although from
that date the number of trajectories from the Saharan source
was almost zero, some dust remained suspended in the at-
mosphere, being still observed on 5 April at BCN and trans-
ported by the predominant northerly winds above 500 hPa
(see Sect. 4.2).

By looking at the dust plume behaviour by crossing
through the IP, the desert dust plume entered the IP from
the SW on 25 March (ARN, EVO), 1d later reached the SE
(GRA) and centre (TRJ), and finally the eastern part of the IP
(BCN) on 28 March (Fig. 1, Table 1). Thus, the maximum in-
cidence shifted over time by increasing the latitude of the li-
dar station, revealing the SW—NE crossing of the dust plumes
over the IP (Fig. S1 in the Supplement). Finally, it should
be noted that the dust event was profusely cloudy over the
five Iberian lidar stations, preventing some lidar retrievals.
Hence, several gaps can be found in the inversion dataset,
together with the periods with no lidar measurements (see
Fig. 3).

4.2 Optical properties
4.2.1 Particle backscatter and depolarization profiling

An overview of the temporal evolution of the dust intrusion
crossing the IP in terms of the vertical total dust Spp pro-
files over the five lidar stations is shown in Fig. 3. Despite
either no possible inversion or no lidar measurements, the
transport of dust particles can be appreciated by looking the
behaviour of the total dust backscatter coefficient by cross-
ing the IP from SW (Fig. 3e) to NE (Fig. 3a) during the
overall dusty period (25 March—7 April 2021). In particu-
lar, Fig. 4 shows the height-resolved B, and both the Bpf
and Bp. components, together with the 8, profiles, at rep-
resentative times for each lidar station, including the arrival
of the dust intrusion (Fig. 4a), the moment of the maximum
dust incidence (Fig. 4b), and the final stage of the dusty event
(Fig. 4c). Henceforth, the term “a.s.l.” is omitted for simplic-
ity. It should be noted that the height-resolved Spr and Bpc
components presented a similar vertical structure, indicating
that they were well mixed in the dust layers.

At the southern stations (ARN, GRA, and EVO), the dust
plume showed typical §, of dust (0.25-0.30) and followed the
same pattern, being detected at low altitudes (below 3 km) at
the beginning of the event (25-26 March). On 27 March, due
to atmospheric instability (see Sect. 4.1), the dust intrusion
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ascended, reaching up to 6 km height at the top of the dust
plume. Maximum B, values of around 5.0 Mm~!sr=! for
ARN and EVO, and around 3.0Mm ! sr~! for GRA, were
observed (Fig. 4a). On 29-31 March, the greatest incidence
of dust intrusion occurred, showing a pronounced dusty
structure with a predominance of Dc particles (8, showed
slightly higher values around 0.30) and extending from the
surface up to around 7 km height. The peak of the 8, ranged
between similar values at the three southern stations (around
5.0-6.0Mm™! sr_l). However, the maximum peak of Bpc
(ranging between 2.0-6.0Mm~! sr~!) at ARN was 1.5 and
2 times greater than at GRA and EVO stations, respectively.
The maximum Bp¢ values at ARN (ranging between 0.5—
3.0Mm~!sr™!) were almost 2 times greater than those ob-
served at the other two southern stations. From 1 April on, the
dust plume progressively descended to 3 km height, but also
the incidence was weaker, with maximal B, values around
2.5Mm~!sr~! for ARN and EVO and 1.0Mm~!sr~! for
GRA, and §,, values ranged in 0.15-0.25 (Fig. 4c).

At the central TRJ station, the dust plume was firstly de-
tected below 4 km on 26 March, ascending to 10km height
at the end of the day. On successive days, the top of the
dust plume varied between 6-8 km height, reaching 10 km
several times. Particularly, the greatest incidence was found
on 29-31 March, with 8, values of 0.25 on average, and
maximum B,, Bpc, and Bpr values of 2.0-18.0, 1.0-9.0,
and 0.5-4.0Mm~" sr~!, respectively. The highest Bp peaks
were found over this station on 31 March (around 09:00-
13:00UTC), with hourly values ranging between 16.0—
18.0Mm™! sr~! at 4-5 km height, being 3 times higher than
the maximum values found at the southern stations. Simi-
lar results were reported in Cérdoba-Jabonero et al. (2019)
for an extreme dust event occurring at the IP in winter-
time, showing peaks around 10.0-15.0 Mm™~! sr! over 3 km
height. Finally, the dust plume lowered from 8 to 4 km height
from 1 April until the end of the dust episode, with lower g,
and 8, values ranging between 1.0-3.0 Mm~! sr~! and 0.15-
0.25, respectively.

Finally, the situation at the NE BCN station showed that
the vertical dust structure was substantially stratified during
the overall dust occurrence and was less intense with respect
to that observed at the other lidar stations. The plume reached
a maximum altitude of 10 km height several times along its
pathway during the episode. On 28 March, the dust plume
was found between 2-3 km height, showing B, values rang-
ing between 1.0-1.5 Mm~! sr=!, which are lower than those
found at the other stations. However, 8, values (around 0.30-
0.35) also indicated a relatively high predominance of Dc
particles. One day later, the dusty conditions at BCN were
more complex. At the beginning of the day, two layers were
found at 2-3 and 9-10km, with B, values peaked around 0.3
and 0.2Mm~!sr~!, and dp between 0.31-0.35 and ~0.25,
respectively. At the end of the day, three layers were observed
at 1-2, 4-7, and 8-10km, with B, peak values around 0.9,
0.5 and 0.1 Mm~!sr~!, and §,, around 0.33, 0.28 and 0.25,
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Figure 3. Temporal evolution of the total dust backscatter coefficient (8pp, Mm~! sr_l) at the five Iberian lidar stations (from NE to SW,
by decreasing latitude): (a) BCN, (b) TRJ, (¢) EVO, (d) GRA, and (e¢) ARN. Profile gaps correspond to either no possible inversion or no

lidar measurements.

respectively. During the successive days, the dust plume fol-
lowed the same behaviour, reaching its maximum incidence
on 1 April. Until the end of the dust episode (6d later), the
incidence was decreasing, with 8, and 8, values ranging be-
tween 0.5-2.0 Mm~! sr~! and 0.20-0.30, respectively.

One of the most interesting results of this work is the top
of the dust plume was detected at very high altitudes (reach-
ing 10km) over the centre and north-eastern stations. In-
deed, the detection of dust in the upper troposphere (above
6kma.g.l.) is unusual, even though several works studied
this phenomenon. Specifically, dust at high altitudes has been
found at mid-latitudes by ground-based lidar instrumenta-
tion. For instance, a 3-year statistics of Saharan dust intru-
sions over the central Mediterranean showed the detection of
dust particles between 1.8 and 9 km height, with the top of
the dust layer ranging between 3.1 to 8.9km (5.9 £ 1.2km
in average; Mona et al., 2006). Moreover, Papayannis et
al. (2008) investigated Saharan dust intrusions over south
and south-east Europe for 2 years, finding the top of the dust
plume as high as 9—-10 km height. Particularly at BCN, an av-
eraged value of the top height of the dust layer of 3.64+1.6 km
was found, although ranging between 1.2 and 9 km height.

Results on the 8, values obtained for this event in the IP are
in agreement with those found in the literature. Particularly,
dp showed typical values of dust between 0.25-0.35; those
higher values corresponded to the higher incidence times of
the dust outbreak at each station, showing a predominance
of the Dc particles. For instance, during the SAMUM and
SAMUM-2 (Saharan Mineral Dust Experiment) campaigns
over Morocco and Cape Verde, the §p for pure dust parti-
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cles ranged from 0.23 to 0.31 (Freudenthaler et al., 2009;
GroB et al., 2011). Focusing on the IP, §;, of 0.26-0.28 were
obtained at GRA (Soupiona et al., 2019), with values over
0.30 at TRJ (Cérdoba-Jabonero et al., 2019). In particular,
during an extreme dust event in wintertime, Ferndndez et
al. (2019) reported 6, values of 0.26-0.31, 0.15-0.19, and
~0.25 at GRA, EVO, and Madrid (20 km far from TRIJ), re-
spectively. Moreover, a study of a mixed event with smoke
and dust showed values ranging from 0.24-0.28 in the dust
layer at EVO (Salgueiro et al., 2021). Finally, é, values at
the BCN station ranged from 0.23-0.31 (Cérdoba-Jabonero
etal., 2019, 2021a; Fernandez et al., 2019).

4.2.2 Dust optical depth

The evolution of dust optical depth at 532nm (DOD?>3?)

in terms of their daily-averaged values (DOD’32; see Ta-

ble S1 in the Supplement) and its fine-to-total ratio (Df / DD
DOD532, in %; it will be denoted as ftr_pop afterwards)
along the dust episode for the five lidar stations is shown
in Fig. 5. The ftr_pop is one of the proxies used in this
work to study the ageing of dust. At the southern stations,

on 27 March, DOD?3? progressively increased, reaching val-
ues of 0.77+0.13, 0.15+0.03, and 0.33 +0.05 and decreas-
ing later on 28 March overall, 78 %, 20 %, and 45 %, with
respect to previous values at ARN, GRA, and EVO, respec-
tively (see Fig. 5c—e and Table S1 in the Supplement). Dur-

ing the highest incidence (29-31 March), DOD>*2 (ftr_pop)
reached rather high (low) values: 1.024+0.26 (25.5%) at
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Figure 4. Profiles of the optical properties for representative cases (date and time are shown in each panel) illustrating: (a) the arrival of the
dust event, (b) the maximum dust incidence, and (c) the final stage of the event, as observed at (from left to right) ARN, GRA, EVO, TRJ,
and BCN. The total Bp (black) and those separated into dusty components (Bps, blue, and Bpc, red), together with §p (orange) and with their

errors bands (shaded areas) are shown.

ARN and 0.59+0.04 (28.3 %) at GRA. Moreover, hourly
DOD>32 values of 1.30 and 0.65 peaked at ARN and GRA,
respectively. In the case of EVO station, the intensification of
the dust outbreak is, on average, less pronounced, reaching
maximum DOD>*? (ftr_pop) values of 0.36 +0.11 (30.6 %)
on 30 March, with an hourly DOD? peak of 0.60. On
1 April, the weather conditions avoided the dust observations
over the southern stations, and apparently wet deposition oc-
curred. As a consequence, later on (2—7 April), the dust in-
cidence was significantly weaker, finding maximal values of

DOD?32 of 7, 5, and 2 times lower than those observed on
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29-31 March at ARN, GRA, and EVO, respectively. For the

overall event, averaged DOD?32 (ftr_pop) were 0.34 £0.35
(29.4 %), 0.28 0.22 (28.6 %), and 0.20£+0.11 (30.0 %) at
ARN, GRA, and EVO, respectively.

Unfortunately, the meteorological conditions at the central
IP prevented lidar measurements at TRJ on 27 March and
2 April. The dust incidence shows the same behaviour as in

the southern stations; the DOD>3? (ftr_pop) progressively in-
creased (Fig. 5b, Table S1 in the Supplement), reaching high
values between 29 and 31 March, with maximal values of
0.6 +£0.03 (28.6 %) on 29 March. By comparing those val-
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Figure 5. Temporal evolution of the total dust (DD) optical depth at 532 nm (DOD?32) (right axis, in purple), and its fine to total ratio
(ftr_pop %) (left axis, in blue), over the five Iberian lidar stations as latitude decreases (from up to down panels): (a) BCN, (b) TRJ,
(¢) EVO, (d) GRA, and (e) ARN. Circles indicate hourly averages. Diamonds and squares indicate daily averages for ftr_pgop and DOD>32,

respectively.

ues with the highest daily DOD33? as found at the southern

stations (i.e. on 29 March at ARN and GRA), DOD>32 was
1.5 times lower than that observed at the ARN station, with
no significant differences concerning the GRA station or in
the ftr_pop for both stations. Notice that the hourly DOD532
peaked on 31 March (DOD?32 = (0.88) at TRJ. For the entire

dust episode, the averaged DOD?32 (ftr_pop) was 0.28+0.22
(28.5 %).

Finally, the dust situation at the NE of the IP, as observed
at the BCN station (Fig. 5a and Table S1 in the Supplement),
showed that the greatest incidence was observed on 1 April,

when DOD?3? reached 0.274-0.20, being the ftr_pop 25.9 %.
Taking as a reference the highest incidence observed in the

southern stations (on 29 March), DOD>*? was almost 4 and
2 times lower than those values found at ARN and GRA,

respectively. The averaged DOD? (ftr_pop) for the overall
dust event was 0.14 £ 0.08 (28.6 %).

In summary, DOD?3? decreased as latitude increased, with
mean values ranging from 0.34£0.35 at ARN to 0.14£0.08
at BCN station, i.e. 40 % lower in the NE with respect to SW
of the IP; however, the ftr_pop did not show significant dif-
ferences (remained around 29 %) between SW and NE sta-
tions (see Table 2). These results indicate the decay of the
dust incidence by overcrossing through the IP from SW to
NE regions, together with a uniformly well-mixed state of
the Dc and Df particles along that pathway.
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4.3 Mass-related properties
4.3.1 Mass concentration profiling

Figure 6 shows the mass concentration profiles (mpp in
ugm~>) and their fine-to-total (Df / DD) ratio (ftr_mpp, %)
for particular dusty cases, which correspond to those shown
in Fig. 4. They illustrate the beginning of the dust event
(Fig. 6a), the moment of the maximum incidence (Fig. 6b),
and the final of the event (Fig. 6¢) for the five Iberian lidar
stations. It is worth highlighting that, from the beginning of
the event to the maximum incidence days, the ftr_mpp was
nearly similar at all the stations, being almost constant in al-
titude, with values ~ 10 %, except for BCN (Fig. 6b) that
showed lower values (~5 %) at higher altitudes (68 km).
At the end of the dust outbreak, the ftr_mpp followed the
same decreasing tendency, except at TRJ and BCN where it
increased (~ 15 %) for dust layers below 4 km height.

As expected, the altitudes where the maximal mpp val-
ues were found are coincident with those altitudes where the
maximums of Bpp were observed (see Sect. 4.2.1). At the be-
ginning of the dust intrusion (25-27 March), the dust signa-
ture peaked with mpp values ranging from 50-500, 80-260,
and 150-500 pg m~3 at ARN, GRA, and EVO stations, re-
spectively. On 28 March, the mpp decreased approximately
down to 60 %—70 %, but on the period of the greatest inci-
dence (29-31 March) increased, reaching maximum peaks
of 200-750, 120-500, and 50-500 ugm~— at ARN, GRA,
and EVO. Finally, mpp ranged in 50-300, 50-60, and 30—
300 ugm™3 for the successive days over those stations. In
short, at the beginning of the episode, the mpp maximums
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Figure 6. Dust mass features profiles for representative cases (date and time are shown in each panel): (a) beginning of the dusty event,
(b) maximum incidence, and (¢) end of the event, as observed at ARN, GRA, EVO, TRJ, and BCN. The total dust mass concentration, mpp
(purple), together with the ftr_mpp (%) (blue). Errors are shown by shaded bands.

were 50 % smaller at GRA than those obtained at ARN and
EVO. However, GRA and EVO showed similar mpp peaks
during the greatest incidence period (29-31 March), being
around 40 % lower than those found at ARN station. For
the second part of the episode (1-7 April), ARN and EVO
showed similar mpp values, whereas they were 5 times lower
at GRA in comparison.

In the case of TRJ (central IP), mpp peak values
ranged from 30-350 ugm—3, progressively increasing up to
1000 ugm =3 on 31 March (09:00-13:00 UTC) and decreas-
ing down to 15-260 ugm™3 from 1 April to the end of the
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dust outbreak (5 April). That highest value (1000 ugm=3) is
25 % greater than those found at the southern ARN station
(750 ug m~3). By comparing with other results as reported at
TRIJ during an extreme dust event (Cérdoba-Jabonero et al.,
2019; see Sect. 4.2), similar values are found, ranging from
900 to 1000 ug m~> (and also similar Spp values).

Finally, at the NE BCN station, the mpp evolu-
tion presented a similar pattern. It peaked with around
40-130ugm™> on 28-31 March, increasing up to 40—
400pgm™> on 1 April and decreasing down to 35—
300 ug m ™~ from 2 to 5 April. The maximum mpp was 45 %,
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Table 2. Mean values of the dust optical depth at 532 nm (DOD532)
and mass loading (My,, in mg m72) for fine dust (Df), coarse dust
(Dc), and total dust (DD), and the Df-to-total dust ratio (Df / DD),
referring to the DOD32 (ftr_pop) and My, (ftr_Mp ) for the whole
dust event over the five Iberian lidar stations (ARN, GRA, EVO,
TRJ, and BCN). The centre-of-mass height (Zcowm ) is also included
for both the fine and coarse dust components. The standard devia-
tion values are in brackets.

Station DOD?32 My, Zcom
ARN DD 0.34 (0.35) 586 (602) -
Dc 0.24 (0.25) 528 (546) 2.3 (0.6)
Df 0.10 (0.10) 58(57) 2.2(0.7)
Df / DD (%) 29.4 9.9 -
GRA DD 0.28 (0.22) 483 (385) -
Dc 0.20 (0.16) 439 (353) 3.4(0.8)
Df 0.08(0.06)  44(33) 3.4(0.7)
Df / DD (%) 28.6 9.1 -
EVO DD 0.20 (0.11) 332 (185) -
Dc 0.15(0.08) 297 (168) 2.7 (0.5)
Df 0.06 (0.03) 35(18)  2.7(0.5)
Df / DD (%) 30.0 10.5 -
TRJ DD 0.28 (0.22) 464 (365) -
Dc 0.19 (0.15) 414 (327) 3.1(1.0)
Df 0.08 (0.07) 50 (40)  3.1(1.0)
Df /DD (%) 28.5 11.3 -
BCN DD 0.14 (0.08) 248 (134) -
Dc 0.10 (0.06) 225 (120) 3.4 (0.9)
Df 0.04 (0.02) 23(11)  3.4(1.1)
Df / DD (%) 28.6 9.4 -

20 %, 20 %, and 60 % smaller than those values found for the
other Iberian stations, i.e. ARN, GRA, EVO, and TRJ, re-
spectively.

To assess the incidence of this dust outbreak, these re-
sults can be compared with those derived for dust parti-
cles observed in West Europe. Binietoglou et al. (2015) per-
formed an analysis of dust concentration profiles by using
systematic observations of dust events at 10 ACTRIS/EAR-
LINET stations. The peak of the mean mpp ranged from
30 to 80 ugm—>, and thus the maximum mpp values for the
strongest dust incidence period as observed at the IP stations
were 9 (ARN), 6 (GRA, EVO), 13 (TRJ), and 5 (BCN) times
higher than the averaged values reported in Binietoglou et
al. (2015).

In summary, by focusing on the maximum incidence, dust
mass concentrations reached maximal values between 500
and 750 ugm~3 at the southern stations (ARN, GRA, EVO),
being relatively higher (1000ugm™3) at central-TRJ and
rather lower (around 200 ug m~—3) at the north-east BCN sta-
tion. In general, ftr_ Mpp was almost constant in altitude with
values around 10% at all stations, showing a well-mixed
state of the Dc and Df particles with height.

Atmos. Chem. Phys., 23, 143-161, 2023

4.3.2 Dust mass loading and centre-of-mass height

The evolution of the hourly total dust mass loading (Mpp, in
gm™2; see Eq. 3) throughout the dusty episode together with
their daily-averaged values (Mpp) is shown in Fig. 7 in ad-
dition to the hourly and daily dust fine-to-total mass loading
ratio (ftr_Mpp, in %). Note that ftr_Mpp is a proxy used in
this work to study the ageing of dust.

As expected, at the southern stations (ARN, GRA, EVO),
Mpp (daily ftr_Mpp) (Fig. 7c—e and Table S2 in the Sup-
plement) progressively increased (decreased) until reaching
maximum (minimum) values on 29-30 March of 1809 +
396mgm~2 (8.5 %), 1018 =96 mgm~2 (9.8 %) and 605 &
183 mg m—2 (10.6 %), respectively, and decreased later on.
For the second part of the dust event, when the dust inci-
dence was getting weaker, being the maximal Mpp 7, 12,
and 3 times lower than those found for the first part of
the event. Regarding the TRJ station, Mpp (daily ftr_Mpp)
progressively also increased (Fig. 7b and Table S2 in the
Supplement), being the maximum values as observed on
29 March of 1104 +47 mgm~2 (11.0 %). Finally, the Mpp
(daily ftr_Mpp) at BCN (Fig. 7a and Table S2 in the Sup-
plement) shows its greatest incidence on 1 April, with val-
ues of 478 + 350 mgm~2 (8.7 %). No significant differences
were found for the daily ftr_Mpp between the stations, with
values approximately of 10 %. It should be noted that un-
der the highest dust incidence conditions (29-31 March), the
strongest mass loading is found at ARN (the most SW IP sta-
tion), being 1.8 and 3 times higher than that found at GRA
and EVO, respectively. At the central and NE IP stations
(TRJ and BCN), the dust event reached its maximum inten-
sity on 29 March and 1 April, respectively, being 1.6 and 3.8
times lower than those values observed at ARN.

The relation between DOD>32 and Mpp is consistent with
other studies. Particularly comparing with Cérdoba-Jabonero
et al. (2019, 2021a), for low-to-medium DOD3? (< 0.30),
the Mpp values ranged from 82 to 478 mgm~2, which are
close to those found in the former work (i.e. from 40 to
640 mg m~2). Moreover, regarding higher DOD’3? values
(> 0.30), Mpp values were within 542—1809 mg m~2, also
in the same range (570 to 2340 mg m~2).

In summary, for the whole dust event period, the Mpp
(ftr_Mpp) values were, on average, 586+ 602 mg m~2
(9.9 %) at ARN, 483 385 mgm~2 (9.1 %) at GRA, 332+
185mgm~2 (10.5 %) at EVO, 464 +365mgm~2 (11.3 %) at
TRJ, and 248 + 143 mgm~2 (9.4 %) at BCN (Table 2). Thus,
the daily Mpp decreased along the dust event as latitude in-
creased, being 75 % lower in BCN with respect to ARN sta-
tion. However, significant differences were unobserved for
the ftr_Mpp among stations, likewise found for the ftr_pop
(see Sect. 4.2.2).

A measure of the vertical incidence of each dust com-
ponent can be introduced by the daily-averaged dust CoM
height for the fine and coarse components (ZCD(EM and ZCDSM,
respectively; their values are shown in Table 3), as obtained
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Figure 7. The same as Fig. 5, but for the relative mass loading of the Df particles (ftr_Mpp, in %) (left axis, in blue) and the total dust mass

loading (Mpp, in gm_z) (right axis, in purple).

Table 3. Daily centre-of-mass height (Zcon, in kma.s.1.) for fine dust (Df) and coarse dust (Dc) particles along the particular dust periods
for the five Iberian lidar stations (ARN, GRA, EVO, TRJ, and BCN). The standard deviation values are in brackets.

Zcom 25Mar  26Mar 27Mar 28Mar 29Mar 30Mar 31Mar 1Apr 2Apr 3Apr 4Apr S5Apr 6Apr 7 Apr

ARN Dc 22 24 3.1 2.9 33 2.6 2.9 - 1.9 1.8 1.8 1.8 1.3 1.6

0.2) 0.1) (0.3) (0.1) 0.3) (0.1) 0.2) (0.5) (0.3) (0.3) 0.2) 0.1) 0.2)

Df 22 23 3.0 2.5 3.0 2.6 2.9 - 1.8 1.8 1.7 1.6 1.3 L5

0.2) 0.1) (0.5) 0.2) 0.4) 0.1) 0.2) 0.4) 0.2) (0.3) 0.1) 0.1) 0.1)

GRA Dc - 2.6 4.0 4.1 3.7 4.5 3.1 - - - - 2.3 - -
0.1) (0.8) (0.6) 0.1) (1.0) (0.1) 0.1)

Df - 2.6 39 3.8 3.7 4.1 3.1 - - - - 23 - -
0.1) 0.7) (0.6) 0.2) (0.6) 0.1) (0.1)

EVO Dc 22 29 3.5 3.2 3.0 3.0 2.8 - 2.4 2.5 2.3 1.8 - -
(0.1) 0.4) (0.8) 0.2) 0.3) 0.4) 0.2) (0.3) 0.7) (0.3) 0.1)

Df 2.2 2.8 34 3.1 3.0 29 2.8 - 23 2.6 23 1.8 - -
(0.1) 0.3) (0.8) 0.2) 0.3) 0.4) 0.2) 0.4) (0.6) (0.3) 0.1)

TRJ Dc - 2.2 - 4.8 4.0 3.7 4.0 2.7 - 2.8 2.2 1.9 - -
(0.6) (0.8) 0.1) 0.1) (0.8) (0.3) (0.3) 0.2) 0.2)

Df - 2.2 - 4.7 4.0 3.7 4.0 2.7 - 2.8 2.1 1.9 - -
(0.6) 0.7) (0.1) 0.2) 0.8) (0.3) 03)  (02) (0.4)

BCN Dc - - - 2.3 3.8 32 53 4.1 33 33 2.5 2.6 - -
(0.3) (0.6) (0.3) (0.8) (0.5) (0.3) (0.8) 0.2) (0.9)

Df - - - 2.1 4.1 32 5.6 43 3.5 3.2 2.4 2.4 - -
(0.3) 0.7) 0.4) (0.9) 0.4) 0.3) 0.7) 0.2) 0.8)

along the dust intrusion over the five Iberian lidar stations. the daily-averaged ZCD({M and ZCDSM will be referred to indis-

It is worth highlighting that both ZcDgM and ZggM followed
the same pattern, independently on the station, with a relative
difference between ZCD(I;M and ZCDSM of around 5 % (Figs. S2
and S3 in the Supplement). For the sake of simplicity, both

https://doi.org/10.5194/acp-23-143-2023

tinctly as CoM height henceforward in the text.

At the beginning of the dust outbreak, the CoM height was
found at low altitudes over each station (~ 2 km height). On
27 March at the southern stations, the CoM height ascended
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(~3—-4km), remaining at that altitude until the end of the
maximum dust incidence (29-31 March). From 1 April on,
the CoM height gradually lowered until the end of the dust
outbreak (~ 1.5-2.5km, on 5-7 April). At the TRJ station,
the CoM height ascended from 2.5km up since the begin-
ning of the episode, reaching ~ 5km height, and progres-
sively descended to ~2km on 5 April. The CoM height at
BCN ascended gradually, until reaching 5km on 31 March
and progressively descending to ~ 2.5 km height at the end
of the dust episode. In summary, the mean CoM height in-
creased with latitude along the overall dust episode, from
2.3 km height at ARN to 3.4km at BCN, since the dust sig-
nature was found at higher altitudes as latitude increased (see
Table 2). Maximum daily CoM heights of 3.3, 4.5, 3.2, 4.8,
and 5.3 km were found at ARN, GRA, EVO, TRJ, and BCN,
respectively. In all stations, a large CoM height variability is
found, being higher than 0.5 km at the southern sites (ARN,
GRA, EVO) and around 1km at TRJ and BCN. For com-
parison with previous studies, the CoM height over central
Europe during dust events is observed to vary between 2.3
to 6.6km (Mona et al., 2006) and from 0.85 to 8 km over
south and south-east Europe (Papayannis et al., 2008). For
instance, CoM height values of 1-6 and 2-3 km were found
at BCN and GRA, respectively (Papayannis et al., 2008; Ca-
zorla et al., 2017).

5 Conclusions

An intense dust and long-lasting outbreak arrived at the
Iberian Peninsula (IP) in spring 2021 (25 March—7 April).
It was monitored and analysed by five Iberian lidar stations,
strategically positioned to cover mostly the main extension
of the IP (ARN, GRA, EVO, TRJ, and BCN). The meteoro-
logical conditions determined the particular aerosol scenario.
The synoptic situation and back-trajectory analysis revealed
that this dust intrusion, which originated in the Saharan re-
gion, crossed the Iberian Peninsula from south-west to north-
east. This event is especially interesting, not only owing to
the intensity of the dust outbreak but also due to the meteo-
rological conditions that could favour the main findings: the
detection of dust in upper layers of the troposphere and the
absence of dust ageing observed along the IP (as regarded
in changes in the contribution and properties of the coarse
and fine dust particles), unlike the long-range dust events that
reached central Europe. Thus, the IP stations could be con-
sidered as a point reference to evaluate ageing processes of
Saharan dust outbreaks reaching higher latitudes (as central
and northern Europe).

Indeed, in the basis of the results of this work, it can be
deduced not only a uniform gravitational settling of both the
coarse and fine dust particles that could be produced during
their transport across the IP, but also a uniformly well-mixed
state of the coarse and fine dust particles along their path-
way over the IP. These findings could be related to the atmo-
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spheric instability during the dust outbreak, which could dis-
favour a balanced gravitational settling of the fine dust parti-
cles with the coarse dust ones.

Changes in the contribution and properties of the coarse
and fine dust particles could be performed thanks to the
state-of-the-art two-step POLIPHON algorithm in combina-
tion with polarized elastic lidar observations. Indeed, the sep-
aration of the optical properties of aerosol mixtures can be
relatively well achieved from lidar systems with polarization
capabilities as long as the particle components, i.e. both fine
and coarse modes, have clearly different specific depolariza-
tion ratios.

That kind of study can be very valuable to assess the par-
ticular radiative (short- and longwave) effect of both coarse
and fine dust particles under intense dusty conditions. This
is particularly relevant taking into account the different rela-
tive contributions, on average, of the fine dust particles to the
total dust found for their optical properties (30 %) with re-
spect to the mass features (10 %) along the overall dust event
by crossing the IP. Hence, a comprehensive study focused
on the radiative impact of this Saharan dust outbreak will be
addressed in the future.
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Table S1. Daily dust optical depth at 532 nm (DOD’*) for fine dust (Df), coarse dust (Dc) and total dust (DD) along the particular dust periods for the five Iberian lidar stations (ARN, GRA,

EVO, TRJ and BCN). The standard deviation values are in brackets. The Df-to-total dust DOD ratio (ftr_DOD) is also included.

25 Mar 26 Mar  27Mar 28 Mar 29Mar 30Mar 31 Mar 1 Apr 2 Apr 3 Apr 4 Apr 5 Apr 6 Apr 7 Apr 2§ IX;; )

ARN 0.07 0.44 0.77 0.17 1.02 0.66 0.78 0.09 0.15 0.09 0.08 0.07 0.05 0.34
(0.03) (0.16) (0.13) (0.03) (0.26) (0.04) (0.27) (0.04) (0.04) (0.04) (0.02) (0.01) (0.02) (0.35)

0.05 0.31 0.55 0.12 0.76 0.47 0.54 0.06 0.10 0.06 0.05 0.05 0.03 0.24
(0.02) (0.11) (0.08) (0.02) (0.16) (0.04) (0.18) (0.03) (0.03) (0.03) (0.01) (0.01) (0.01) (0.25)

0.02 0.13 0.22 0.05 0.26 0.19 0.24 0.03 0.05 0.03 0.03 0.02 0.02 0.10
(0.01) (0.05) (0.06) (0.01) (0.11) (0.01) (0.09) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.10)

28.6 29.5 28.6 29.4 25.5 28.8 30.8 - 333 333 333 375 28.6 40.0 29.4

GRA 0.17 0.15 0.12 0.60 0.55 0.32 0.06 0.28
- (0.07) (0.03) (0.04) (0.04) (0.05) (0.07) - - - - (0.01) - - (0.22)

0.12 0.10 0.09 0.43 0.43 0.22 0.04 0.20
- (0.05) (0.02) (0.25) (0.05) (0.04) (0.05) - - - - (0.01) - - (0.16)

0.05 0.05 0.03 0.17 0.12 0.10 0.02 0.08
- (0.02) (0.01) (0.02) (0.02) (0.1) (0.02) - - - - (0.01) - - (0.06)

- 29.4 333 25.0 28.3 21.8 313 - - - - 333 - - 28.6

EVO 0.13 0.32 0.33 0.15 0.26 0.36 0.24 0.09 0.09 0.14 0.06 0.20
(0.02) (0.11) (0.05) (0.06) (0.15) (0.11) (0.07) - (0.08) (0.04) (0.08) (0.03) - - (0.11)

0.09 0.24 0.23 0.10 0.18 0.25 0.17 0.06 0.06 0.10 0.04 0.15
(0.01) (0.07) (0.03) (0.04) (0.11) (0.08) (0.04) - (0.05) (0.03) (0.06) (0.02) - - (0.08)

0.04 0.08 0.10 0.05 0.08 0.11 0.07 0.03 0.03 0.04 0.02 0.06
(0.01) (0.05) (0.02) (0.02) (0.05) (0.03) (0.02) - (0.02) (0.01) (0.02) (0.01) - - (0.03)

30.8 25.0 30.3 333 30.8 30.6 29.2 - 333 333 28.6 333 - - 30.0

TRJ 0.14 0.22 0.66 0.49 0.48 0.24 0.15 0.08 0.03 0.28
- (0.10) - (0.05) (0.03) (0.06) 0.21) (0.13) - (0.07) (0.03) (0.01) - - (0.22)

0.10 0.15 0.46 0.35 0.33 0.17 0.11 0.05 0.02 0.19
- (0.07) - (0.03) (0.02) (0.05) (0.15) (0.09) - (0.05) (0.02) (0.01) - - (0.15)




0.04 0.07 0.20 0.14 0.15 0.07 0.04 0.03 0.01 0.08
Df (0.03) 0.02)  (0.01)  (0.02)  (0.06)  (0.04) - 0.02)  (0.01)  (0.01) (0.07)

ftrDOD (%) 28.6 318 30.3 28.6 313 292 - 26.7 375 333 28.5

BON 0.07 0.14 0.17 0.06 027 0.19 022 0.09 0.08 0.14
DD - 0.02)  (0.07)  (0.04)  (0.01)  (0.20)  (0.05)  (0.05)  (0.02)  (0.05) (0.08)

0.05 0.10 0.13 0.04 0.20 0.14 0.16 0.06 0.05 0.10

Dc - (0.01)  (0.05)  (0.02)  (0.01)  (0.15)  (0.04)  (0.04)  (0.02)  (0.03) (0.06)

0.02 0.04 0.04 0.02 0.07 0.05 0.06 0.03 0.03 0.04

Df - (0.01)  (0.02)  (0.02)  (0.01)  (0.05)  (0.01) (0.02)  (0.01)  (0.01) (0.02)

- 28.6 28.6 23.5 333 259 26.6 275 333 375 28.6

Ftr_DOD (%)




Table S2. Daily mass loading (M, in mg m™) for fine dust (Df), coarse dust (Dc) and total dust (DD) along the particular dust periods for the five Iberian lidar stations (ARN, GRA, EVO, TRJ
and BCN). The standard deviation values are in brackets. The Df-to-total dust mass ratio (ftr_Myp) is also included.

M 25Mar 26 Mar 27 Mar 28 Mar 29 Mar 30 Mar 31 Mar 1 Apr 2 Apr 3 Apr 4 Apr 5 Apr 6 Apr 7 Apr 257 I\A/[Si
L -
ARN
109 751 1318 284 1809 1134 1306 ) 151 256 161 133 120 82 586
DD (49) (266) (201) (49) (396) (84) (440) (67) (63) (29) (29) (16) (26) (602)
97 672 1187 257 1656 1020 1166 ) 136 228 145 116 107 72 528
Dc (43) (239) (167) (41) (336) (83) (389) (59) (58) (56) (26) (14 24 (546)
12 79 131 27 153 114 140 ) 15 28 16 17 13 10 58
Df () @n (34 ® (63) @ (52) 9 9 0 “ (@) ()] (57
Fer_Myp (%) 11.0 10.5 9.9 9.5 8.5 10.1 10.7 - 9.9 10.9 9.9 12.8 10.8 12.2 9.9
GRA 283 246 213 1018 1000 542 82 483
DD - (118) 57 (64) (96) (124) ®) - - - - 2) - - (385)
253 219 197 918 930 484 73 439
Dc - (108) (52) (54) 99) 1) (111) - - - - 2) - - (353)
30 27 16 100 70 58 9 44
Df - (10) () (10) (10) (68) (14 - - - - (@) - - (33)
Fer_Myp (%) - 10.6 11.0 7.5 9.8 7.0 10.7 - - - - 11.0 - - 9.1
EVO 212 572 546 243 430 605 403 156 147 232 102 332
DD 32) (156) (75) (95) (253) (183) (108) - (126) (62) (136) (52) - - (185)
189 524 489 215 384 541 359 139 131 207 90 297
Dc 29) (134) (63) (85) (227) (163) (95) - (112) (56) (121) (47) - - (168)
23 48 57 28 46 64 44 17 16 25 12 35
Df 3 (28) (13) (10) @7 (20) (13) - (14 9 (14 () - - (18)
Fer_Myp (%) 10.8 8.4 10.4 11.5 10.7 10.6 10.9 - 10.9 10.9 10.8 11.8 10.5
TRJ 230 364 1104 832 814 402 244 140 43 464
DD - (163) - (77) (47) (107) (362) (210) - (123) (45) 12) - - (365)



204 324 983 747 727 358 218 125 36 414
Dc (146) (68) 1) 7 (324) (187) (109) (40) (11) (327)
26 40 121 85 87 44 26 15 7 50
Df (17 &) (6) (10) (3%) (23) - (14) (5) @D (40)
Fer Moy (%) 11.2 11.1 11.0 10.2 10.7 10.9 10.8 10.9 15.2 113
BCN 123 240 296 104 478 335 383 142 128 248
DD - (23) (125) (53) (®) (350) (96) (88) (43) (76) (134)
111 217 272 95 436 307 347 126 114 225
Dc - (20) (113) (44) 7 (319) 1) (79) (39) (68) (120)
12 23 24 9 4 28 36 16 14 23
Df - 4) (12) (10) 2 (32) (5) (11 4) ® (11)
- 9.8 9.7 8.1 8.6 8.7 8.3 9.5 11.4 10.8 9.4

ftr_Mpp (%)
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Figure S1. Percent of HYSPLIT 5-day back-trajectories originated in the Sahara desert area and arrivgd at each station
(from NE to SW, by decreasing latitude): (a) Barcelona (BCN), (b) Torrejon/Madrid (TRJ), (c) Evora (EVO), (d)
Granada (GRA) and (e) El Arenosillo/Huelva (ARN).
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Figure S2. Temporal evolution of the dust outbreak by crossing the Iberian Peninsula in springtime 2021 in terms of

the hourly fine dust CoM height (Z?gM, blue circles), and their daily values (white squares), for the five Iberian lidar
stations as latitude decreases (from up to down panels). (a) BCN, (b) TRJ, (c) EVO, (d) GRA and (e) ARN.
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Figure S3. The same as Fig. S2, but for the coarse dust CoM height (Z2S,,). Hourly and daily values are shown by red

circles and white squares, respectively.



