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i Laboratoire de l'Atmosphère et des Cyclones (LACy), Université de la Réunion, Saint-Denis 97744, France 
j Atmospheric Research and Instrumentation Branch, Instituto Nacional de Técnica Aeroespacial (INTA), Torrejón de Ardoz, Madrid 28850, Spain 
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A B S T R A C T   

Three volcanic plumes were detected during the Tajogaite volcano eruptive activity (Canary Islands, Spain, 
September–December 2021) over the Iberian Peninsula. The spatiotemporal evolution of these events is char-
acterised by combining passive satellite remote sensing and ground-based lidar and sun-photometer systems. The 
inversion algorithm GRASP is used with a suite of ground-based remote sensing instruments such as lidar/ 
ceilometer and sun-photometer from eight sites at different locations throughout the Iberian Peninsula. Satellite 
observations showed that the volcanic ash plumes remained nearby the Canary Islands covering a mean area of 
120 ± 202 km2 during the whole period of eruptive activity and that sulphur dioxide plumes reached the Iberian 
Peninsula. Remote sensing observations showed that the three events were mainly composed of sulphates, which 
were transported from the volcano into the free troposphere. The high backscatter-related Ångström exponents 
for wavelengths 532–1064 nm (1.17 ± 0.20 to 1.40 ± 0.24) and low particle depolarization ratios (0.08 ± 0.02 
to 0.09 ± 0.02), measured by the multi-wavelength Raman lidar, hinted at the presence of spherical small 
particles. The layer aerosol optical depth at 532 nm (AODL

532) obtained from lidar measurements contributed 
between 49% and 82% to the AERONET total column AOD at 532 nm in event II (11–13 October). According to 
the GRASP retrievals, the layer aerosol optical depth at 440 nm (AODL

440) was higher in all sites during event II 
with values between 0.097 (Badajoz) and 0.233 (Guadiana-UGR) and lower in event III (19–21 October) varying 
between 0.003 (Granada) and 0.026 (Évora). Compared with the GRASP retrievals of total column AOD at 440 
nm, the AODL

440 had contributions between 21% and 52% during event II. In the event I (25–28 September), the 
mean volume concentrations (VC) varied between 5 ± 4 μm3cm− 3 (El-Arenosillo/Huelva) and 17 ± 10 μm3cm− 3 
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(Guadiana-UGR), while in event II this variation was from 11 ± 7 μm3cm− 3 (Badajoz) to 27 ± 10 μm3cm− 3 

(Guadiana-UGR). Due to the impact of volcanic events on atmospheric and economic fields, such as radiative 
forcing and airspace security, a proper characterization is required. This work undertakes it using advanced 
instrumentation and methods.   

1. Introduction 

Volcanic eruptions are important natural sources of atmospheric 
compounds by injecting ash particles and gases, such as carbon dioxide 
(CO2), water vapour (H2O) and sulphur dioxide (SO2), into the atmo-
sphere (Robock, 2000). Depending on the volcano's explosivity and 
maximum height reached by the ejected volcanic materials (troposphere 
or stratosphere), volcanic aerosols may influence the climate by 
affecting the global radiative balance, surface temperatures (Minnis 
et al., 1993; Robock, 2000) and even tropospheric cloud formations 
(Gassó, 2008). The explosive Mount Pinatubo eruption in 1991 was an 
example of how volcanic events can impact the climate and temperature 
at the surface. This eruption injected enormous amounts of SO2 that 
reached the stratosphere. Once in the stratosphere, the SO2 converted 
into sulphate particles produced a radiative forcing of − 2.7 ± 1.0 Wm− 2 

leading to a surface cooling effect (Minnis et al., 1993). Recently, in 
January 2022, the Hunga Tonga-Hunga Ha'apai volcano (a submarine 
volcano in the South Pacific Ocean) produced a large explosive event 
that injected unprecedented amounts of H2O into the stratosphere (146 
± 5 Tg, i.e., ~10% of the stratospheric burden), which could impact 
climate through a surface warming due to the radiative forcing from the 
excess stratospheric H2O (Millán et al., 2022). Besides the climate ef-
fects, volcano emissions also impact air quality and airspace security (e. 
g. Stewart et al., 2022) as in 2010, when several countries in Europe 
needed to close their airspace for some days due to the Eyjafjallajökull 
eruption (e.g., Colette et al., 2011; Sicard et al., 2012). Therefore, it is 
essential to monitor and study volcanic aerosols since they impact life on 
Earth. 

The Tajogaite volcano is located in the Cumbre Vieja rift in La Palma 
Island (28.57◦N, 17.83◦W; volcanic edifice elevation of 1121 m asl), at 
the north-western end of the Canary Islands (Spain). Its latest eruption 
started on 19 September 2021 and lasted until 13 December 2021 
(Instituto Geográfico Nacional, 2022). For three months, the volcanic 
eruption, of Strombolian type, produced lava fountains and flows, and 
injected ash and gases into the atmosphere. The eruption, characterised 
by a mixed mechanism of simultaneous explosive and effusive phases, 
was labelled with a volcanic explosivity index (VEI) of 3, an indicator of 
the explosive nature of an eruption (Newhall and Self, 1982), by the 
“Plan Especial de Protección Civil y Atención de Emergencias por riesgo 
volcánico en la Comunidad Autónoma de Canarias” (PEVOLCA, 2021), 
injecting volcanic aerosols a few kilometres up in the atmosphere with 
plumes detected as high as 5.5 km asl during the month of October 
(Global Volcanism Program, 2022). Active remote sensing observations 
in Tazacorte, around 10 km distance from the volcano, showed that 
daily mean peak heights of the lowermost volcanic plumes did not 
exceed 3 km asl and lofted layers with heights above 3 km asl were rare 
in the period from 15 October to the end of the volcanic eruptive activity 
(Sicard et al., 2022; Córdoba-Jabonero et al., 2023). 

Concerning the importance of volcanic emissions on the climate 
system, over the past years several studies have been carried out to ac-
cess the impact of volcanic eruptions in the atmosphere by using remote 
sensing instrumentation such as lidar systems (e.g., Ansmann et al., 
2011; Córdoba-Jabonero et al., 2023; Hervo et al., 2012; Kokkalis et al., 
2013; Lopes et al., 2019; Mattis et al., 2010; Mona et al., 2012; Navas- 
Guzmán et al., 2013; Papayannis et al., 2012; Prata et al., 2017; Sannino 
et al., 2022; Sawamura et al., 2012; Sicard et al., 2012, 2022). These 
systems allow for the detection and monitoring of aerosols, providing 
continuous measurements of high vertical and temporal resolutions at 
wavelengths suitable for aerosol profiling characterization. In addition 

to the lidar systems, ceilometers can measure the atmospheric back-
scattered signal up to 15 km (Cazorla et al., 2017) working continuously. 
The use of data from coordinated observation networks with standard-
ized data processing procedures like the “European Aerosol Research 
Lidar Network” (EARLINET) (Pappalardo et al., 2014), the “NASA 
Micro-Pulse Lidar Network” (MPLNET) (Welton et al., 2001) and the 
“Iberian Ceilometer Network” (ICENET) (Cazorla et al., 2017), is 
fundamental to monitor the aerosol evolution in terms of their 
vertically-resolved properties on a large spatial scale. Besides, the syn-
ergy between the different remote sensing instrumentation and the 
application of algorithms to their measurements provide a comprehen-
sive assessment of the aerosol properties. The “Generalized Retrieval of 
Aerosol and Surface Properties” (GRASP; www.grasp-open.com) 
(Dubovik et al., 2014, 2021) permits such combinations of measure-
ments. For instance, GRASP allows retrieving columnar and vertically 
resolved aerosol properties such as volume concentration profiles using 
the combination of co-located AERONET sun-photometer measurements 
with range corrected signal from multi-wavelength lidar (Lopatin et al., 
2013, 2021) or from single-wavelength lidars like ceilometer (Román 
et al., 2018). Many studies carried out over the Iberian Peninsula (IP) 
use these GRASP configurations, the combinations of the spectral AOD 
with multi-wavelength and single-wavelength lidar signals (Benavent- 
Oltra et al., 2017, 2019; López-Cayuela et al., 2021, 2022; Román et al., 
2018), specifically to derive optical and microphysical properties of 
mineral dust (e.g., Benavent-Oltra et al., 2017, 2019; López-Cayuela 
et al., 2021), smoke (e.g., López-Cayuela et al., 2022) and aerosol 
temporal series observations over urban (e.g., Molero et al., 2020) and 
mountain (e.g., Herreras et al., 2019; Titos et al., 2019) sites. 

Moreover, over the IP, volcanic aerosol (VA) plumes transported 
from the Eyjafjallajökull (Iceland, April–May 2010) and Nabro (Eritrea, 
June 2011) eruptions were observed and monitored (Navas-Guzmán 
et al., 2013; Sawamura et al., 2012; Sicard et al., 2012; Toledano et al., 
2012) by using lidar measurements performed at different sites. More 
recently, the occurrence of the Tajogaite eruption and the transport of 
the volcanic plumes towards the IP provides an opportunity to study the 
evolution of volcanic aerosols transport in the troposphere. This work 
aims to characterise the spatiotemporal evolution of aerosol optical and 
microphysical properties of three VA events detected over the IP during 
the Tajogaite volcano eruptive activity from September to December 
2021. These plumes resulted from different transport patterns that were 
monitored, among others, by the Copernicus Atmosphere Monitoring 
Service (CAMS) satellite observations of the SO2 total vertical column, 
used as a proxy for the presence of VA (Sears et al., 2013). The aerosol 
characterization was performed through the use of a set of vertically 
resolved and columnar-integrated observations and the GRASP algo-
rithm was applied to those measurements carried out at eight sites 
distributed over the IP and integrated into the different mentioned 
networks (EARLINET, ICENET and MPLNET). 

The paper is organised as follows. Section 2 gives a description of the 
methods and data used for the VA characterization. In section 3 the 
results are presented and discussed, and in section 4 the conclusions are 
given. 

2. Methods and data 

2.1. Satellite data 

The monitorization of volcanic ash plumes from space was done with 
the brightness temperature difference (BTD) method (Prata, 1989), 
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based on the increase of absorption by ashes in the range of 10–13 μm. 
To this aim, 1-km resolution calibrated radiances from MODIS/Aqua 
collection 6.1 level 1B data from NASA were used. Concretely, bright-
ness temperature at 11 μm minus brightness temperature at 12 μm was 
retrieved from channels #32 (11.030 μm) and #31 (12.020 μm), 
respectively, using the SNAP (Sentinel Application Platform, https://st 
ep.esa.int/main/download/snap-download/) tool, developed by the 
European Space Agency (ESA). The method relies on identifying pixels 
affected by volcanic ash by the use of negative BTD (larger absorption at 
11 than at 12 μm), after contextual filtering of false positives, which 
might be present over certain scenarios such as soils with high quartz 
content, ice-covered surfaces, high altitude clouds with low cloud-top 
temperatures and prevalence of clear sky situations with negligible at-
mospheric absorption (Picchiani et al., 2011; Prata and Prata, 2012; 
Watkin, 2003). Such a procedure has been successfully applied in pre-
vious studies such as Mt. Etna (Corradini et al., 2009, 2010), Mt. 
Cleveland (Kearney and Watson, 2009) and Eyjafjallajökull (Dubuisson 
et al., 2013), among others. Finally, the volcanic ash plume top height 
has been derived by comparing the ash plume top temperature, 
computed as the coldest brightness temperature of channel #32 of the 
most opaque plume region, and the temporal-spatial closest radio 
sounding temperature profile (Corradini et al., 2008). To this aim, 3-h 
GDAS (“Global Data Assimilation System”; https://www.ncei.noaa. 
gov/; last access on 24 September 2022) data were used. 

The tropospheric SO2 total vertical column density data from the 
Tropospheric Monitoring Instrument (TROPOMI) onboard Copernicus 
Sentinel-5 Precursor (Sentinel-5P) satellite (Veefkind et al., 2012) were 
used to detect and track the transport of the volcanic plumes over the IP. 
TROPOMI is a spectrometer that acquires data at four different spectral 
regions (ultraviolet, visible, near-infrared and shortwave infrared) 
providing, with a high spatial resolution of 7 × 7 km2, daily global in-
formation on trace gases and aerosols, important for air quality moni-
toring and climate studies (Veefkind et al., 2012). The data used 
correspond to TROPOMI Level 2 SO2 data product. These data were 
downloaded from the European Space Agency (ESA) Sentinel-5P Pre- 
Operations Data Hub (https://s5phub.copernicus.eu/; last access on 5 
August 2022). The SO2 total vertical column analysis was carried out by 
using the HARP toolkit (Python interface) of the Atmospheric Toolbox 
(available at https://atmospherictoolbox.org/; last accessed on 5 August 
2022). The SO2 data (mol⋅m− 2) was converted to DU (1 DU = 2.69 ×
1016 molecules⋅cm− 2) and only pixels with a quality value above 0.5 
were considered according to the recommendations of the data usage 
documentation (Sentinel, 2021). 

2.2. Meteorological data and backwards-trajectories 

The synoptic conditions that favoured the advection of the volcanic 
plumes to the IP are described by using the ERA5 reanalysis of the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) (https: 
//cds.climate.copernicus.eu/; last accessed on June 30, 2022). The at-
mospheric flow is analysed by means of wind speed and direction at 700 
hPa pressure level, i.e., approximately 3 km altitude, according to the 
mean peak heights of the lowermost volcanic plumes reported by Sicard 
et al. (2022). The origin of the aerosols is checked with HYSPLIT (Hybrid 
Single Particle Lagrangian Integrated Trajectory Model) (Stein et al., 
2015) backward trajectories. To this end, the 144 h (6-day) backward 
trajectories were calculated starting at the different site locations for 
altitudes between 1 and 5 km above ground level with steps of 0.5 km 
and with time steps of 60 min. 

2.3. Ground-based remote sensing: Measurement sites and 
instrumentation 

Aerosol observations were performed at eight sites distributed over 
the IP, all equipped with remote sensing instrumentation for aerosol 
observations (Table 1). All the sites are equipped with CIMEL sun- 

photometers integrated into AERONET (Holben et al., 1998). The 
Évora site is equipped with the Portable Aerosol and clOud LIdar 
(PAOLI), a multiwavelength Raman lidar PollyXT system (Althausen 
et al., 2009). The Raman lidar system is part of the EARLINET (Pappa-
lardo et al., 2014) in the frame of Aerosols, Clouds and Trace Gases 
Research Infrastructure Network (ACTRIS). El-Arenosillo/Huelva and 
Barcelona sites are both equipped with polarized Micro-Pulse Lidar 
(MPL) systems operating within MPLNET (Welton et al., 2001). Gran-
ada, Guadiana-UGR, Badajoz and Madrid are equipped with Lufft 
CHM15k-Nimbus ceilometers integrated into ICENET (Cazorla et al., 
2017). 

2.3.1. Multi-wavelength Raman lidar 
A multi-wavelength Raman lidar system PAOLI, with three elastic 

channels (355, 532 and 1064 nm), two inelastic channels (387 and 607 
nm) and one cross-polarization channel (532 nm) is installed at Évora 
(EVO) site. It supplied continuous vertical profile measurements of 
backscatter and extinction coefficients, as well as particle linear depo-
larization, with vertical and temporal resolutions of 30 m and 30 s, 
respectively (Salgueiro et al., 2021). The overlap of this lidar system 
roughly affects heights below 800 m; other technical details of this lidar 
can be found in the literature (Preißler et al., 2011). The EARLINET's 
Single Calculus Chain (SCC) (D’Amico et al., 2016; Mattis et al., 2016) 
was used to retrieve the profiles of the optical variables. During daytime, 
only the elastic lidar signals were used due to the strong radiation 
background (Althausen et al., 2009) and the Klett-Fernald method 
(Fernald et al., 1972; Fernald, 1984; Klett, 1981, 1985) was applied 
considering a fixed lidar ratio of 50 ± 15 sr (e.g., Sicard et al., 2012; 
López-Cayuela et al., 2023) to calculate particle backscatter coefficient 
profiles. At night, the inelastic lidar signals were used to obtain inde-
pendent particle backscatter and extinction coefficient profiles using the 
Raman method (Ansmann et al., 1992). The particle linear 

Table 1 
Description of the eight stations and the respective instrumentation used in this 
work.  

Site Location Research centre Instrumentation 

Barcelona, 
Spain 
(BCN) 

41.39◦N, 
2.11◦E, 
125 m asl 

Polytechnic 
University of 
Catalonia (UPC) 

Polarized Micro-Pulse 
Lidar, CIMEL CE-318- 
TP9 sun-sky-moon 
photometer 

Madrid, Spain 
(MDR) 

40.45◦N, 
3.72◦W, 
680 m asl 

Centre for 
Environmental and 
Technological Energy 
Research (CIEMAT) 

Lufft Nimbus-15 k 
ceilometer, CIMEL CE- 
318-4 sun-sky 
photometer 

Badajoz, 
Spain 
(UEX) 

38.88◦N, 
7.01◦W, 
199 m asl. 

University of 
Extremadura 

Lufft Nimbus-15 k 
ceilometer, CIMEL CE- 
318 sun-sky photometer 

Évora, 
Portugal 
(EVO) 

38.57◦N, 
7.91◦W, 
293 m asl 

Institute of Earth 
Sciences (ICT), 
University of Évora 

Multiwavelength Raman 
Lidar, CIMEL CE-318-2 
sun-sky-moon 
photometer 

Guadiana- 
UGR, Spain 
(GDN) 

37.91◦N, 
3.23◦W, 
370 m asl 

Andalusian Institute 
for Earth System 
Research (IISTA- 
CEAMA), 
University of Granada 

Lufft Nimbus-15 k 
ceilometer, CIMEL CE- 
318 sun-sky photometer 

Granada, 
Spain 
(UGR) 

37.16◦N, 
3.61◦W, 
680 m asl 

Andalusian Institute 
for Earth System 
Research (IISTA- 
CEAMA), 
University of Granada 

Lufft Nimbus-15 k 
ceilometer, CIMEL CE- 
318 sun-sky photometer 

Cerro Poyos, 
Spain 
(UGRCP) 

37.11◦N, 
3.49◦W, 
1830 m asl 

Andalusian Institute 
for Earth System 
Research (IISTA- 
CEAMA), 
University of Granada 

CIMEL CE-318 sun-sky 
photometer 

El-Arenosillo/ 
Huelva, 
Spain 
(ARN) 

37.11◦N, 
6.73◦W, 59 
m asl 

Spanish Institute for 
Aerospace 
Technology (INTA) 

Polarized Micro-Pulse 
Lidar, CIMEL CE-318 
sun-sky-moon 
photometer  
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depolarization ratio at 532 nm is retrieved both during day and night. 
Vertical smoothing is applied through a moving mean (window length of 
210 m) improving the signal-to-noise ratio. The bottom and top heights 
of the aerosol layers were obtained by using the gradient method 
(Flamant et al., 1997; Papayannis et al., 1998), which enables the 
location of regions in the atmosphere characterised by rapid changes in 
the backscattered radiation that may be associated with variations in 
aerosols (density or size) and humidity (Flamant et al., 1997; Granados- 
Muñoz et al., 2015). The backscatter- and extinction-related Ångström 
exponents for the different wavelength sets (355–532 nm, 355–1064 nm 
and 532–1064 nm) and the particle lidar ratio profiles were derived 
from the measured backscatter and extinction coefficient profiles. The 
layer aerosol optical depth at 532 nm (AODL

532) was calculated from the 
extinction coefficient measurements integrated between the bottom and 
the top height of the aerosol layer. During daytime, the AODL

532 was 
obtained by integrating the extinction coefficients calculated by using 
the daily mean lidar ratio and the backscatter coefficient measurements 
(Preißler et al., 2011). 

2.3.2. Polarized Micro-Pulse Lidar 
The polarized Micro-Pulse Lidar (P-MPL) system is an elastic lidar 

that measures the atmospheric backscatter signal and volume depolar-
ization at 532 nm with 1-min integration time and 75-m vertical reso-
lution, as those required in MPLNET (Welton et al., 2001), operating 
continuously (24/7) for vertically-resolved monitoring of aerosols and 
clouds. Main technical details about the MPL systems installed at El- 
Arenosillo/Huelva (ARN) and Barcelona (BCN) can be found, for 
instance, in López-Cayuela et al. (2021) and Córdoba-Jabonero et al. 
(2019), respectively. In this work, the raw MPL data were processed 
manually offline using validated procedures (Campbell et al., 2002; 
Córdoba-Jabonero et al., 2018, 2019, 2021; Flynn et al., 2007; Sicard 
et al., 2020) in order to obtain the range-corrected signal (RCS), which is 
the particular lidar variable in combination with the sun-photometer 
data to be used as input in GRASP. MPLNET cloud products were ob-
tained for cloud-screening of the MPL signals. 

2.3.3. Ceilometers 
The CHM15k-Nimbus ceilometers (Lufft manufacturer) work as one- 

wavelength lidar providing measurements of the atmospheric back-
scatter signal at 1064 nm. The measurements are available at different 
altitudes up to 15 km above ground level, with vertical resolutions of 15 
m (Cazorla et al., 2017). Ceilometers at Granada (UGR), Guadiana-UGR 
(GDN) and Madrid (MAD) provide measurements with a temporal res-
olution of 15 s, while Badajoz (BDJ) operates at a temporal resolution of 
1 min. According to the manufacturer, the overlap of the telescope and 
the laser beam is 90% complete between 555 and 885 m above ground 
level. A complete overlap is found at 1500 m above the instrument 
(Heese et al., 2010). Technical details and more information about the 
CHM15k-Nimbus ceilometers and its products can be found at Lufft 
(2021). The ceilometer data at these stations are managed by ICENET 
(Cazorla et al., 2017), and the used data were obtained directly from this 
network. 

2.3.4. Sun-photometers 
The CIMEL CE-318 sun-photometers can measure direct Sun irradi-

ances and sky radiances at different wavelengths in ultraviolet, visible 
and near-infrared spectral regions. Direct irradiance measurements are 
used to calculate the spectral AOD and the Ångström exponents, while 
the combination of direct irradiances with sky radiances are used as 
inputs in inversion algorithms (e.g., Dubovik et al., 2006; Dubovik and 
King, 2000) to retrieve aerosol size distribution and aerosol optical and 
microphysical properties. In this work, the measurements used were sky 
radiances and AOD only at 440, 675, 870 and 1020 nm because these 
wavelengths are available in most AERONET sun-photometers. These 
data correspond to the level 1.5 data (automatically filtered to eliminate 
cloud effects) processed with the AERONET algorithm version 3 (Giles 

et al., 2019). For the MPL and ceilometer inversions combined with sun- 
photometer, the values of AOD and sky radiances used were obtained 
from CAELIS (Fuertes et al., 2018; González et al., 2020) instead of 
AERONET. CAELIS is a software tool developed by the Group of Atmo-
spheric Optics at the University of Valladolid (GOA-UVa), to manage 
data from the Iberian Network for Photometric Measurement of Aerosols 
and to investigate aerosol properties over Europe. Cloud-screened AOD 
and sky radiances from both AERONET and CAELIS databases are 
similar as demonstrated in González et al. (2020). 

2.4. GRASP retrievals 

The Generalized Retrieval of Aerosol and Surface Properties code 
(GRASP; Dubovik et al., 2014, 2021) is an open-source and versatile 
algorithm that permits the combination of several remote sensing 
measurements. In this work, GRASP was applied to the combination of 
sun-photometer and one-wavelength lidar/ceilometer data to retrieve 
column integrated and vertically resolved aerosol properties (López- 
Cayuela et al., 2021, 2022; Román et al., 2018) for the different sites 
referred in Table 1. GRASP allows for the use of multi-wavelength elastic 
lidar combined with AERONET sun-photometer measurements that 
permits more advanced retrieval by separating between fine and coarse 
mode properties and their vertical distribution (e.g., Benavent-Oltra 
et al., 2021; Lopatin et al., 2013, 2021). These GRASP retrievals are only 
available during daytime when AERONET measurements are available. 

In this work, the two previous GRASP approaches were applied to 
different sites, depending on their lidar system characteristics (Table 1). 
This permits taking advantage of the maximum synergy between in-
struments. Range corrected signals (RCS) measured by the multi- 
wavelength lidar (355, 532 and 1064 nm), P-MPL (532 nm) and ceil-
ometer (1064 nm) were cloud-screened and averaged for 30 min around 
the co-located AERONET sun-photometer sky radiance measurements. 

The MPL and ceilometer retrievals (vertical single-wavelength) were 
done following the method proposed by Román et al. (2018) but using 
the sun-photometer data from CAELIS instead of AERONET. In fact, the 
retrievals based on ceilometer data were automatically calculated by 
CAECENET (Román et al., 2021), which is an automatic system that 
inverts data from ICENET (ceilometer) and CAELIS (sun-photometer) 
with GRASP (method of Román et al., 2018) in near-real-time (Bazo 
et al., 2023). The use of products already processed from CAECENET is 
the main reason for the use of CAELIS data in the single-wavelength lidar 
inversions instead of AERONET ones. 

The Cerro-Poyos sun-photometer dataset was combined with the 
ceilometer installed at the Granada site which is about 12 km away 
(horizontally). The GRASP output variables (vertically-resolved and 
column integrated) used in this work are the total volume concentration, 
the total backscatter and extinction coefficients, aerosol optical depth, 
Ångström exponent, volume size distributions, and single scattering al-
bedo. After selecting the GRASP profiles, the bottom and top heights of 
the VA layer and the layer AOD were obtained following the method-
ology described in section 2.3.1. 

3. Results 

3.1. Volcanic ash plumes from satellite retrievals 

Fig. 1 shows the temporal series of the area affected by the volcanic 
plume and the volcanic aerosol cloud maximum altitudes for the periods 
of eruptive activity, obtained from MODIS retrievals (subsection 2.1). 
The volcanic ash plume was horizontally distributed over a reduced area 
mostly near the volcanic cone with a mean value of 120 ± 202 km2. The 
irregularity in the volcanic activity and the synoptic situation led to 
some variability in the areas affected by the volcanic ash aerosols, 
ranging from 11 km2 to 974 km2 on 18 and 31 October 2021, respec-
tively. On the other hand, an intense volcanic phase occurred from 30 
October to 2 November, with plumes even larger than 300 km2 (Fig. 2). 
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During the afternoon of 29 October, a series of intense and successive 
explosions, accompanied by some earthquakes, occurred for several 
hours generating the injection of large amounts of volcanic ash and SO2 
in the atmosphere, which were maintained until 2 November, as re-
ported by the Global Volcanism Program (2021). Fig. 2 shows MODIS/ 
Aqua reflectance images, which clearly reveal the intense volcanic 
eruption (shaded green areas in the figures). 

The volcanic ash plume top-heights were in the low and middle 
troposphere during the whole volcanic eruptive activity (mean values of 
2800 ± 700 m asl), ranging from a minimum of 1365 m asl on 2 October 
to a maximum of 4333 m asl on 1 November (during the most intense 
volcanic phase). The volcanic ash plume top-heights were more vari-
able, between 1500 and 3000 m asl, from the beginning of the eruption 
until 15 October, while the top-height remained above 2000 m asl 

Fig. 1. Temporal series of the ash cloud maximum altitude (green squares) and the ash cloud horizontal extension (blue circles) for the whole Tajogaite eruptive 
activity period (19 September to 13 December 2021). The grey-shaded rectangles represent events I, II and III presented in this work. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Volcanic ash clouds (green area) the MODIS/Aqua reflectance scenes over the Canary Islands during the intense volcanic phase occurred from 30 October to 2 
November: (a) 30 October, (b) 31 October, (c) 1 November and (d) 2 November 2021. The orange triangle represents the Tajogaite volcano location. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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during the rest of the volcanic eruption. Similarly, to the ash plume area, 
the volcanic ash plume top-height showed the maximum values in the 
period from 29 October to 2 November. Due to the intensification of 
volcanic activity during those days, the local authorities alerted the 

population regarding air quality degradation and recommended staying 
indoors and wearing filter masks (Global Volcanism Program, 2021). 
These values agree with those presented by Sicard et al. (2022) and 
Córdoba-Jabonero et al. (2023) who used an elastic lidar system in 

Fig. 3. TROPOMI SO2 tropospheric column concentration observed from 25 to 28 September (event I), 11–13 October (event II) and 19–21 October (event III). The 
symbols for EARLINET, ICENET and MPLNET represent the sites with the used lidar/ceilometer instrumentation that integrate the different networks. The geographic 
location of the Tajogaite volcano is represented by a red triangle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Tazacorte (La Palma Island), specifically for the Tajogaite monitoring 
(10 km in horizontal distance from the volcanic emission source). In 
particular, Sicard et al. (2022) reported a mean volcanic ash plume top- 
height of 1400 ± 500 m asl from 16 October to 31 December (second 
period aforementioned). On 15 November two volcanic ash plumes were 
detected, one at 2000 m and a thinner one at 2741 m asl (the maximum 
altitude reported by those authors). 

During the last two decades, other European volcanoes have also 
injected volcanic aerosols into the atmosphere at different altitudes 
depending on the volcanic structure and the VEI. Arason et al. (2011) 
reported volcanic ash plume top-heights mostly above 3000 m asl with 
some scattered values up to 10,000 m asl during the eruption of the 
Eyjafjallajökull in 2010. The lower volcanic ash plume top-height during 
the Tajogaite eruption, with a VEI of 3 and emission height of 1124 m 
asl, was expected to be comparable to the Eyjafjallajökull episode, with a 
VEI of 4 (more explosive) and an emission height of 1650 m asl. Cor-
radini et al. (2008) analysed the Mt. Etna eruption, that occurred on 24 
November 2006, using the same methodology presented in section 2.1, 
revealing volcanic ash plume top-heights around 5000 m asl, because, 
despite having a VEI of 2, the emission height was considerable larger 
(3365 m asl) than the Tajogaite (1121 m). 

3.2. Transport of volcanic plumes towards the Iberian Peninsula 

Fig. 3 shows TROPOMI Sentinel-5P observations over the IP allowing 
for the identification of Tajogaite volcanic plume transports. For the 
entire eruption period (19 September - 13 December 2021) three 
different events were detected over the IP: The first event occurred from 
25 to 28 September (designated as event I), the second from 11 to 13 
October (event II) and third from 19 to 21 October (event III). Fig. 3 
shows SO2 vertical column density for the three different events while 
Fig. S1, in the supplementary material, shows wind speeds and di-
rections at 700 hPa for some representative days of these events. Specific 
details of each event are: 

Event I: on 25 September, an elongated and narrow SO2 plume with 
values around 10 DU was identified (Fig. 3a). This plume extended from 
the volcano to the south of France crossing the south and southeast of IP 
and passing over some of the considered observation sites. The plume 
moved to the south of IP on 26 September (figure not shown). Finally, on 
27–28 September, the plume split up, becoming more spread and 
reaching again some of the observation sites (Fig. 3b and c). On 24 
September the development of a low-pressure system centred near the 
Portuguese coast (40◦N, 10◦W) favoured the SW winds and, therefore, 
the transport of volcanic plume from the Canary Islands (Fig. S1a). The 
low-pressure system moved Northward and dissipated on 25 September 
(Fig. S1b) favouring the intrusion of a westerly flow over the IP and the 
displacement of the elongated band eastward from the IP sites on 26 
September. In the next few days, 27–28 September, the atmospheric 
flow (figures not shown) induced the volcanic plume concentration in 
southern IP until it dissipated. 

Event II: the identified volcanic plume followed a similar path as in 
the event I, extending volcanic emissions from the volcano to the south 
of IP (Figs. 3d and f). In this event, the plume showed a more dispersed 
shape and covered a larger area in IP, mainly on 12 October, when all 
the observation sites located in the south of IP were covered by the 
plume with SO2 values between 4 and 8 DU. Later, the volcanic plume 
started to dissipate. The synoptic situation observed shows a low- 
pressure system at 700 hPa centred northeast of the Madeira Archipel-
ago on 11 October (Fig. S1c) producing the westerly winds over the 
Canary Islands with velocities of about 8 m s− 1. Over the Sahara Desert, 
the presence of a high-pressure system centred around 24◦N and 1◦E/ 
5◦W was identified (Fig. S1c and S1d). These two circulation systems 
induced the south-westerly flow along the African coast extending to the 
south of the IP transporting the volcanic plume. 

Event III: on 19 October, the TROPOMI SO2 observations showed an 
elongated plume with values around 10 DU extending over the Atlantic 

Ocean from Canary Island to the north of France crossing the north of the 
IP (Fig. 3g). The plume became narrow and less dense as it moved in the 
NW-SE direction crossing the IP on 20 October (Fig. 3h). Finally, on 21 
October the plume crossed all the IP starting to dissipate (Fig. 3i). On 19 
October, there were two low-pressure systems at middle levels, centred 
at 34◦N/7◦W and 24◦N/21◦W, respectively (figure not shown). Such 
synoptic conditions favoured the south-easterly flow on the Canary 
Islands, which extended up to 32◦N and changed direction towards the 
IP (Fig. S1e). Changes in flow directions with time to the southwest with 
a wind speed of up to 10 ms− 1 explain the changes in the transported 
volcanic plumes. On 21 October (Fig. S1f), north-westerly winds pre-
vailed over the IP when the plume crossed it. 

3.3. Aerosol properties from Klett-Fernald and Raman retrieval methods 

Fig. 4a and b show the temporal evolution of the range corrected 
signal (RCS) at 1064 nm observed by Raman lidar over Évora and 
associated with events II and III, respectively. The event I was not 
detected over Évora. For event II, Fig. 4a shows the evolution from 11 
October at 18:00 UTC to 13 October at 12:00 UTC. The most relevant 
feature is the presence of an aerosol layer extending between 2.5 and 5 
km asl, decoupled from the atmospheric boundary layer (ABL), and 
observed from 22:00 UTC on 11 October to 06:30 UTC on 13 October. 
This upper-level layer is associated with the volcanic plume that crossed 
the IP during event II. The RCS also shows the presence of some high- 
altitude clouds above the volcanic plume early in the morning and 
around noon on 12 October. For event III, Fig. 4b shows the RCS evo-
lution from 19 October at 18:00 UTC to 20 October at 18:00 UTC, 
revealing the presence of an aerosol layer located between 2.5 and 3.5 
km asl from 00:00 UTC to 12:00 UTC on 20 October that is again 
associated with the volcanic plume that crossed the IP during event III. 
This upper-level layer is thinner and shorter than the volcanic plume 
observed during event II. Below the volcanic plume, the ABL can be 
observed and after 12:00 UTC the plume seems to mix with the ABL until 
it vanishes. During event III, high clouds located between 7.5 km and 
12.5 km asl were observed almost during the whole event. In summary, 
for both events, the RCS observations agree with the TROPOMI SO2 
observations (Fig. 3) and with the 144 h (6-day) HYSPLIT backward- 
trajectories ending at 22:00 UTC on 11 October and at 00:00 UTC on 
20 October (Fig. S2 in the supplementary material) that confirm the 
provenance of the volcanic aerosols at heights detected by the lidar. 

Fig. 5 illustrates the temporal evolution of the volcanic aerosol layer 
observed with Raman lidar measurements (2.5–5.0 km asl) from 11 to 
13 October in terms of backscatter coefficient at 532 nm (β532), linear 
particle depolarization ratio (δp) and backscatter-related Angström 
exponent for the wavelength pair 532–1064 nm (β-AE532/1064). The β532 
values ranged approximately between 1 and 2.5 Mm− 1 sr− 1 in the cen-
tral region of the VA layer with maximum values taking place on 12 
October. The δp presents low values, approximately between 0.05 and 
0.10, during the whole event. These seem to decrease from 11 to 12 
October, varying between mean values of 0.10 at the beginning of the 
event to a minimum mean value of 0.06 at 16:30 UTC on 12 October. 
Later, during the evening on 12 October, δp starts to increase, reaching a 
maximum mean value of 0.11 at 00:00 UTC on 13 October. The β-AE532/ 

1064 presents variability during the event, with mean values ranging 
from 1.01 on 11 October at 23:30 UTC to 1.91 on 12 October at 07:30 
UTC. These results, low δp and high β-AE532/1064 values, suggest the 
predominance of small spherical particles at the observation site during 
the whole event, which can be associated with sulphate particles from 
the transported volcanic plume. Besides, as shown in section 3.1, the 
volcanic ash plume area was horizontally distributed near the volcano 
cone (120 ± 202 km2) during the whole eruptive activity. The described 
evolution of δp and β-AE532/1064 also indicates a slight variation in the 
shape and size of the particles present in the atmosphere. 

Fig. 6 shows the frequency distribution of the properties of the VA 
layer observed during event II (2.5–5.0 km asl). The β532 (Fig. 6a) 
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presents a bimodal distribution with one peak around 0.5 Mm− 1 sr− 1 

and a second one around 1.5 Mm− 1 sr− 1. The distribution of the particle 
depolarization ratio (Fig. 6b) shows most of the values occurring be-
tween 0.06 and 0.10 (76% of the data). The lidar ratio at 532 nm (LR532) 
also presents a bimodal distribution (Fig. 6c) with the first major peak 
around 50 sr with 59% of the data occurring in the range 40–60 sr, while 
the second and minor mode peak around 80 sr with 7% of data occurring 
in the range 80 ± 6 sr. The distribution of β-AE532/1064 (Fig. 6d) shows 
most of the values occurring between 1.05 and 1.76 (90% of the data). 
The results agree with values observed for tropospheric particles from 
the Eyjafjallajökull volcanic plumes detected over the IP in 2010 (Navas- 
Guzmán et al., 2013; Sicard et al., 2012). For example, Navas-Guzmán 
et al. (2013) reported mean values of linear particle depolarization ra-
tios between 0.04 and 0.07, β-AE532/1064 between 0.7 and 1.7 and 
similar lidar ratios for both wavelengths 355 and 532 nm of around 50 sr 
in the centre of the layers observed over Granada station. On the other 
hand, Sicard et al. (2012) reported mean values of LR532 (β-AE532/1064) 
for the optically thickest layers observed over Évora of 32 ± 4 sr (1.05 ±
0.43). These low values of LR532 were attributed to the plume transport 
at altitudes well above 3 km from Iceland to the IP over the Atlantic 
Ocean (approx. 3000 km distance, while Tajogaite is approx. 1500 km) 
and air mass dehydration along the path, which leads to a decrease of 
the lidar ratio. Still, the LR532 values reported by Sicard et al. (2012) for 
Madrid and Granada of 52 ± 27 sr and 48 ± 16 sr, respectively, agree 
well with the observations reported in this work. 

Fig. 7 shows the temporal evolution of the VA layer aerosol optical 
depth at 532 nm (AODL

532) (obtained integrating into the range 2.5–5.0 
km asl). The AODL

532 ranged from 0.02 to 0.18 during the event, reaching 
its maximum value on 12 October. Compared with the total column AOD 
at 532 nm (AODC

532) obtained from the co-located AERONET station, on 
12 October the AODL

532 contribution varied from 49% to 82% of the total 
column AODC. In terms of AODL

532 and AODC
532 mean values (0.12 ±

0.02 and 0.19 ± 0.01, respectively) the contribution was 63%. The 

maximum value of AODL
532 (0.18) is rather large compared with the 

value of 0.07 reported by Sicard et al. (2012) for an optically thick VA 
layer observed in Évora in 2010. To note, the maximum value of 0.18 
reported in this study corresponds to a layer thickness of 2.13 km, which 
is about twice the value for the layer thickness reported by Sicard et al. 
(2012). On the other hand, for volcanic aerosols in the stratosphere over 
the IP, (Sawamura et al., 2012) reported AODL

532 of 0.02 at Granada 
station for plumes transported from the Nabro volcano in Ethiopia and 
contributions to the co-located AERONET of about 5% at 532 nm. 

During event III, on 20 October, the cloud presence prevents lidar 
retrievals (see Fig. 4b), leading to only a few profiles retrieved during 
the night and in the early morning. Fig. 8 shows 1-h mean vertical 
profiles of the volcanic aerosol properties on 20 October from 04:00 UTC 
to 05:00 UTC (red box in Fig. 4b) as representative and trustworthy 
observed lidar profiles of this event. The volcanic aerosol layer extends 
from about 2.8 km to 3.4 km asl as highlighted by the shadowed area. 
The profiles show β532, δp and β-AE532/1064 that fit in the same variation 
ranges as the event II. In addition, the extinction coefficient at 532 nm 
(α532) and the LR532 vary in the ranges from 29 to 41 Mm− 1 and 36–50 
sr, respectively. The variation ranges lower limit of the measured LR532 
is slightly lower. Despite that, the LR532 is in the range of 30–45 sr re-
ported by Mattis et al. (2010) for volcanic plumes observed in the 
stratosphere over central Europe. Also, the volcanic plume followed a 
different path from the event II, which can imply interaction with 
different aerosol sources and, consequently, different aerosol mixtures. 

Table 2 summarises the main VA properties observed from Raman 
lidar for events II and III. The mean values clearly agree with the tem-
poral evolution of the layer properties observed from 11 to 13 October 
described previously. Event II was the most intense reaching its 
maximum intensity on 12 October with AODL

532 mean values of 0.12 ±
0.02 for a mean layer thickness (Δz) of 1.83 ± 0.27 km, while in event 
III, on 20 October, the mean value was 0.02 ± 0.01 for the available 
profiles with Δz of 0.49 ± 0.12 km. The δp was similar in both events 

Fig. 4. Time series of range corrected signal at 
1064 nm (in arbitrary units) observed over Évora 
with a Raman lidar: (a) from 18:00 UTC on 11 
October to 12:00 UTC on 13 October 2021 and 
(b) from 18:00 UTC on 19 October to 18:00 UTC 
on 20 October 2021. In (b), the white area cor-
responds to a gap in the data measurements and 
the red dashed area indicates the period of the 
mean profiles illustrated in Fig. 8. (For interpre-
tation of the references to colour in this figure 
legend, the reader is referred to the web version 
of this article.)   
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with mean values from 0.08 ± 0.02 to 0.09 ± 0.02 and of 0.09 ± 0.02 
for event II and III, respectively, suggesting the predominance of 
spherical particles. Also, the mean β-AE532/1064 suggested the predom-
inance of small particles in both events, taking the mean values from 
1.17 ± 0.20 to 1.40 ± 0.24 (event II) and of 1.25 ± 0.20 (event III). The 
mean lidar ratios were slightly smaller in event III (46 ± 10 sr) than in 
event II (54 ± 14 sr), which can be due to the different transport paths 

followed by the plumes and, consequently, different interactions with 
other anthropogenic emission sources (Sicard et al., 2012). Another 
explanation could be the differences in relative humidity and tempera-
ture and, consequently, hygroscopic growth (Perez-Ramirez et al., 
2021). 

Fig. 5. Time series of particle properties observed by Raman lidar over Évora: (a) particle backscatter coefficient at 532 nm, (b) linear particle depolarization ratio 
and (c) backscatter-related Ångström exponent for the wavelength pair 532–1064 nm. The gaps in the layer (from 06:00 to 07:30 UTC and from 11:00 to 12:00 UTC 
on day 12) correspond to the periods where lidar retrievals were not possible due to the cloud presence. 

Fig. 6. Distributions of the VA layer properties (2.5–5.0 km asl) observed by Raman lidar from 11 to 13 October: (a) backscatter coefficient at 532 nm, (b) particle 
depolarization ratio at 532 nm, (c) lidar ratio at 532 nm and (d) backscatter related Ångström exponent for the wavelength pair 532–1064 nm. 
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3.4. Aerosol properties from GRASP retrievals 

3.4.1. Aerosol properties in the atmospheric column 
Aerosol properties in the atmospheric column are discussed here to 

give an overview of the aerosols present in the atmosphere over the 
stations during the events. Fig. 9 shows the distributions of the aerosol 
optical depth at 400 nm (AODC

440) and the corresponding Ångström 
Exponent for the wavelength pair 440–870 nm (AE440/870) at the sta-
tions where the volcanic plumes were identified during events I (Fig. 9a 
and c) and II (Fig. 9 b and d). During event III, only four occurrences of 
plumes were identified in a total of three stations, which does not pro-
vide useful information in terms of boxplots of the AODC

440 and AE440/870 
distributions. The results show that Guadiana, Granada and Cerro-Poyos 
present high variability of AODC

440 during both events (I and II). This 
variability in the data can be explained by the duration and number of 
occurrences of plumes' detection, since different days/times may present 
different aerosol content in the atmosphere, and, additionally, the 
AODC

440 is influenced by the ABL. On the other hand, Badajoz presents 
low variability in AODC

440 and Évora presents almost no variability. In 
these two specific cases, the identification of the volcanic plumes from 
GRASP retrievals was only possible on 12 October. The AODC

440 mean 

values range between 0.12 and 0.37 at El-Arenosillo/Huelva and 
Guadiana, respectively, in event I and between 0.25 and 0.39 at Cerro- 
Poyos and Guadiana, respectively, in event II. More detail about AODC

440 

mean values per day and per station can be found in the supplementary 
material (Table S1 in supplementary material). The distributions of 
AE440/870 show all values above 1 at all stations, in both events, indi-
cating the presence of small particles in the atmospheric column. The 
mean values ranged between 1.15 (in Barcelona) and 1.59 (in Cerro- 
Poyos), in event I and between 1.19 (in Granada) and 1.44 (in Évora) 
during event II. As for event III, the AE440/870 varies between 1.03 and 
1.33, corresponding to AODC

440 of 0.11 and 0.12 for the available 
profiles. 

Fig. 10 shows volume size distributions corresponding to several 
cases of volcanic plumes identified during events I and II. The size dis-
tributions present a bimodal shape in both events with the fine mode 
dominating over the coarse mode at several stations during event I, 
mainly on 25 September. In event II, El-Arenosillo/Huelva station can 
give some insights about the particle evolution with an increase in the 
fine mode from 11 to 12 October, when it reached maximum values, and 
then decreases again. During event III, the size distributions (Fig. S3 in 

Fig. 7. Temporal series of the layer aerosol optical depth at 532 nm obtained 
by integrating the extinction coefficients from Raman lidar measurements 
(night time; blue circles) and the elastic backscatter coefficient and mean lidar 
ratio (day time; open green squares). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. The 1-h mean values of the VA optical properties derived from the Raman lidar measurements on 20 October from 04:00 to 05:00 UTC: (a) Particle 
backscatter coefficients (355 nm in blue, 532 nm in green and 1064 nm in red), (b) extinction coefficient at 532 nm, (c) lidar ratio at 532 nm, (d) backscatter related 
Ångström exponents (355–532 nm in blue, 532–1064 nm in green and 355–1064 nm in red) and (e) particle depolarization ratio at 532 nm. The volcanic aerosol 
layer between 2.8 km and 3.4 km asl is highlighted by the shadow area. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 2 
Mean values and the standard deviation of the volcanic aerosol layer properties 
for all the available profiles measured by Raman lidar during Events II and III. 
The mean values of AODL

532 are for the data represented in Fig. 7. In the table, the 
aerosol property marked with an * represents night time averages, while all 
others are for daily mean values.  

Aerosol 
property 

Event II Event III 

11th Oct 12th Oct 13th Oct 20th Oct 

β532 (Mm− 1 

sr− 1) 
0.7 ± 0.5 1.1 ± 0.5 0.9 ± 0.5 0.6 ± 0.3 

α532 (Mm− 1) * 47 ± 22 67 ± 24 57 ± 17 42 ± 16 
LR532 (sr) * 53 ± 12 54 ± 15 52 ± 14 46 ± 10 
δp 0.09 ± 0.01 0.08 ± 0.02 0.09 ± 0.02 0.09 ± 0.02 
β-AE532/1064 1.17 ± 0.20 1.40 ± 0.24 1.40 ± 0.13 1.25 ± 0.20 
AODL

532 0.063 ±
0.033 

0.121 ±
0.021 

0.056 ±
0.019 

0.021 ±
0.007 

Δz (km) 1.3 ± 0.3 1.8 ± 0.3 1.1 ± 0.2 0.5 ± 0.1  

V. Salgueiro et al.                                                                                                                                                                                                                               



Remote Sensing of Environment 295 (2023) 113684

11

the supplementary material) corresponding to the identified layers, also 
present a bimodal shape but with a less pronounced fine mode than in 
events I and II. This may be connected to the smaller number of obser-
vations available. 

3.4.2. Volcanic plume profiling 
Figs. 11-13 show the profiles of the particle backscatter coefficients 

at 440 nm (β440) and the total volume concentrations (VC) obtained 
from the one-wavelength lidar (P-MPL lidar and ceilometer) plus AER-
ONET sun-photometer and the multi-wavelength lidar plus AERONET 
sun-photometer configurations in GRASP algorithm. Instead of the 

Fig. 9. Aerosol optical depth and Ångström exponent in the atmospheric column at the different sites for the periods when the volcanic plumes were detected in 
events I, (a) and (c), and II, (b) and (d). The blue square represents the mean value, the black line represents the median and the whiskers show the maximum and 
minimum values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Aerosol volume size distributions from sun-photometer measurements, for 22 logarithmically equidistant bins in the radius range from 0.05 to 15 μm, taken 
at the different stations for several time in: (a) event I and (b) event II. 
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wavelength 532 nm, here the results are presented at 440 nm for com-
parison purposes, since this wavelength is common to all GRASP con-
figurations used. The results are shown for representative volcanic 
aerosol cases detected in different stations. The use of GRASP retrievals 
was restricted to clear sky situations, which limited the availability of 
data due to the synoptic conditions. For event I (Fig. 11), profiles of β440 
and VC were available in Cerro-Poyos, Granada and Barcelona sites and 
data are shown for 25 September. Comparing the different sites, Cerro- 
Poyos and Granada presented very similar layers that extend from about 
3–5 km asl. This similarity is expected due to the proximity of the sta-
tions (the ceilometer data used in the retrieval is the same). Despite that, 
Cerro-Poyos presents higher VC in the layer centre than in Granada. Still, 
on 25 September, a more extensive layer (1.5–4.2 km asl) was observed 
in Barcelona station with a maximum VC around 3 km agl. This agrees 
with the Hysplit backward-trajectories ending in Barcelona at 08:00 
UTC (figure not shown) that presented similar patterns at all simulated 

heights (1–5 km with steps of 0.5 km) to the volcanic aerosol plume 
observed by TROPOMI (Fig. 3). On 28 September the situation changed, 
volcanic aerosol layers were observed at lower altitudes (1.1–2.8 km asl) 
in Guadiana-UGR station, and around 1.6–2.1 km and 3.1–3.5 km asl in 
El-Arenosillo/Huelva station. 

For event II, the selected GRASP retrieved profiles (Fig. 12) showed 
well defined volcanic aerosol layers at the different sites. Fig. 12 is 
mainly represented for 12 October, the day of maximum intensity, 
except for El-Arenosillo/Huelva due to cloud presence. Despite that, a 
layer defined between 2.2 and 4.4 km asl can be observed at El- 
Arenosillo/Huelva on 11 October with VC higher than 20 μm3cm− 3 in 
the centre. On 12 October, at Cerro-Poyos, Granada and Guadiana-UGR 
stations the profiles presented similar upper-level layers with extensions 
around 1.8–4.9 km. The upper-level layers at Cerro-Poyos and Granada 
stations presented a maximum VC of around 20 μm3cm− 3, while in 
Guadiana-UGR station these values exceeded the 20 μm3cm− 3. The 

Fig. 11. Optical and microphysical profiles obtained from GRASP retrievals for representative cases of the VA Event I (25–28 September 2021) in the sites where the 
retrievals are available. The VA layers are highlighted by the shadowed areas and the VClayer and βlayer are the layer mean values. 

Fig. 12. Optical and microphysical profiles obtained from GRASP retrievals for representative cases of the VA Event II (11–13 October 2021) in the sites where the 
retrievals are available. The VA layers are highlighted by the shadowed areas and the VClayer and βlayer are the layer mean values. 
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profiles for Évora and Badajoz stations showed upper-level layers 
extending from about 2–4 km asl. The profiles in Évora during the 
morning showed higher values of β440 and VC (maximum values of 2.8 
Mm− 1 sr− 1 and 29.6 μm3cm− 3, respectively) than in Badajoz (maximum 
values of 0.8 Mm− 1 sr− 1 and 19.9 μm3cm− 3, respectively), where the 
profiles were mostly acquired during the afternoon when the event in-
tensity started to decrease. 

For the last event (III), there were only three VA profiles available 
(Fig. 13) for Madrid, Évora and Granada stations, respectively. The 
upper-level volcanic aerosol layers were sequentially detected in Évora, 
later in Madrid and finally in Granada. The volcanic aerosol plume 
weakened as it moved eastward, with high β440 and VC values observed 
in Évora (maximum values of 1.3 Mm− 1 sr− 1 and 8.7 μm3cm− 3, 
respectively) where the layer extended from 1.6 to 2.7 km. 

In Évora station, due to the GRASP configuration used (multi- 
wavelength lidar plus AERONET sun-photometer), it is possible to 
distinguish between fine and coarse aerosol modes. Fig. 14a shows 
representative profiles of VC for fine and coarse modes for the event II. 
During this event, the VC mean values of the fine and coarse modes are 6 
± 5 μm3cm− 3 and 12 ± 6 μm3cm− 3, respectively, considering all the 
available GRASP profiles where the volcanic layer was identified. 
Fig. 14b shows the representative VC for the unique profile of event III in 
Évora. In this case, VC mean values of 3 μm3cm− 3 and 4 μm3cm− 3 are 
obtained for fine and coarse modes, respectively. Although the VC of 
coarse mode is twice the VC of the fine mode in event II, the lidar ob-
servations showed the presence of low depolarizing particles during 
events II and III (subsection 3.3). 

3.4.3. Aerosol properties in the volcanic layer 
Table 3 shows the volcanic aerosol layer mean values of β440 and VC 

for all GRASP retrievals in each site during the events. For event I, the 
β440 at El-Arenosillo/Huelva and Granada stations were lower than 1.5 
Mm− 1 sr− 1 with mean values of 0.4 ± 0.3 Mm− 1 sr− 1 and 0.35 ± 0.24 
Mm− 1 sr− 1 respectively. At Cerro-Poyos and Guadiana-UGR stations, 
with mean values of 1.1 ± 0.7 Mm− 1 sr− 1 and 0.9 ± 0.6 Mm− 1 sr− 1 

respectively, the β440 were higher than those observed for El-Arenosillo/ 
Huelva and Granada stations. Barcelona station, represented only by one 

profile (Fig. 11), had a mean β440 of 1.6 ± 0.3 Mm− 1 sr− 1. During this 
event, the VC at El-Arenosillo/Huelva station was always lower than 
15.4 μm3cm− 3 with a mean value of 5 ± 4 μm3cm− 3. The VC at Cerro 
Poyos (14 ± 7 μm3cm− 3), Granada (11 ± 8 μm3cm− 3), and Guadiana- 
UGR (17 ± 10 μm3cm− 3) stations present some occurrences around 40 
μm3cm− 3 although most of the values (Cerro Poyos 89%, Granada 87% 
and Guadiana-UGR 76%) were between 0 and 20 μm3cm− 3. In Barcelona 
station, the VC had a mean value of 14 ± 3 μm3cm− 3. These results 
suggest changes in the volcanic aerosols as the plume moved. The 
western station, El-Arenosillo/Huelva, presented the lowest values of VC 
because the available profiles correspond to 27 and 28 September when 
the plume started to dissipate, while for all other sites there were profiles 

Fig. 13. Optical and microphysical profiles obtained from GRASP retrievals for representative cases of the VA Event III (19–21 October 2021) in the sites where the 
retrievals are available. The VA layers are highlighted by the shadowed areas and the VClayer and βlayer are the layer mean values. 

Fig. 14. Particle volume concentration for the different modes from the multi- 
wavelength Raman lidar plus sun-photometer configuration in GRASP algo-
rithm: (a) 12 October 2021 at 13:29 UTC and (b) 20 October at 12:49 UTC. The 
volcanic aerosol layers are highlighted by the shadowed areas. 
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for 25 September, the beginning of the event. 
For event II, the β440 at El-Arenosillo/Huelva, Granada, Guadiana- 

UGR and Badajoz stations are lower than 2 Mm− 1 sr− 1, while at Cerro- 
Poyos and Évora stations, there are occurrences for β440 larger than 2 
Mm− 1 sr− 1 (see Table 3). In this event, the VC at El-Arenosillo/Huelva is 
larger than in event I, with a mean value of 15 ± 7 μm3cm− 3. Also, in 
Cerro-Poyos, Granada and Guadiana-UGR the VC values were larger 
than in event I with mean values of 25 ± 10 μm3cm− 3, 17 ± 7 μm3cm− 3 

and 27 ± 10 μm3cm− 3 respectively. In Évora, the VC are distributed 
mainly between 5 and 30 μm3cm− 3 with a mean value of 19 ± 7 
μm3cm− 3 while in Badajoz the variation range is between 0 and 15 
μm3cm− 3 with a mean value of 11 ± 7 μm3cm− 3. During event III, the 
β440 and VC are lower with respect to the other two events. Évora with a 
VC value of 7 ± 1 μm3cm− 3, was the station where the VC was larger 
followed by Madrid (4 ± 1 μm3cm− 3) and Granada (2 ± 1 μm3cm− 3). 

In general, the VC presents higher values in all sites during event II 
with respect to events I and III. For event I, Barcelona was the station 
where the highest mean value of VC was obtained, followed by Granada, 
Cerro-Poyos, Guadiana-UGR and El-Arenosillo/Huelva stations. Note 
that the VC for Barcelona corresponds to only one measured profile. For 
event II, Guadiana-UGR was the site with the highest mean value of VC 
followed by Cerro-Poyos, Évora, Granada, El-Arenosillo/Huelva and 
Badajoz stations. Previously, it was demonstrated from Raman lidar 
observations that event II was more intense in terms of AODL

532, layer 
thickness and event duration, than event III. The comparison described 
also confirms that of the three VA events over the IP, event II was in 
general the most intense in terms of sulphate VC and β440. 

Fig. 15 shows the distributions of the AOD at 440 nm (AODL
440) in the 

volcanic layer obtained from the GRASP retrievals at the different sta-
tions where the plumes were identified during events I and II. In general, 
the AODL

440 presents more variability during event II at all stations and it 
is distributed over a larger range of values than during event I. In event I, 

El-Arenosillo/Huelva presents low AODL
440 with a mean value of 0.007. 

In this particular case the plumes were identified on 27 and 28 
September, at the end of the event when the plumes started to dissipate. 
On the other hand, in event I, Barcelona presents the highest AODL

440 

corresponding to a value of 0.135 obtained from the only profile where 
the plumes were identified at this station, on 25 September (Fig. 11). In 
the event II, the AODL

440 varied between 0.062 (at El-Arenosillo/Huelva) 
and 0.202 (at Guadiana). The variability observed in AODL

440 can be 
explained by the number of different days/times with plume occur-
rences and whether the plumes are identified at the beginning, end or 
during the whole event, since the plume may have different aerosol 
contents in different days. For instance, in the event I, the maximum 
values of AODL

440 varied with day from site to site, which is explained by 
the plume transport described previously in section 3.2. As mentioned 
before the maximum AODL

440 of the event was obtained for Barcelona on 
25 September, a value of 0.135 that contributed to 52% of the AODC

440. 
As in Barcelona, the maximum AODL

440 at Cerro-Poyos (0.060 and 25% 
for AODC

440) is also on 25 September, but at Guadiana-UGR (0.107 and 
52% for AODC

440), Granada (0.048 and 32% for AODC
440) and El- 

Arenosillo/Huelva (0.010 and 9% for AODC
440) the maximum values 

are obtained on 28 September (these values can be seen in table S1 of the 
supplementary material). 

In general, during event II the sites at lower latitudes presented the 
highest AOD values due to the plume transport path. Guadiana-UGR 
with mean AODL

440 of 0.233 on 12 October was the site that presented 
the larger mean value of AODL

440 during this event contributing to 52% 
for the AODC

440. It was followed by Cerro-Poyos (0.139 and 43% for 
AODC

440), Granada (0.136 and 34% for AODC
440), Évora (0.107 and 42% 

for AODC
440), El-Arenosillo/Huelva (0.103 and 21% for AODC

440) and 
Badajoz (0.097 and 34% for AODC

440). The mean layer thickness was also 
larger during this event at all sites. The obtained mean values of AODL

440 

for Évora are comparable to those reported in section 3.3 for AODL
532 

Table 3 
Total volume concentration and backscatter coefficient mean values and standard deviation obtained from GRASP algorithm retrievals of the VA layer. The values 
marked with an * correspond to the unique available profile obtained on the corresponding day.  

Site Event I Event II Event III 

β440 

[Mm− 1 sr− 1] 
VC 
[μm3cm− 3] 

β440 

[Mm− 1 sr− 1] 
VC 
[μm3cm− 3] 

β440 

[Mm− 1 sr− 1] 
VC 
[μm3cm− 3] 

BCN 1.6 ± 0.3* 14 ± 3* – – – – 
MDR – – – – 0.2 ± 0.1* 4 ± 1* 
UEX – – 0.5 ± 0.4 11 ± 7 – – 
EVO – – 1.7 ± 0.8 19 ± 7 1.0 ± 0.3* 7 ± 1* 
GDN 0.9 ± 0.6 17 ± 10 1.0 ± 0.4 27 ± 10 – – 
UGR 0.4 ± 0.2 11 ± 8 0.5 ± 0.3 17 ± 7 0.04 ± 0.02 2 ± 1 
UGRCP 1.1 ± 0.7 14 ± 7 1.5 ± 0.6 25 ± 10 – – 
ARN 0.4 ± 0.3 5 ± 4 0.8 ± 0.4 15 ± 7 – –  

Fig. 15. Volcanic layer aerosol optical depth at the different sites during: (a) event I and (b) event II. The blue square represents the mean value, the black line 
represents the median and the whiskers show the maximum and minimum values. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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(0.12 ± 0.02) from lidar measurements. The lower AODL
440 were ob-

tained for event III with values of 0.014 at Madrid, 0.003 at Granada and 
0.026 at Évora that contributes to 22% for the AODC

440, followed by 
Madrid (18% for AODC

440) and Granada (3% for AODC
440). In this case, the 

AODL
440 in Évora station also agrees with the AODL

532 (0.02 ± 0.01) re-
ported in Table 2. These results for event III clearly show the spatio- 
temporal evolution of the VA plume, which became weak as it moved 
over the IP crossing Évora, followed by Madrid and Granada until it 
dissipated (Fig. 3). 

4. Conclusions 

This work presents the characterization of the spatio-temporal evo-
lution of three volcanic plumes detected in the troposphere over the IP 
(event I: 25–28 September, event II: 11–13 October and event III: 19–21 
October) during the Tajogaite eruptive activity from September to 
December 2021. The transports are first analysed by using satellite 
remote sensing data, which show volcanic ash plumes top heights 
located in the low and middle troposphere distributed horizontally over 
an area near the volcanic cone. Satellite data also show the presence of 
SO2 volcanic plumes over the IP during events I, II and III. These results 
are corroborated by multi-wavelength Raman lidar measurements 
(Évora site) of low δp and high β-AE532/1064 that indicate the presence of 
fine-mode spherical particles in the atmosphere during events II and III 
(lidar retrievals were not possible to obtain for event I). The δp is rela-
tively constant during event II (0.08 ± 0.02 to 0.09 ± 0.02), and similar 
to δp measured for event III (0.09 ± 0.02). The LR532 observed is lower 
for event III (46 ± 10 sr) than for event II (52 ± 14 sr to 54 ± 15 sr) 
where significant changes are not observed. This difference in LR532 
between both events suggests that during the transport the volcanic 
aerosols may have interacted with aerosols from other sources. The 
Raman lidar observations also show that event II is more intense in terms 
of AODL

532, Δz and event duration (around two days) than event III. The 
more comprehensive analysis using GRASP at the different sites 
distributed over the south and southeast of IP shows that, in general, the 
southernmost sites are those where the highest values of VC and AODL

440 

are found, mainly during event II. The VC mean values range between 11 
± 7 μm3cm− 3 (Badajoz) and 27 ± 10 μm3cm− 3 (Guadiana). Maximum 
mean values of AODL

440 are obtained for 12 October at all sites varying 
between 0.097 (Badajoz) and 0.233 (Guadiana), with contributions to 
the AODC

440 in the range of 21%–52%. The exception is Barcelona where 
AODL

440 of 0.135 is found in event I. The event I is the second most 
important in terms of VC, AODL

440 and the number of sites (mainly the 
southernmost, except Barcelona) where the volcanic plume was detec-
ted. The event III is the weakest in terms of VC, AODL

440 and the number 
of sites (Madrid, Évora and Granada) where the volcanic plume was 
detected. In event III, the volcanic plume was transported through the 
Atlantic Ocean crossing the IP in the direction NW-SE, causing Évora to 
be the first site detecting the plume followed by Madrid and Granada, 
the southernmost site for this event where the AODL

440 has a value of 
0.003 by the end of the event. 
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