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Abstract: On 19 September 2021, a volcanic eruption began on the island of La Palma (Canary Islands,
Spain). The eruption has allowed the assessment of an unprecedented multidisciplinary study on the
effects of the volcanic plume. This work presents the estimation of the spectral direct radiative forcing
(∆F) and efficiency (∆FE f f ) from solar radiation measurements at the Izaña Observatory (IZO) located
on the island of Tenerife (∼140 km from the volcano). During the eruption, the IZO was affected
by different types of aerosols: volcanic, Saharan mineral dust, and a mixture of volcanic and dust
aerosols. Three case studies were identified using ground-based (lidar) data, satellite-based (Sentinel-
5P Tropospheric Monitoring Instrument, TROPOMI) data, reanalysis data (Modern-Era Retrospective
Analysis for Research and Applications, version 2, MERRA-2), and backward trajectories (Flexible
Trajectories, FLEXTRA), and subsequently characterised in terms of optical and micro-physical
properties using ground-based sun-photometry measurements. Despite the ∆F of the volcanic
aerosols being greater than that of the dust events (associated with the larger aerosol load present),
the ∆FE f f was found to be lower. The spectral ∆FE f f values at 440 nm ranged between −1.9 and
−2.6 Wm−2nm−1AOD−1 for the mineral dust and mixed volcanic and dust particles, and between
−1.6 and −3.3 Wm−2nm−1AOD−1 for the volcanic aerosols, considering solar zenith angles between
30◦ and 70◦, respectively.

Keywords: spectral radiative forcing; spectral radiative forcing efficiency; volcanic aerosols; Saharan
mineral dust; La Palma volcano; heating rate

1. Introduction

On 19 September 2021 at 14:11 UTC, an eruption began on the island of La Palma
(Canary Islands, Spain), ending on 13 December 2021 at 22:21 UTC. This volcanic eruption
has been classified with a volcanic explosivity index (VEI) of 3, with an estimated emission
of approximately 2 × 106 tons of sulfur dioxide (SO2), and the lava flows covered an area of
more than 1.200 ha [1–3], causing considerable damage to some infrastructure and villages
in the area. In addition, during the 85 days of the eruption, the volcanic plume impacted
the air quality around the eruption area [4], causing the cancellation of operations at La
Palma airport for several days.

The impact of the 2021 volcanic eruption at La Palma on the atmospheric composi-
tion was strongly influenced by the magnitude of the volcanic emissions, injection height,
vertical stratification of the atmosphere, and seasonal dynamics [4]. Although the volcanic
column reached a maximum height of 8500 m a.s.l., which occurred hours before the end
of the eruption, the average height of the plume throughout the volcanic eruption was
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∼3500 m a.s.l. [5]. These moderated injection heights allowed interactions between the vol-
canic plume and other atmospheric aerosols present in the region such as Saharan mineral
dust particles [6]. In addition, atmospheric circulation in the lower and middle troposphere
caused volcanic ash and gas plumes to be dispersed over the Canary archipelago and the At-
lantic Ocean, leading to volcanic signals being detected on the nearby islands (Tenerife, La
Gomera, and El Hierro) and across Europe, North and Central Africa, and the Caribbean [7].
The eruption has allowed the undertaking of an unprecedented multidisciplinary on-site
study on the effects of the volcanic plume [4–6,8] on the Canary Islands, which includes
extensive atmospheric measurements carried out at the nearby Izaña Observatory (IZO;
∼140 km from the volcano).

Aerosol radiative forcing is used to quantify the potential impact of the various aerosol
types on the climate, and expanding our knowledge of this is key to understanding climate
change. It raises great uncertainties in climate models focused on explaining past and
possible future climates [9]. Volcanic eruptions introduce natural forcing into the climate
system through their primary emissions into the atmosphere, i.e., gases (H2O, CO2, N2,
SO2, H2S) and solid particles (mostly silicate), usually referred to as volcanic ash (when
diameters are <2 mm), as well as due to long-lived secondary sulfate aerosols, formed by
the gas-to-particle conversion of SO2 emissions [10–13]. Volcanic primary and secondary
aerosols tend to cause a cooling of the climate system, acting over many time and space
scales [9,10,14–21]. In particular, sulfate aerosol forcing has been proposed as one of the
possible causes of the global warming hiatus observed [22,23].

The use of spectral measurements has led to an advance in climate modelling since
they allow for the incorporation of greater detail on the effects of clouds, water vapour, and
aerosols in climate models [24]. The same occurs with the radiative processes of atmospheric
aerosols. The solar spectral irradiance components and their spectral variability under
different atmospheric conditions have a marked impact on local and regional climate [25].
Dirnberger et al. [26] showed that spectral irradiance variability has an impact on the
performance of different photovoltaic technologies, which is mainly modulated by the
type and amount of aerosols present in the atmosphere. Moreover, knowledge of the
spectral variations in aerosol radiative forcing is essential to understanding the impact of
aerosols on the different components of the biosphere-surface system (e.g., photosynthesis
and reflection/absorption of radiation by soil) [27]. However, direct observations of the
spectral variations in aerosol radiative forcing are extremely limited in space and time and,
therefore, studies on spectral radiative forcing in the literature are scarce.

The almost total absence of spectral observations of aerosol radiative forcing is due
to the current instrumental limitation of using only broadband radiometers in most of the
radiometric stations. This situation is due to the fact that spectroradiometers are more
complex to operate and maintain and are more expensive than the traditional broadband
radiometers used. The Baseline Surface Radiation Network (BSRN; [28,29]), which is
the flagship network for the observation of solar and terrestrial radiation, is currently
assessing the incorporation of spectral radiation measurement programs, but to date, there
are no standardised measurement procedures, reference standards, or spectroradiometer
calibration systems. For the moment, there are very few pilot initiatives aimed at routinely
obtaining spectral measurements of solar radiation such as at the IZO. The current study
makes use of the new spectral radiation monitoring capabilities at the IZO to provide
unique, accurate information on the spectral radiative forcing and efficiency of the different
types of aerosols that can be measured at the observatory.

Our study focuses on the experimental estimation of the spectral radiative forcing and
efficiency during the volcanic eruption on La Palma from spectral radiation measurements
obtained at the IZO [30] within the framework of the Commission for Instruments and
Methods of Observation (CIMO) testbed for aerosols and water vapour remote sensing
instruments, supported by the World Meteorological Organization (WMO). During the
eruption, the IZO was affected by three types of aerosols. We have identified three different
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events: one affected by volcanic aerosols, a second affected by almost pure Saharan mineral
dust, and a third characterised by a mixture of volcanic aerosols and Saharan dust.

This work is divided into five sections. Sections 2 and 3 describe the main charac-
teristics of the IZO, the instrumentation used in this study and the methodology applied.
Section 4 shows the case studies selected and describes the optical and micro-physical
aerosol properties and the spectral radiative forcing, efficiency, and heating rate associated
with the three events. Finally, Section 5 presents the conclusions that can be drawn from
this work.

2. Site Description and Instruments
2.1. Site Description

The datasets used in this work were obtained at the IZO, managed by the Izaña
Atmospheric Research Center (IARC) of the Spanish State Meteorological Agency (AEMET)
(http://izana.aemet.es, accessed on 15 March 2022). The IZO is located on the island of
Tenerife (Canary Islands, Spain, at 28.3◦ N, 16.5◦ W, and 2400 m a.s.l.).

The IZO joined the WMO Background Atmospheric Pollution Monitoring Network
(BAPMoN) in 1984 and the WMO Global Atmosphere Watch (GAW) program in 1989. More-
over, the IZO has collaborated with different international atmospheric networks, e.g., the
NDACC (Network for the Detection of Atmospheric Composite Change;
http://ndsc.ncep.noaa.gov, accessed on 25 March 2022) since 1999 and the GAW-PFR
(Precision Filter Radiometer Network; http://www.pmodwrc.ch/worcc, accessed on
25 March 2022) since 2001. The IZO has also been a part of the AERONET (Aerosol Robotic
Network; http://aeronet.gsfc.nasa.gov, accessed on 28 February 2022) since 2004, and
joined the BSRN (http://bsrn.awi.de, accessed on 2 March 2022) in 2009. In 2014, the IZO
was appointed by the WMO as a CIMO testbed for aerosols and water vapour remote
sensing instruments [31]. More details about the facilities and measurement programs can
be found in Cuevas et al. [30].

The IZO is a high-mountain station at 2400 m a.s.l. and is located above what is
mostly a quasi-permanent strong temperature inversion layer, which prevents the arrival
of local pollution from the lower levels of the island. This meteorological feature favours
measurements under free troposphere conditions [32]. However, given its proximity to
the island of La Palma (≈140 km), during the volcanic eruption, the IZO was affected for
several days by the volcanic plume (Figure 1).

Figure 1. (a) Image captured by the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor onboard the National Aeronautics and Space Administration (NASA)’s Terra satellite
(https://worldview.earthdata.nasa.gov, accessed on 12 March 2022) on 24 September 2021, where
the locations of the Izaña Observatory (IZO), Santa Cruz Observatory (SCO) and the volcano on La
Palma are indicated with red dots. (b) Image of the volcano taken from Izaña Observatory. (c) Image
of the volcano on La Palma (LuzLux/AEMET).

http://izana.aemet.es
http://ndsc.ncep.noaa.gov
http://www.pmodwrc.ch/worcc
http://aeronet.gsfc.nasa.gov
http://bsrn.awi.de
https://worldview.earthdata.nasa.gov
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2.2. Instruments
2.2.1. EKO MS-711 Spectroradiometer

In this work, we used the spectral direct normal irradiance (DNI) measurements
performed with a collimated EKO MS-711 grating spectroradiometer assembled on a solar
tracker (hereafter, EKO). The instrument measures solar spectral radiation for wavelengths
between 300 and 1100 nm, with an average step of 0.4 nm and a bandpass of nominally
<7 nm (defined as the full width at half maximum (FWHM)). EKO performs one spectrum
per minute, with an exposure time ranging from 10 ms to 5 s depending on the intensity of
the irradiance and sky conditions and a field of view of 5◦. The EKO has been comprehen-
sively tested in the IZO WMO-CIMO testbed activities (more details in García et al. [33]
and García et al. [34]).

2.2.2. AERONET Cimel Sun Photometer

The aerosol optical depth (AOD) and Angström parameter (AE440–870nm, hereafter,
AE) measurements used in this work were performed using a Cimel CE318-T sun pho-
tometer [35,36]. The photometer is an automatic sun–sky–lunar scanning filter radiometer
(340, 380, 440, 500, 675, 870, 937, 1020, and 1640 nm), with an approximate field of view
of ∼1.3◦ [35,37] and a 10 nm FWHM bandwidth, except for 340, 380, and 1640 nm, which
have a 2, 4, and 25 nm FWHM, respectively. The IZO is a sun calibration site of AERONET
reference instruments [38], and the AERONET AOD data series at the IZO are traceable to
the GAW-PFR AOD world reference [30].

The particle volume size distribution, effective radius, and total-, fine-, and coarse-
mode AODs at 500 nm retrieved with the spectral deconvolution algorithm (SDA) were
also used in this study [39]. These parameters are described in Dubovik and King [40],
Dubovik et al. [41], and Sinyuk et al. [42]. AERONET version 3.0 level 2.0 for the direct sun
was selected, ensuring high-quality and cloud-screened data. However, due to the lack of
level 2.0 retrievals, level 1.5 was used for the inversion products.

2.3. Ancillary Instruments
2.3.1. Lidar

IARC manages a micro-pulse lidar model MPL-4B [43,44] operating at the Santa Cruz
Observatory (SCO), which is also located on the island of Tenerife (28.5◦ N, 16.3◦ W, and
52 m a.s.l.). The MPL system belongs to the NASA Micro-Pulse Lidar Network (MPLNet;
https://mplnet.gsfc.nasa.gov, accessed on 28 March 2022) [45], with the Normalised Range
Backscatter (NRB) signal at 532 nm, volume depolarisation ratios (δvol), aerosol depo-
larisation ratios (δaer), cloud and layer boundaries, or aerosol extinction and backscatter
profiles (among others) as standard products. The MPLNET version 3 products have
been used in this paper. The MPL at the SCO can be considered the only aerosol lidar
in Northern Africa providing regular, long-term information about the vertical structure
of the Saharan Air Layer over the North Atlantic (more information in Cuevas et al. [30]
and Barreto et al. [46]).

2.3.2. Backward Trajectories

The backward trajectories were computed using the Flexible Trajectories (FLEXTRA;
https://folk.nilu.no/~andreas/flextra.html, accessed on 27 May 2022) software [47,48]
using ERA5 reanalysis from the European Centre for Medium-Range Weather Forecasts
(ECMWF) [49] obtained through the flex-extract (v7.1) interface running in gateway mode
as an ECMWF member-state user. FLEXTRA input data every 6 h were interpolated to
a horizontal resolution of 1◦ × 1◦, covering longitudes from −179◦ to 180◦ and latitudes
from −10◦ to 90◦, and 137 in the vertical resolution. FLEXTRA was configured to a destina-
tion coordinate of 16.5◦W 28.3◦N (IZO location) and to four pressure levels (500, 600, 770
(IZO typical ground pressure), and 900 hPa). We obtained a backward trajectory coordinate
every 20 min with a 3D wind configuration. Horizontal (1◦ × 1◦) and vertical (±200 m)

https://mplnet.gsfc.nasa.gov
https://folk.nilu.no/~andreas/flextra.html
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offset target backward trajectories were also computed to estimate uncertainties in the
calculated trajectory.

2.3.3. Satellite Data

In the current work, we used Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA-2) AOD data at 550 nm. This version updates the NASA
previous satellite-era (from 1980 onward) reanalysis system to include additional obser-
vations and improvements to the Goddard Earth Observing System version 5 (GEOS-5).
The spatial resolution of the MERRA-2 AOD is 0.5◦ × 0.625◦ [50]. (More information at
https://giovanni.gsfc.nasa.gov/giovanni/, accessed on 25 October 2022).

The volcanic SO2 total column amounts were obtained from the Tropospheric Monitor-
ing Instrument (TROPOMI) onboard the Copernicus Sentinel-5 Precursor (S-5P) platform.
The S-5P has been orbiting in a sun-synchronous polar orbit with an equator crossing at
13:30 local solar time, with a high spectral covering from ultraviolet to shortwave infrared
wavelengths and a spatial resolution of 5.5 × 3.5 km2 since August 2019 [51]. (More
information in https://maps.s5p-pal.com/so2/, accessed on 26 March 2022).

2.3.4. Meteorological Radiosonde

Since 2005, meteorological radiosondes (RS92) have been routinely launched twice
daily at about 11:15 and 23:15 UTC from the Güimar station (105 m a.s.l.) located on the
coastline approximately 15 km to the southeast of the IZO. The station, which is managed
by the Santa Cruz de Tenerife Meteorological Center, belongs to the AEMET upper-air
observation network (WMO GRUAN station N◦. 60018) and is part of the Global Climate
Observing System (GCOS)–Upper-Air Network (GUAN) [30].

3. Methodology
3.1. Spectral Radiative Forcing and Efficiency

Changes in the energy budget available in the Earth-atmosphere system can be quanti-
fied by introducing the concept of surface radiative forcing (∆F (λ, SZA)) [9], defined at
a specific wavelength λ and a solar zenith angle (SZA) as follows:

∆F(λ, SZA) = (F↓A(λ, SZA)− F↓C(λ, SZA))(1− SA) (1)

where FA is the energy measured on the Earth’s surface under the presence of aerosols,
and FC is the energy under pristine day conditions simulated with a radiative transfer
model. The arrows indicate the direction of the fluxes, where ↓ = the downward flux and
↑ = the upward flux, and SA is the surface albedo. This sign criterion implies that negative
values of ∆F (λ, SZA) are associated with aerosol cooling and positive values with aerosol
warming effects at the surface.

Once ∆F (λ, SZA) is computed, the spectral aerosol radiative forcing efficiency,
∆FE f f (λ, SZA), can be defined as follows [52–54]:

∆FE f f (λ, SZA) =
∆F(λ, SZA)

AOD(λ, SZA)
(2)

To estimate FC (λ, SZA), we used the LibRadtran radiative transfer model ([55,56];
more information at http://www.libradtran.org, accessed on 26 March 2022).

This model has been tested extensively at the IZO (e.g., [29,33,54]). The algorithm used
in the radiative transfer equation (RTE) solver was the Discrete Ordinates Radiative Transfer
(DISORT; [57]), which is based on the multi-stream discrete ordinates algorithm using 16
streams. The simulations were performed with the highly resolved absorption band
parametrisation representative wavelength radiative transfer (REPTRAN; [58]) method,
with a spectral resolution of 5 cm−1. Furthermore, we considered the corrections for the
Earth’s sphericity for an SZA > 60◦ [59]. For each simulation, the direct spectral irradiance
was calculated in the spectral range of 300–1100 nm with a step of 1 nm, and the obtained

https://giovanni.gsfc.nasa.gov/giovanni/
 https://maps.s5p-pal.com/so2/
http://www.libradtran.org
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spectra were convoluted with a triangular slit-function of 7 nm of FWHM. The atmosphere
profile was taken from the long-term ozonosonde performed at the SCO between 1992 and
2011 [60,61]. The full list of the input parameters is shown in Table 1.

Table 1. Input parameters to the LibRadtran model, their sources, and corresponding references.

Input Source References

RTE Disort2 Stamnes et al. [57,62]

Solar flux Gueymard Gueymard [63]

O3 cross-section Bass and Paur Bass and Paur [64]

Absorption parameterisation REPTRAN Gasteiger et al. [58]

Surface albedo AERONET Sinyuk et al. [42]

O3 total column Brewer spectrophotometer León-Luis et al. [65]

H2O total column AERONET Holben et al. [35]

Number of streams 16 García et al. [54]

3.2. Heating Rate

The aerosol-induced net radiative heating/cooling rate (HR) within the troposphere is
also important information when it comes to understanding aerosol–solar radiation and
aerosol–cloud interactions since this magnitude exhibits significant changes in response to
different aerosol vertical concentrations and optical properties [66,67].

The aerosol HR of a layer was determined following the equation presented in
Foken [68] and Cochrane et al. [69]:

HR =
∫

HR(λ)dλ = − 1
ρCp

∆Fnet(λ)

∆z
(3)

where ρ is the air density, Cp is the constant-pressure specific-heat capacity of air, ∆Fnet
is the net flux leaving a layer of atmosphere of thickness ∆z [68–73]. The aerosol HR is
computed as the difference in HR between the measurements under the presence of aerosols
and those performed under pristine conditions.

In this work, the HR was simulated with the LibRadtran model, applying the same
inputs used to determine FL↓ (λ, SZA) (see Table 1), in addition to the AOD vertical profile
extracted from the MPL data at 523 nm at the SCO, and the pressure, temperature and
relative humidity profiles obtained from the radiosonde dataset [46,69].

4. Results
4.1. Selection of Case Studies

Three case studies were selected within the almost three-month period of the volcanic
eruption on La Palma, taking the dominant aerosol in the atmosphere into account. Ground-
based (MPL) data, satellite-based (Sentinel-5P TROPOMI) data, reanalysis (MERRA-2), and
backward trajectories (FLEXTRA) were used to identify the source and type of aerosols
arriving at Tenerife in the three case studies.

The first case study corresponds to a significant event of volcanic aerosols transported
directly from the volcano on La Palma affecting Tenerife between 22 and 25 September [4,74],
with a strong impact on 24 September (Figure 2). The backward trajectories in Figure 2a
indicated the presence of air masses originating from the northwest having passed over La
Palma in the previous 3 days at altitude levels > 900 hPa, with the consequent transport of
volcanic aerosols to Tenerife at the IZO’s altitude (at approximately 770 hPa). The daily
average MERRA-2 AOD at 550 nm displayed an increase in the AOD over the western
part of the Canary Islands (AOD up to 0.60), attributed to the presence of volcanic aerosols
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(Figure 2b). The influence of the volcanic eruption over Tenerife was also evident from the
TROPOMI-integrated SO2 column (overpass time at 15:21 UTC), with a plume extending
eastwards and affecting the majority of the islands (especially Tenerife). Figures 2d and A1
show the δaer and δvol values, respectively, measured on 24 September with the presence
of different aerosol layers in the column extending from 2 km to 6 km a.s.l., with δaer
ranging from almost 0% to 40%. Near midday, coinciding with the backward trajectories and
TROPOMI overpass, we observed the presence of non-light-depolarising aerosols (δaer < 4%),
with volcanic sulfates as the expected predominant contribution to the atmospheric column.
A layer of aerosols of different properties was observed from 1.8 to 4.8 km after 16:00 UTC.
These aerosols, probably ash particles mixed with sulfates, presented a higher depolarisation
(δaer between 0% and 40%) and a more marked coarse-mode influence in the size distribution
(as discussed in the following section). The maximum δaer (up to 40%) was observed in some
specific, thin layers with volcanic ash as the expected predominant aerosol. These δaer values
measured at La Palma under the influence of volcanic aerosol agree with the values found by
Ansmann et al. [75] for the Eyjafjallajökull volcano (34% for coarse particles and 2% for fine
particles) and the values observed by Pisani et al. [76] for the eruption of Mount Etna (δaer
almost zero for non-light-depolarising particles and up to 45% for volcanic ash).

Figure 2. (a) Backward trajectories (72 h), ending point at the IZO at 12:00 UTC from FLEXTRA using
ERA5 reanalysis at four pressure levels (900 (blue line), 770 (black line), 600 (red line), and 500 (orange
line) hPa). (b) Daily average MERRA-2 AOD at 550 nm on 24 September 2021. (c) Satellite SO2

total columns from Copernicus Sentinel-5P TROPOMI over the Canary Islands on 24 September 2021.
(d) Aerosol depolarisation ratio (δaer) determined from the MPL at 532 nm at the SCO.

The second case study corresponds to a mineral dust intrusion over Tenerife on
2 October. Figure 3a shows that the origin of the air masses arriving at the IZO at different
levels was the Western Sahara. The MERRA-2 AOD (Figure 3b) displayed AOD values
of 0.43 near La Palma and AOD values up to 0.67 over North Africa, demonstrating
the existence of the Saharan dust influence over the Canary Islands. The TROPOMI
image (overpass time at 14:30 UTC) in Figure 3c shows the location of the volcanic plume
west of Tenerife, therefore, demonstrating that mineral dust was the predominant aerosol
during this event. This predominance was also confirmed using lidar data. Figure 3d
shows an aerosol layer homogeneous in terms of δaer confined up to 5 km in height. The
depolarisation values within this layer were found to be up to 32.7%, with a mean value of
24.7 ± 1.2% in the 7-h period between 09:00 and 16:00 UTC in the altitude range between
1 and 5 km a.s.l. The vertical profile and depolarisation values observed in this aerosol layer
coincide with the structure of the Saharan Air Layer (SAL), with δaer values in agreement
with previous studies of mineral dust aerosols (e.g., [75,77]). These studies found a desert
dust depolarisation ratio of 31%, which is very close to the value measured during this
second event. The homogeneous conditions attributed to the presence of mineral dust
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were ensured until about 17:00 UTC, when the presence of a different layer with lower δaer
values was observed in the MPL profiles near 5 km. Another wider layer was observed
after 19:00 UTC between 2.5 and 3.2 km, with δaer below 15%.

Figure 3. Backward minus trajectories (72 h), ending point at the IZO at 12:00 UTC from FLEXTRA
using ERA5 reanalysis at four pressure levels (900 (blue line), 770 (black line), 600 (red line), and
500 (orange line) hPa). (b) Daily average MERRA-2 AOD at 550 nm on 2 October 2021. (c) Satellite
SO2 total columns from Copernicus Sentinel-5P TROPOMI over the Canary Islands on 2 October 2021.
(d) Aerosol depolarisation ratio (δaer) determined from the MPL at 532 nm at the SCO.

The third case study represents an event of mixed aerosols in the column on 3 October
as a mixing of volcanic and mineral dust aerosols. In this event, we observed bi-component
aerosols as a result of the mixture of the volcanic plume with mineral dust carried on the
SAL. The origin of the air masses from North Africa and the subsequent transport over La
Palma is apparent in Figure 4a. The influence of the mineral dust from North Africa can
be seen in Figure 4b, where both the dusty air masses and volcanic plume (also observed
in Figure 4c from TROPOMI, overpass time at 14:11 UTC) that affected Tenerife can be
seen. The varied nature of the aerosols in comparison to the previous event (dominated by
mineral dust) can be seen in Figure 4d. In this Figure, it can be seen that lower δaer values
were observed from 1.8 km to 5 km a.s.l. These values ranged from 13.6% to 32.1%. The
decrease in δaer observed in comparison to the second event was attributed to the arrival of
the volcanic plume, observed from the afternoon of 2 October to the afternoon of 3 October,
and the subsequent mixture of dust (depolarising aerosol) with non-light-depolarising
volcanic sulfates, especially in the middle of the day (mean δaer of 16.4% between 10:00
and 14:00).

4.2. Characterisation of Optical and Micro-Physical Aerosol Properties

We studied the optical and micro-physical properties of the atmospheric aerosols from
the previously defined case studies: volcanic, mineral dust, and the possible mixture of
these two components in the atmospheric column. This analysis was performed using
photometric information extracted from the CE318-T photometer installed at the IZO (see
Section 2.2.2).

The joint analysis of the AOD and AE is a common procedure to roughly discriminate
the type of aerosol measured (mineral dust, biomass burning/urban-industrial, background
conditions, etc.) [78,79]. The joint analysis was complemented with threshold limits
established for the background conditions (AOD500nm < 0.10 and AE > 0.60) and dust
conditions (AOD500nm ≥ 0.10 and AE≤ 0.60) at the IZO published by Barreto et al. [46]. This
analysis is shown in Figure 5a, where the presence of the volcanic plume over the IZO on
24 September with AOD500nm > 0.10 and 1.2≤AE≤ 2.0 can be observed. Saharan dust was
measured between 07:00 and 16:00 UTC on 2 October, with an AE < 0.4 and an AOD ranging
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from 0.11 to 0.16 (median of 0.12). These dust values agree with those in Barreto et al. [46]
at the IZO. The grey circles in this figure indicate the arrival of the volcanic plume, and
therefore, conditions which cannot be attributed to the presence of mineral dust. The arrival
of aerosols of a different nature was already observed from the lidar analysis in Section 4.1.
With regard to the mixture of volcanic aerosols and Saharan dust observed on 3 October,
the AOD ranged between 0.13 and 0.18 (median of 0.15) and the AE increased to 0.61–0.96
(median of 0.81). The sequence of the spectral AODs (at AERONET channels of 440, 500,
675, and 870 nm) and AEs displayed in Figure 5b–g provides evidence of the presence of
one event dominated by volcanic aerosols (Figure 5b,e) and another dominated by mineral
dust (Figure 3c,f). The third event (Figure 5d,g) presented intermediate characteristics to
those observed in the two previous events, which are in agreement with the previous study
in Section 4.1. During the three case studies, the maximum AE values corresponded to the
volcanic plume case, values five times higher than those for dust.

Figure 4. Backward minus trajectories (72 h), ending point at the IZO at 12:00 UTC from FLEXTRA
using ERA5 reanalysis at four pressure levels (900 (blue line), 770 (black line), 600 (red line), and
500 (orange line) hPa). (b) Daily average MERRA-2 AOD at 550 nm on 3 October 2021. (c) Satellite
SO2 total columns from Copernicus Sentinel-5P TROPOMI over the Canary Islands on 3 October 2021.
(d) Aerosol depolarisation ratio (δaer) determined from the MPL at 532 nm at the SCO.

Figure 5. (a) Scatterplots of AE versus AOD500nm for the three case studies: volcanic plume (black
dots), dust (green dots), and volcanic plume + dust (red dots) at the IZO. The black lines indicate
the threshold limits established for the background and dust conditions at the IZO. Right panels
display the evolution of the AOD (b–d) and AE (e–g) for the three case analyses: volcanic plume,
dust, and volcanic plume + dust at the IZO. The AOD is shown at AERONET channels of 440 nm
(black), 500 nm (red), 675 nm (blue), and 870 nm (green). Grey circles indicate the arrival of a volcanic
plume in the event dominated by mineral dust.
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The evolution of the volume size distribution and the total-, fine-, and coarse-mode
AODs and effective radii (Re f f ) of the total, fine, and coarse modes are shown in Figure 6.
In the case of the volcanic aerosols (24 September), bi-modal distribution with a dominant
fine mode can clearly be seen in Figure 6a,d,g (sulfate-dominated plume). The exception to
this pattern was found after 16:00 UTC, with the presence of coarser particles. This different
aerosol regime was also discussed in Section 4.1 as a layer of aerosols observed from
1.8 to 4.8 km with higher δaer values. In this event, fine-mode aerosols presented an Re f f
ranging from 0.13 to 0.24 µm, similar to the values presented by Derimian et al. [80], whereas
coarse-mode aerosols were characterised by an Re f f ranging from 2.48 to 4.80 µm. The size
of the coarse-mode aerosols measured in this event is higher than the values measured by
Ansmann et al. [75] and Derimian et al. [80] over Europe corresponding to the volcanic
plume from Eyjafjallajökull in 2010 (between 1.23 and 1.45 µm). However, in our case, the
proximity of the source plays an important role in minimising sedimentation processes.

In the second event on 2 October dominated by mineral dust, the greatest contribution
was from coarse-mode aerosols (Figure 6b,e,h). A bi-modal log-normal size distribution
was found, although there was a clear dominance of coarse mode centred at 1.55 µm,
similar to the values reported by Barreto et al. [81].

In the case of the mixture of volcanic aerosols and mineral dust on 3 October, the
contribution of fine-mode aerosols increased, and therefore, the contribution to the total
AOD was approximately 50% for fine mode and coarse mode (Figure 6c,f,i). In this case,
we observed a predominant coarse mode centred at 1.49 µm and higher variability in fine
mode (0.11–0.16 µm).

Figure 6. (a–c) Volume particle size distribution. The colours indicate the times of the measurements.
(d–f) Time series of total-, fine-, coarse-mode AODs at 500 nm and (g–i) effective radii (Re f f ) of total, fine,
and coarse modes for the three case studies at the IZO: volcanic plume, dust, and volcanic plume + dust.

4.3. Spectral Aerosol Radiative Forcing and Efficiency

The DNI observations (Wm−2nm−1) performed with the EKO for the three case
studies and the corresponding ∆F (Wm−2nm−1) and ∆FE f f (Wm−2nm−1AOD−1) are
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shown in Figure 7 for the UV (300–400 nm), VIS (400–700 nm), and near-IR (700–1100 nm)
spectral ranges at an exemplary SZA of 30◦. This SZA represents the typical measurement
conditions at the IZO. Note that the ∆FE f f was computed from Equation (2) using the
spectral AOD at the EKO’s wavelengths, which was determined by applying Angstrom’s
law [82] considering the AERONET AOD data at the 340, 380, 440, 500, 675, and 870 nm
spectral bands in a 2-min temporal window around each EKO measurement [33,83].

A preliminary analysis of the results depicted in Figure 7 shows a significant spectral
variation in the ∆F and ∆FE f f estimates, with the strongest aerosol impact located in the
VIS range and peak values around 440–460 nm. The ∆F of the volcanic aerosols was
greater than those of the dust and mixed particles (volcanic and dust) for wavelengths
λ ≤ 600 nm, whereas it was found to be smaller beyond this wavelength limit (Figure 7d–f).
As illustrated in the spectral AOD values for the three events (Figure 7g–i), the spectral ∆F
was determined by the joint effect of the higher aerosol load present for volcanic aerosols
and its steeper spectral dependence. The latter was associated with the presence of smaller
particles, i.e., the sulfate-dominated plume with larger AE values (see Section 4.2).

Figure 7. Spectral direct normal irradiance (DNI, Wm−2nm−1) (a–c), aerosol direct radiative forcing
(∆F, Wm−2nm−1) (d–f), and aerosol direct radiative forcing efficiency (∆FE f f , Wm−2nm−1AOD−1)
(j–l), considering the AOD at each measured wavelength of the EKO (g–i), for the UV (300–400 nm),
VIS (400–700 nm), and near-IR (700–1100 nm) spectral ranges at an SZA of 30◦ and for the three case
studies at the IZO: volcanic plume (black), dust (green), and volcanic plume + dust (red). The circles
in (g–i) represent the AOD performed by CIMEL-AERONET.
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Nevertheless, when considering the aerosol radiative effect and ruling out the AOD
influence and λ ≤ 600 nm, the maximum ∆FE f f was found for the mineral dust particles
(Figure 7j,k). This pattern was consistently observed throughout the day, as illustrated
in Figure 8, which displays the ∆FE f f values at 440 nm as a function of the AE and SZA
for the three case studies. The ∆FE f f ranged between −2.0 and −2.5 Wm−2nm−1AOD−1

for the mineral dust, between −1.8 and −2.4 Wm−2nm−1AOD−1 for the mixed volcanic
aerosols and dust particles, and between−1.7 and−2.4 Wm−2nm−1AOD−1 for the volcanic
aerosols (Figure 8). The mineral dust particles showed a greater capability to extinguish
the incoming solar radiation than the volcanic aerosols as a consequence of their more
marked absorption properties (especially at shorter UV-VIS wavelengths). As shown in
Barreto et al. [81] and the references therein, the climatological single-scattering albedo
(SSA) values of mineral dust at the IZO are expected to be ∼0.94 at 440 nm, which is
significantly lower than those expected for sulfate-dominated volcanic plumes, as in our
case. The sulfate aerosols were mostly characterised by averaged SSA values close to
1.0 (at UV-VIS wavelengths), indicating very weakly absorbing particles (more reflective
aerosols) [15,84]. As documented by Logothetis et al. [85] and in agreement with our
findings, coarse absorbing aerosols such as mineral dust tend to be more efficient at
extinguishing solar radiation at the surface than fine non-absorbing particles (sulfates).

It is worth highlighting that for the mixed aerosols event, the contribution of small and
non-absorbing sulfates to the mineral dust particles led to a decrease in the ∆FE f f values
for λ ≤ 500 nm. At higher wavelengths, the ∆FE f f did not exhibit significant spectral
differences between the three types of aerosols, and the gas absorption bands present
(oxygen at 670–685 and 754–780 nm, and water vapour at 820–840 and 900–1000 nm) mostly
accounted for the observed variability (Figure 7k,l).

Figure 8. ∆FE f f (Wm−2nm−1AOD−1) at 440 nm versus AE as a function of the SZA (◦) for the three
case studies at the IZO: volcanic plume, dust, and volcanic plume + dust. The dots represent the
∆FE f f and AE mean values for SZA intervals of 30–40◦, 40–50◦, 50–60◦, and 60–70◦ . Error bars
indicate standard deviations.

The characterisation of the diurnal variability of the spectral ∆F and ∆FE f f is relevant
for assessing the local radiative balance [86] and, therefore, the spectral responses of



Remote Sens. 2023, 15, 173 13 of 23

different physical and biological systems at the surface [26,87]. Considering the radiative
effect at 440, 500, 675, and 870 nm as a function of the SZA (Figure 9), we observed that
the ∆F and ∆FE f f increased as the SZA increased for all cases. This angular dependence is
well-known from theoretical radiative transfer computations (e.g., [80,86,88]) and depends
on the diurnal evolution of solar fluxes at the surface and the aerosol optical properties. As
a result, the SZA pattern also showed a spectral dependence, with the greatest difference
observed between the three types of aerosols at shorter wavelengths. The ∆FE f f variation
with respect to the SZA was∼16% higher for the volcanic aerosols than for the dust particles
at 440 nm, whereas it was limited to ∼5% at 870 nm.

Figure 9. Spectral direct normal irradiance (DNI, Wm−2nm−1) (a,d,g,j), aerosol direct radia-
tive forcing (∆F, Wm−2nm−1) (b,e,h,k), and aerosol direct radiative forcing efficiency (∆FE f f ,
Wm−2nm−1AOD−1) (c,f,i,l) at 440, 500, 675, and 870 nm, respectively, as a function of the
SZA (◦) for the three case studies at the IZO: volcanic plume (black), dust (green), and volcanic
plume + dust (red).

As stated in the introduction, works addressing the spectral radiative effects of atmo-
spheric aerosols are scarce in the literature. Nonetheless, our findings can be compared
with those reported, for example, by Meywerk and Ramanathan [52] for polluted aerosols
over the tropical Indian Ocean during INDOEX. They estimated a spectral ∆FE f f with
a maximum of −1.2 Wm−2nm−1AOD−1 (considering AOD at 500 nm) at ∼460 nm and
with asymptotically decreasing values for longer and shorter wavelengths. In addition,
similar results were found by Bergstrom et al. [89] during the campaign SAFARI 2000
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(Southern African Regional Science Initiative). In this context, and in order to estimate the
impact of the different aerosols on the solar fluxes and provide a better comparison with
previous works, the integrated shortwave global and direct ∆F and ∆FE f f from the solar
radiation measurements taken in the framework of the BSRN at the IZO were computed
and are included in Appendix B, where the ∆F and ∆FE f f estimates from the integrated
EKO DNI observations can also be seen.

4.4. Heating Rate

In this section, we discuss the effect of the aerosol vertical profile on the radiative
forcing, the so-called heating rate (HR), for the three case studies. To do so, we used
Equation (3) and the aerosol extinction profiles at 532 nm extracted from the MPL at the
SCO, together with the meteorological radiosondes from the Güimar station, and followed
the methodology applied in Cochrane et al. [69] and Barreto et al. [46].

The aerosol HR spectra at 2.4 km a.s.l. (altitude of the IZO) for the three case studies are
shown in Figure 10a. Similar to those documented for the ∆FE f f (Figure 7), the maximum
HR was found at λ < 600 nm. The highest values were found for the dust event, whereas
the lowest values were observed for the volcanic aerosols. In the case of the dust, the HR
peaked at 330 nm (0.0067 K day−1 nm−1), whereas for the volcanic and mixed aerosols
(volcanic and dust), the maxima were reached at 403 nm (0.0047 and 0.0034 K day−1 nm−1,
respectively). This corroborates that the dust particles produced a further cooling effect at
the surface compared to the volcanic aerosols by increasing the atmospheric heating rate in
the lower troposphere. Beyond 600 nm, the HR was similar for the three cases throughout
the spectral range. Our results are comparable with those found by Cochrane et al. [69].

The comparison of the simulated HR for the three case studies, integrated between
300 and 1100 nm, is shown in Figure 10c. As expected, the HR vertical profiles reproduced
the aerosol vertical distribution. The maximum HR obtained was associated with the dust
aerosols with a value of 12.2 Kday−1 within the maritime boundary layer. For the mixture
of volcanic and dust aerosols, the maximum HR was 6.3 Kday−1 obtained at ∼2 km a.s.l,
whereas for the volcanic aerosols, the strongest HR, 6.8 Kday−1, occurred in the middle
troposphere at ∼4 km a.s.l., coinciding with the peak of aerosol extinction (Figure 10b). As
reported by Felpeto et al. [5], the characteristic injection height of the La Palma volcano
was ∼3.5 km a.s.l., although sporadic volcanic columns reached 8.5 km a.s.l.

Figure 10. (a) Aerosol heating-rate spectrum (Kday−1 nm−1) at 2.4 km a.s.l. (IZO altitude). Vertical
profile of (b) aerosol extinction coefficient (km−1) extracted from the MPL at 523 nm at the SCO and
(c) heating rate (Kday−1), integrated between 300 and 1100 nm, for the volcanic plume (black), dust
(green), and volcanic plume + dust (red). The dashed line indicates the IZO altitude.

5. Conclusions

Observations and modelling of spectral solar radiation are important for two main
reasons: (1) they intrinsically contain the imprints of many relevant climate parameters [24],
and (2) virtually all physical and biological systems are spectrally sensitive to solar or
terrestrial radiation (e.g., [26,87]), whereby they are affected or respond very differently
depending on the wavelength of the radiation received.
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By injecting aerosols and gases into the atmosphere, volcanoes significantly affect
global climate, force changes in atmospheric dynamics, and influence many distinct cycles
such as hydrological, carbon, and biogeochemical cycles. However, the irregular temporal
and spatial distributions of volcanic processes and their effects are still poorly characterised.
The volcanic eruption on La Palma (Canary Islands, Spain), which occurred in the autumn
of 2021, presented an outstanding opportunity to improve the current understanding of
these natural phenomena. The special conditions at the IZO and its proximity to La Palma
(∼140 km) make it a strategic site for the comprehensive study of the almost unperturbed
volcanic plume including the climate effects.

In this context, the present work deals with the experimental estimation of the spectral
∆F and ∆FE f f during the volcanic eruption based on spectral direct radiation measure-
ments performed with an EKO MS-711 grating spectroradiometer during three events
characterised by the presence of different types of aerosols: fresh volcanic aerosols, Saharan
mineral dust, and a mixture of volcanic and Saharan dust aerosols.

The optical properties of the volcanic aerosols show a marked spectral dependence
of the AOD, leading to AE values five times higher than those of the dust aerosols. Inter-
mediate AE values were found in the mixture of volcanic and dust aerosols. With regard
to the micro-physical properties of the volcanic aerosols, the volume size distribution was
a bi-modal distribution with a dominant contribution of fine-mode aerosols (Re f f ranging
from 0.13 to 0.24 µm), whereas the dust and mixed aerosols (volcanic and dust) presented
bi-modal log-normal distributions with clear a dominance of coarse-mode aerosols centred
at 1.55 µm and 1.49 µm, respectively.

When focusing on the ∆FE f f (Figure 8), the volcanic aerosols were the least effi-
cient aerosol of the three cases for an SZA between 30◦ and 40◦. The ∆FE f f peaked at
around 440–460 nm. The spectral ∆FE f f values at 440 nm ranged between −1.9 and
−2.6 Wm−2nm−1AOD−1 for the mineral dust and mixed volcanic and dust particles and
between −1.6 and −3.3 Wm−2nm−1AOD−1 for the volcanic aerosols, considering solar
zenith angles between 30◦ and 70◦, respectively.

On the other hand, for λ > 600 nm, no significant spectral differences were found
between the three types of aerosols, and the strong gas absorption bands present in this
spectral range accounted for the spectral signatures observed in the ∆F and ∆FE f f .

The aerosol heating-rate (HR) estimates integrated between 300 and 1100 nm corroborated
that the dust particles produced a further cooling effect at the surface compared to the volcanic
aerosols by increasing the atmospheric heating in the lower troposphere. The maximum HR
obtained for the mineral dust was 12.2 Kday−1, whereas for the volcanic aerosols and mixed
aerosols (volcanic and dust) within the maritime boundary layer, the HR values were half that
at 6.8 Kday−1 (at 4 km a.s.l.) and 6.3 Kday−1 (at 2 km a.s.l.), respectively.
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Appendix A

The evolution of the volcanic plume in the first case study (Section 4.1) was described
in terms of backward trajectories, the MERRA-2 AOD, TROPOMI SO2 total columns, and
aerosol depolarisation ratio (δaer) from the MPL at the SCO (Figure 2). However, due to the
poor data availability of the δaer product for this specific day, the evolution of the δvol has
been included to track and identify the different layers observed in the case study.

Figure A1. (a) Volume depolarization ratio (δvol) and (b) aerosol depolarization ratio (δaer) determined
from the MPL at 532 nm at the SCO for 24 September.

Appendix B

Since 2009, the IZO has been a part of the BSRN (IZA station n◦ #61), contributing with
global shortwave, direct, and diffuse radiation measurements. Shortwave global radiation
is performed with a high-precision EKO MS-802F pyranometer with a 285–3000 nm band-
width. Direct radiation is performed with an EKO MS-56 pyrheliometer with a full operat-
ing view angle of 5◦ and a slope angle of 1◦. This pyrheliometer covers wavelengths from
200 to 4000 nm (more details can be found in García et al. [29] and at http://bsrn.aemet.es,
accessed on 3 November 2022).

The integrated shortwave global and direct radiative forcing (∆DF) at the surface for
a time period between t1 and t2 was determined by the following equation:

http://bsrn.aemet.es
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∆DF =
1

t2 − t1

t2∫
t1

∆F(t) · dt (A1)

The ∆Fe f f was calculated using Equation (2), but considering the above definition of
∆DF and the mean AOD for the period between t1 and t2. The averaged aerosol ∆DF and
∆DFe f f for the EKO and BSRN direct and shortwave global radiation measurements for
the three case studies are shown in Table A1. Note that for a better comparison with the
literature, Table A1 also includes the daily estimates of the ∆DF and ∆DFe f f considering
that t2 − t1 is 24 h in Equation (A1).

Although the integrated direct irradiances showed an important gap between the
UV-NIR and the entire solar spectral ranges of about 200 Wm−2, the averaged ∆DF and
∆DFe f f showed comparable values, especially for the volcanic event (∆DF of −134.1 and
−135.9 Wm−2 for the EKO and BSRN data, respectively, resulting in a ratio of only ∼1%
between the two estimates). This points to the fact that the radiative effect of the volcanic
aerosols was mainly concentrated below ∼1000 nm. However, for the dust and mixed
aerosols (volcanic and dust), a remarkable difference between the UV-NIR and broadband
∆F and ∆Fe f f was found. The broadband BSRN ∆F and ∆FE f f values corroborated that
mineral dust particles produced a further cooling effect at the surface compared to the
volcanic aerosols injected at similar altitudes into the lower-middle troposphere.

Table A1. Summary of averaged aerosol radiative forcing (∆DF, Wm−2) and aerosol radiative forcing
efficiency (∆DFe f f , Wm−2AOD−1 with AOD at 500 nm) for the EKO direct radiation (300–1100 nm),
BSRN direct radiation (200–4000 nm), and BSRN shortwave global radiation (300–2600 nm) at the
IZO for the volcanic plume, dust, and volcanic plume + dust between textitt1 and textitt2 (volcanic
plume: t1 = 07:43 and t2 = 14:38 UTC; dust: t1 = 07:42 and t2 = 14:32 UTC; and volcanic plume + dust:
t1 = 07:44 and t1 = 14:53 UTC). In brackets, we indicate the daily values of the ∆DF and ∆DFe f f

considering that t1 − t2 is 24 h in Equation (A1). The median values of the AOD at 500 nm and the
AE are also included (the error is the ±SEM).

Volcanic Plume Dust Volcanic Plume + Dust

EKO Direct ∆DF −134.1 (−27.9) −124.4 (−36.3) −135.2 (−28.2)
∆DFe f f −807.7 (−168.3) −947.8 (−276.4) −884.4 (−184.2)

BSRN Direct ∆DF −135.9 (−28.3) −145.0 (−42.3) −167.5 (−48.8)
∆DFe f f −761.3 (−158.6) −1231.5 (−359.2) −1095.8 (−319.6)

BSRN Global ∆DF −20.0 (−4.2) −30.4 (−8.9) −34.5 (−10.5)
∆DF e f f −111.9 (−23.3) −258.1 (−75.3) −225.6 (−65.8)

AOD500nm 0.18 ± 0.01 0.12 ± 0.01 0.15 ± 0.01

AE 1.69 ± 0.05 0.33 ± 0.01 0.81 ± 0.02

The results for the volcanic particles reported in the current study are consistent with
previous works focusing on shortwave global radiation. For example, Derimian et al. [80]
documented daily values of ∆Fe f f at the surface of −93 ± 12 Wm−2AOD−1 for an ash
plume from the Eyjafjallajökull volcanic eruption over Lille (northern France). For Mount
Etna (Italy), Sellitto and Briole [15] simulated the ∆Fe f f for the volcanic plumes with
different optical characterization (mostly dominated by ash, sulfate aerosols, or mixed
conditions), estimating daily values of ∆Fe f f at the surface between−12 (sulfate-dominated
plumes) and −118 (ashy plumes) Wm−2AOD−1. In addition, for the Mount Etna eruption
of 25–27 October 2013, Sellitto et al. [17] estimated the daily values of ∆Fe f f at the surface
between −66 and −49 Wm−2AOD−1 depending on the absorbing properties assumed.
Instantaneous ∆Fe f f values can be much larger such as those also observed for the Mount
Etna volcano (−146 Wm−2AOD−1) associated with a sulfate-dominated plume [18]. The
greatest similarity between the daily values found in the volcanic plumes of La Palma
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and Mount Etna and those observed for the Eyjafjallajökull plume points to the major role
of sulfates in our volcanic case study, in agreement with the analysis of its optical and
micro-physical properties (see Section 4.2). A summary of ∆F and ∆Fe f f values obtained
by previous studies during volcanic events is given in Table A2.

Table A2. Summary of diurnally averaged radiative forcing efficiency at the surface obtained by
previous studies during volcanic events.

Reference Vocan Period ∆F ∆Fe f f

(Wm−2AOD−1)

Derimian et al. [80] Eyjafjallajökull 17 April – −93 ± 12(Iceland) 2010

Flanner et al. [90] Eyjafjallajökull 2010 −1.9 (−7.3 to +2.8) –
(Iceland) (mWm−2)

Sellitto et al. [17] Mount Etna 25–27 October – −66 to −49(Sicily, Italy) 2013

Romano et al. [18] Mount Etna 3 December – −10 to −145(Sicily, Italy) 2015

This study La Palma 24 September −4.2 −23.3
(Spain) 2021 (Wm−2)

Regarding Saharan dust aerosols, Li et al. [91] found a diurnal ∆DFe f f of
−65 ± 3 Wm−2AOD−1 for mineral dust events in the tropical Atlantic region for global
radiation, Di Sarra et al. [92] estimated the daily average ∆DFe f f of −79 Wm−2AOD−1 for
global radiation on the island of Lampedusa due to desert dust events, and García et al. [54]
estimated daily ∆DFe f f values of −59 ± 6 and −495 ± 11 Wm−2AOD−1 for global and
direct radiation, respectively, between 2009 and 2012 at the IZO. Instantaneous dust
∆Fe f f values are relatively similar to those reported for volcanic aerosols. For example,
Di Biagio et al. [93] found an ∆Fe f f of −136 ± 12 Wm−2AOD−1 for an SZA between 35◦

and 45◦ associated with dust events on the island of Lampedusa. For an SZA between
55◦ and 65◦, García et al. [94] reported ∆Fe f f averages of −160 Wm−2AOD−1, and more
recently, Logothetis et al. [85] estimated −131 ± 18 Wm−2AOD−1 during dust outbreaks
affecting the subtropical northern Atlantic region.

It should be highlighted that when analysing and comparing ∆Fe f f values among
different types of aerosols, the AOD range should be taken into account. The aerosol ∆F is
a nonlinear function of the AOD. This nonlinear relationship is caused by the fact that in the
first approximation, ∆F is proportional to the aerosol transmittance, which is a nonlinear
function of the AOD [86]. Therefore, in a region where the AOD is small, the aerosol ∆Fe f f

is larger, even when the aerosol optical properties are the same, whereas the increase in the
AOD leads to a reduction or moderation of the aerosol ∆Fe f f . The latter is mostly due to the
increase in the multiple scattering effects and attenuation of transmitted radiation for large
AODs [94] and references therein. Consequently, ∆Fe f f values will be slightly different in
the case of a different range of AOD variability, even when aerosol properties are the same.
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