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Abstract. This work investigates the scattering matrix elements during different Saharan dust outbreaks 

over Granada (South-East Spain) in 2022 using the Polarized Imaging Nephelometer (PI-Neph PIN100, 

GRASP-Earth). The PI-Neph is a unique instrument capable of measuring continuously the phase function 

and polarized phase function (F11 and -F12/F11) at three different wavelengths (405, 515 and 660 nm) with 

1° resolution. Extreme dust events (PM10 concentration above 1000 µgm-3) occurring in March 2022 are 20 
compared with more frequent and moderate events registered in summer 2022 (PM10 concentration between 

50 and 100 µgm-3). For F11 there are no remarkable differences between extreme and moderate events. 

However, results of -F12/F11 show large differences between extreme and moderate events, especially for 

the 405 nm wavelength. These differences are also observed when studying the temporal evolutions during 

the extreme events and reveal that -F12/F11 patterns similar to laboratory measurements occurred during the 25 
more intense periods of dust influence. Other aerosol optical properties were derived from the PI-Neph, 

such as the asymmetry parameter (g), the fraction of backscattered light (Bs) and the lidar ratio (LR). In 

general, g and Bs show typical values (g > 0.65 and Bs ~ 0.1) for both extreme and moderate Saharan dust 

events. However, the LR shows more variable values for the different dust events, ranging from 20 to 60 

sr-1. The combination with additional in-situ instrumentation allowed to obtain scattering (SAE) and 30 
absorption (AAE) Ångström exponents and to conduct a typing classification that revealed extreme dust 

events as pure dust while moderate dust events were classified as a mixture of dust with urban background 

pollution. In addition, model simulations with the Generalized Retrieval of Atmosphere and Surface 

Properties (GRASP) code reproduce well the PI-Neph measurements. Therefore, our results confirm that 

differences in the phase matrix elements of Saharan dust outbreaks of varying intensity can be explained 35 
by the mixing conditions of dust with the background particles, which varies from almost pure dust particles 

during extreme events, to a mixture of dust with local pollution during moderate events. 

1 Introduction 

The imprecise determination of atmospheric aerosol microphysical properties is currently the main source 

of uncertainty in climate projections, as stated by the latest Intergovernmental Panel on Climate Change 40 
(IPCC – Forster et al., (2021)). Particularly, aerosol particles can scatter and absorb solar radiation, known 

as the direct effect (Haywood et al., 2000). Moreover, aerosol particles can interact with clouds in different 

ways: aerosol absorption can modify the energy balance in the atmosphere affecting cloud development 

and properties (the semi-direct effect – Fan et al., (2016)). They can also serve as cloud condensation nuclei 

(CCN) and ice nucleating particles (INP) upon which cloud droplets and ice crystals form (the aerosol 45 
indirect effect on clouds – Rosenfeld et al., (2014)). 
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Advancing in aerosol knowledge faces complex challenges due to the large variability of aerosol types and 

in their sources and transformation processes in the atmosphere during transport. More specifically, mineral 

dust is the most important source of primary particles in the atmosphere with an estimated emission rate of 

1000-3000 Tg/year representing about half of the annual particle mass emission at the global scale (Kok et 50 
al., 2021). Mineral dust sources extend over a wide area on the planet highlighting the global dust belt that 

extends from the arid regions of the west coast of northern Africa through the Middle East and Central 

Asia. Such a belt includes the Sahara Desert, which is the largest in the world being responsible for almost 

50% of the global dust emissions (Kok et al., 2017). In this sense, recent studies (Kok et al., 2018) estimate 

the direct dust-climate feedback parameter associated with the direct radiative effect in the range -0.04 to 55 
+ 0.02 W/m2°C (net, short + long wavelength), but being highly dependent on the model used. The problem 

with understanding the role of dust in climate becomes even more complex due to the changes in arid lands 

since the pre-industrial era, which is producing an increase of global dust mass loading (Kok et al., 2017). 

Most of these uncertainties are due to the challenges in better understanding mineral dust composition and 

variability with size and sources (Gonçalves Ageitos et al., 2023). 60 

Mineral dust particles are typically considered as large particles in the coarse (1-10 µm) and super-coarse 

(> 10 µm) modes, although recent studies have also shown the presence of a fine mode (ranges below 1 µm 

diameter) in mineral dust (Huang et al., 2019). The current discrepancies about the roles of fine, coarse and 

super-coarse modes in the dust sample (González-Flórez et al., 2023) imply difficulties in dust modelling 

that add uncertainties to the climate modelling (Adebiyi & Kok, 2020). One critical point is the modelling 65 
of coarse mode because of the non-sphericity of these types of particles (i.e. Mishchenko et al., 2002), and 

also inferring the complex refractive (Formenti et al., 2003) that ultimately depends on particle size and 

chemical composition (González-Romero et al., 2023). For example, iron oxides are the key to 

understanding the mineral dust absorption properties in the UV (e.g. hematite, goethite) whilst Ca-rich 

carbonates become important in the infrared region (Formenti et al., 2014). These variabilities in size-70 
related and absorption parameters difficult modelling accurately response of mineral dust to direct radiative 

effect (Adebiyi et al., 2023). Moreover, the problem becomes even more complex because the response of 

dust particles interactions with other precursor gases and aerosol particles present in the atmosphere 

ultimately depend on dust particle composition (Ooki & Uematsu, 2005).  

Developments in remote sensing during the last three decades have permitted global observation of dust 75 
particles worldwide. Of particular interest have been satellite observations that have allowed reaching 

remote areas. However, all these remote sensing observations rely on previous knowledge of aerosol phase 

matrix elements, which was possible thanks to laboratory measurements with polar nephelometry. Most of 

these laboratory studies have been made using commercial samples or specific minerals that compose dust 

particles (Curtis et al., 2008; Huang et al., 2020; Meland et al., 2010, 2011; Muñoz et al., 2010; Volten et 80 
al., 2001), or with collected dust samples (Gómez Martín et al., 2021; J. Liu et al., 2020; Muñoz et al., 

2007).  Actually, the parametrizations of mineral dust phase matrix, both phase function (F11) and degree 

of linear polarization (-F12/F11), used for AERONET algorithm (Dubovik et al., 2006) were calculated by 

fitting the laboratory measurements of different non-spherical particles samples (Volten et al., 2001). 

AERONET parametrizations have been applied successfully worldwide and even applied to satellite 85 
retrievals of polarimetric measurements (i.e. Dubovik et al., 2011, 2019) but such parametrizations were 

computed from measurements at a few wavelengths, and what is more important, they might be non-

representative of all ambient dust types and mixtures occurring in the atmosphere. There is therefore a 

current challenge in having an extended database of measurements of dust phase matrix elements for 

different dust types and mixtures, particularly at different stages of dust evolution after their emission from 90 
the remote desert areas. These measurements would permit an advance in the understanding of mineral dust 

absorption properties and chemical composition (Di Biagio et al., 2017, 2019). 

Thus, new measurements of aerosol phase matrix are required for ambient aerosol samples, especially in 

regions far from the sources and typically affected by mineral dust transport. The main challenge is in 

optimizing polar nephelometry for continuous measurements of ambient aerosol samples. The first designs 95 
were based on using a rotating photodetector controlled by a step motor (Horvath et al., 2018) but faces 

with the requirement of large time to cover all angles, which is especially critical when multiwavelength 

polarized measurements are required. Other designs use the imaging technique to avoid these limitations 

but currently are limited to laboratory measurements (Moallemi et al., 2023). Synthetic tests have revealed 

that multi-wavelength polarimetric polar nephelometry measurements improve the information content for 100 
the retrieval of aerosol optical and microphysical properties (Moallemi et al., 2022). In this sense, the 
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University of Maryland Baltimore County (UMBC) developed a first prototype of multi-wavelength 

Polarized Imaging Nephelometer (PI-Neph) capable of providing phase matrix measurements of ambient 

aerosol samples and took measurements during special field campaigns (Espinosa et al., 2018, 2019). 

Recently, a commercially available PI-Neph was developed by GRASP-Earth (https://www.grasp-105 
earth.com/) using the heritage of the developments made by UMBC. This PI-Neph was extensively tested 

and optimized by Bazo et al., (2024) and can provide continuous measurements of ambient aerosol phase 

matrix. 

This work presents phase matrix measurements by the GRASP-Earth’s multi-wavelength PI-Neph 

operating in the urban background station (UGR) of the Andalusian Global ObseRvatory of the Atmosphere 110 
(AGORA). The station is located in the Southeast of the Iberian Peninsula where the main source of natural 

particles is the Sahara Desert’s transported particles (Querol et al., 2019). We provide direct measurements 

of the phase matrix elements of ambient samples, which complemented by other instrumentation available 

at AGORA will provide unique information about mineral dust and its mixture with other particles. To that 

end, we present the results for extreme outbreaks occurred in March 2022 (Rodríguez and López-Darias, 115 
2024) with PM10 (particulate matter with diameter < 10 µm) concentrations over 1000 µgm-3, and for more 

typical situations of moderate dust events with PM10 concentrations around 100 µgm-3. In Section 2 we 

describe the experimental station and the instrumentation, Section 3 analyzes the results of the optical 

properties during different dust events, and Section 4 is devoted to the main conclusions and keys for future 

work. 120 

2 Experimental station and Instrumentation 

2.1 Experimental station 

Experimental measurements were carried out at the UGR station of the AGORA Observatory in the 

city of Granada (37.18°N, 3.58°W, 680 m asl) in Southern Spain. The main local source of aerosol particles 

in the UGR station is road traffic (Titos et al., 2014, 2017), with sporadic presence of biomass burning 125 
aerosol (Casquero-Vera et al., 2021; Titos et al., 2017). Air-mass stagnation also favors the accumulation 

of pollution (Lyamani et al., 2012; Patrón et al., 2017). The city is located 200 km away from the African 

continent, so long-range transport of Saharan dust to the UGR station is quite common (Lyamani et al., 

2010; Valenzuela et al., 2012a, 2012b). These dust intrusions have mean aerosol optical depths (AOD) of 

0.25 ± 0.12 (Pérez-Ramírez et al., 2016) and PM10 concentrations ranging between 25 and 200 µgm-3 130 
(Párraga et al., 2021), although extreme Saharan dust events with AOD above 1.0 also affect the station 

(Bazo et al., 2023; Guerrero-Rascado et al., 2009). Most of these intrusions typically occur in summer but 

in the last years they are becoming more frequent during the winter season (Cazorla et al., 2017; Cuevas-

Agulló et al., 2024; Fernández et al., 2019; Titos et al., 2017). 

2.2 Instrumentation 135 
2.2.1 Polarized Imaging Nephelometer (PI-Neph) 

The PI-Neph (GRASP-Earth PIN-100) is used to obtain direct measurements of two aerosol phase matrix 

elements, the phase function (F11) and the polarized phase function (-F12/F11), at three different wavelengths 

(405, 515 and 660 nm). Details of the instrument are in Bazo et al., (2024) and here we give a brief overview. 

The instrument uses previous heritage in PI-Neph developments in the University of Maryland Baltimore 140 
County (Dolgos and Martins, 2014) being the novelty in the use of one beam instead of a mirror system to 

fold the laser beam. This feature minimizes internal reflection and loss of energy within the laser beam and 

guarantees that all points along the laser beam will have the same scattering plane orientation, assuring the 

optimal input polarization state at all scattering angles simultaneously. The optical system counts with a 

wire grid polarizer and two liquid crystal retarders (LCVRs) that control the state of linear polarization. 145 
The light scattered by the aerosol particles is recorded with a 185° field of view CMOS camera, giving the 

scattered light by the particles in the sample chamber in the range 5°-175°, with 1° angular resolution. Gas 

calibration using well-known scatters such as particle free air and CO2 is performed periodically, since 

these phase matrix elements can be computed analytically using the Rayleigh theory (Anderson et al., 

1996). The flow rate of the instrument is set at 10 Lmin-1, and data is usually reported at 30 min or 1 hour 150 
time resolution. 
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The direct measurements of F11 and -F12/F11 allow to obtain other aerosol optical parameters such as the 

scattering coefficient (σ), the asymmetry parameter (g) and the fraction of backscattered light (Bs) using 

the following equations (Horvath et al., 2018): 

𝜎𝑠𝑐𝑎(𝜆) = ∫ 2𝜋
𝐹11(𝜃, 𝜆)𝑠𝑖𝑛 𝜃 

4𝜋
𝑑𝜃 ,      

180

0

                                                          (1) 155 

𝑃11(𝜃, 𝜆) =
𝐹11(𝜃, 𝜆)

𝜎𝑠𝑐𝑎(𝜆)
 ,                                                                (2) 

𝑔(𝜆)  =  ∫ 𝑃11(𝜃, 𝜆) · sin 𝜃 · cos 𝜃 · 𝑑𝜃 ,
𝜋

0

                                                               (3) 

𝐵𝑠(𝜆) =
1

2
∫ 𝑃11(𝜃, 𝜆) · sin 𝜃 · 𝑑𝜃 ,

𝜋

𝜋
2

                                                               (4) 

where data from 0 to 5° and from 175 to 180° have been linearly extrapolated to obtain the complete phase 

function (Horvath et al., 2018). 160 

2.2.2 Additional in-situ instrumentation at AGORA 

AGORA operates other in-situ instruments within the ACTRIS network (https://www.actris.eu/). The 

integrating nephelometer (TSI model 3563) was used to measure the aerosol particle light scattering 

coefficient (𝜎𝑠𝑐𝑎) at 450, 550 and 700 nm with a flow rate of 15 Lmin-1 and a time resolution of 1 minute. 

As with the PI-Neph, the integrating nephelometer is calibrated with particle free air and CO2 and Rayleigh 165 
subtraction is applied to measure particle scattering only. Due to experimental limitations the scattered light 

at the complete forward (0°) and backward (180°) regions cannot be detected, so the angular range for 

integration is 7-170°. However, results used in this work have been corrected to the entire angular range 

with the correction proposed by Anderson & Ogren, (1998). On the other hand, we also used the 

multiwavelength aethalometer (AE33, Magee Scientific) that measures aerosol light absorption coefficient 170 
(𝜎𝑎𝑏𝑠) at seven different wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) with a flow rate of 4 Lmin-

1 and a time resolution of 1 minute. Equivalent black carbon (eBC) concentration is inferred by measuring 

the absorption coefficient at 880 nm using a mass absorption cross section of 7.77 m2g-1 (Titos et al., 2017). 

Measurements of the absorption coefficient by the aethalometer are corrected with the one measured by the 

Multi Angle Absorption Photometer (MAAP, model 5012, Thermo Fisher) at 637 nm. More details of the 175 
instruments are in Drinovec et al., (2015) and Petzold and Schönlinner, (2004), respectively. 

The scattering and absorption coefficients measured by the integrating nephelometer/PI-Neph and the 

aethalometer, respectively, have been used to calculate the scattering Ångström Exponent (SAE) and the 

absorption Ångström Exponent (AAE): 

𝑆𝐴𝐸𝜆1−𝜆2
= −

log (
𝜎𝑠𝑐𝑎(𝜆1)
𝜎𝑠𝑐𝑎(𝜆2)

)

log (
𝜆1

𝜆2
)

 ,                                                               (5) 180 

𝐴𝐴𝐸𝜆1−𝜆2
= −

log (
𝜎𝑎𝑏𝑠(𝜆1)
𝜎𝑎𝑏𝑠(𝜆2)

)

log (
𝜆1

𝜆2
)

 .                                                               (6) 

Measurements of 𝜎𝑎𝑏𝑠  allow a direct computation of aerosol extinction coefficient (𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠+𝜎𝑠𝑐𝑎) and 

thus obtaining more aerosol optical properties such as lidar ratio (LR) and single scattering albedo (SSA): 

𝐿𝑅 =
𝜎𝑒𝑥𝑡

𝐹11(180°)
 ,                                                                         (7) 

𝑆𝑆𝐴 =
𝜎𝑠𝑐𝑎

𝜎𝑒𝑥𝑡

 ,                                                                        (8) 185 
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where the Ångström law has been used to calculate 𝜎𝑎𝑏𝑠  for the PI-Neph wavelengths. Note that 𝜎𝑠𝑐𝑎  can 

be also obtained with the integrating nephelometer. Six months of correlative data between the TSI 

instrument and the PI-Neph allowed for an evaluation of the instruments, which showed excellent 

agreement (Bazo et al., 2024).  

3 Results and Discussion 190 
3.1 Overview of extreme dust events during March 2022 

During March 2022 the Iberian Peninsula, and particularly its southeast region, was affected by two intense 

Saharan dust outbreaks, especially during the 15th - 16th and the 24th - 25th of March. Figure 1 shows the 

geopotential height maps at 850 mb for 15th March 18:00 UTC and 25th March 12:00 UTC, which are close 

to the peaks of the event in each case. Data shown are from the NCEP/NCAR model ((Kalnay et al., 1996; 195 
Kanamitsu et al., 2002)  –  https://tropic.ssec.wisc.edu/archive). On 15th March, Fig. 1a indicates the low 

pression system centered in the southwest of the Iberian Peninsula and northern Morocco associated with 

low values of geopotential heights. A high-pressure system is present in the central Mediterranean 

associated with high values of geopotential height. This high-pressure system covers wide regions from 

central Europe to the Sahara Desert in Libia and Tunisia. The interaction between these low-pressure and 200 
high-pressure systems favors strong southeastern winds to the south of the Iberian Peninsula. On 25th 

March, Fig. 1 reveals very similar patterns, although the low-pressure system is less intense (more sparse 

lines) and is displaced a little bit towards the east, centered over northern Morocco. 

 

Figure 1: Geopotential height at 850 mb for a) 15th March 2022 at 18:00 UTC and (b) 25th March 2022 at 12:00 205 
UTC. Data are from NCEP/NCAR - https://tropic.ssec.wisc.edu/archive. 

The synoptic situations on the 15th and the 25th of March described in Fig. 1 implied the advection of hot 

and dry air from the Sahara Desert region in Argelia and southern Morocco. The low-pressure system 

favored wind gusts and thus the injection of dust particles in the atmosphere, which are later transported 

long distances by the low-pressure system. This is one of the classical transport patterns of Saharan dust to 210 
the Iberian Peninsula (Escudero et al., 2005; Rodrı́guez et al., 2001; Salvador et al., 2014).  Figures 2 and 

3 show total aerosol optical depth (AOD) at 550 nm generated by the CAMS model (Benedetti et al., 2009; 

Morcrette et al., 2009) over Europe. The wind field at the surface is also represented in these Figs. Figure 

2 clearly shows the counterclockwise winds associated with the low-pressure system and how this hot and 

dry air enters through the southeast reaching the north of the Iberian Peninsula and southern France. That 215 
airmass also transports large amounts of mineral dust particles as can be observed by the high values of 

simulated AODs. It is observed that the largest intensity of dust particles in the southeast of the Iberian 

Peninsula happened on the evening of 15th March. For the 25th of March, the wind pattern is very similar to 

that on 15th March, although it does not reach the same northern locations. Indeed, the low-level system 

configuration seems to facilitate the transport of this hot and dry air to western locations in Portugal and 220 
the Atlantic Ocean. The CAMs model also predicts a larger amount of dust particles as indicated by the 

high AODs.  
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Figure 2: CAMS model simulations of total aerosol optical depth (TAOD) and wind field for different times on 

15th March 2022. 
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Figure 3: CAMS model simulations of total aerosol optical depth (TAOD) and wind field for different times on 225 
25th March 2022.   

Figure 4 shows satellite images provided by NASA worldview (https://wvs.earthdata.nasa.gov) that allow 

to have a visualization of the intensity of the dust outbreaks over the Iberian Peninsula. On both days, there 

was presence of clouds in the Iberian Peninsula because of the advection of humidity from the Atlantic by 

the low-pressure system, more intense on 25th which explains that almost all the Iberian Peninsula was 230 
covered by clouds. The image for 15th March clearly shows high presence of dust in the north of the Iberian 

Peninsula, the Cantabrian Sea and southern France. For the 25th of March the cloud cover hinders dust 

visualization, but it is observed in the Atlantic in the region between the Canary and Madeira islands. We 

highlight that such extreme events are not typical in winter season in the Iberian Peninsula, although it is 

not the first time that similar dust events have been registered in this season (Cazorla et al., 2017; Fernandez 235 
et al., 2019; Titos et al., 2017). 

The events on 15th and 25th March 2022 can be considered as extreme Saharan dust outbreaks because of 

the large area covered, but especially because of the large amount of mineral dust particles transported. A 

more in-depth analysis of satellite images revealed that for the cloud-free pixel registered AODs were 

between 1.9 - 2.5 on 15th March and between 0.3 – 1.5 on 25th March, which are very high for these locations 240 
(Pérez-Ramírez et al., 2012). The extremely high AODs values on 15th March associated with dust particles 

were confirmed by AERONET observations with AODs above 1.0 for the stations in northern Spain (A 

Coruña and Palencia) and southern France (Aubiere, Agen, Archaon and Momuy) where data of Level 2.0 

Version 3 are available – graphs not shown for clarity but can be visualized in AERONET webpage 

(https://aeronet.gsfc.nasa.gov/). Unfortunately, there is no AERONET data Level 2.0 Version 3.0 available 245 
on 25th March due to cloud-coverage in the AERONET stations. For both events, the urban background air-

quality surface station in Granada (Palacio de Congresos (PAL) http://juntadeandalucia.es/medioambiente) 

registered 10-minute PM10 concentrations, being up to 2500 μgm-3 on the 15th of March and up to 800 μgm-

3 on the 25th of March, values that are way above the usual PM10 values registered at Granada during usual 

dust outbreaks (Párraga et al., 2021).  250 
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Figure 4. (a) Satellite image from 15th March 2022. (b) Satellite image from 25th March 2022. (Images from 

https://wvs.earthdata.nasa.gov). 260 

3.2 Aerosol phase matrix from different dust scenarios 

3.2.1 Extreme events 

3.2.1.1 General overview   

For the two extreme events registered on 15th and 25th March 2022, Fig. 5 shows hourly averages of different 

aerosol properties obtained by the in-situ instruments at UGR station. In particular, we show eBC 265 
concentrations measured by the AE33, σsca(λ) measured by the PI-Neph, and SAE, AAE (both calculated 

between 405 and 660 nm), g(λ), Bs(λ), SSA(λ) and LR(λ) derived from measurements of both instruments. 

PM10 concentrations are also shown, which were obtained from the PAL air-quality station (~ 600 m 

distance from UGR station). Panel (a) in Fig. 5 shows the results for the event on 15th - 16th March, where 

the lack of data in the AAE, SSA and LR time series (Fig. 5a.6) is due to the absence of AE33 data during 270 
this event, while Panel (b) shows data for the event on 24th - 25th March. 

For the event on 15th - 16th March, Fig. 5a.1 reveals extremely high PM10, with an average of 794 μgm-3 for 

the period shown, being over the daily limit value of 50 μgm-3 (2008/50/CE European Directive). Maximum 

values of hourly PM10 concentrations are registered at around 16 UTC, with values reaching almost 1800 

μgm-3. The scattering coefficient time series shows the same behavior as the PM10, with maximum values 275 
of σsca at the same time as the peak of the PM10 concentration. The mean value (±std) of SAE is 0.01 ± 0.15, 

which increases to 0.20 when PM10 concentrations reach their maximum. Such values of SAE suggest clear 

predominance of large particles. The time series of g during 15th March (Fig. 5a.4) shows approximately 

constant values, with mean values of 0.672 ± 0.010, 0.701 ± 0.006 and 0.729 ± 0.007 for 405, 515 and 660 

nm, respectively, which are typical values for transported dust particles (Horvath et al., 2018). Also, 280 
Horvath et al. (2018) found an averaged Bs of 0.094 at 532 nm for Saharan dust, which agrees with the 

results shown in Fig. 5a.5 for the 515 nm wavelength (0.098 ± 0.003). Low values of the Bs at the three 

wavelengths are related to small values of F11 at the backward scattering angles, which is common for non-

spherical particles. The lack of aethalometer data did not allow eBC, AAE, SSA and LR analyses for this 

day. 285 
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Figure 5. Time series of the PM10 and EBC concentrations (a.1, b.1), σsca – scattering coefficient (a.2, b.2), SAE 

– scattering Angström exponent and AAE – absorption Angström exponent (a.3, b.3), g – asymmetry parameter 

(a.4, b.4), Bs – fraction of backscattered light (a.5, b.5), SSA – single scattering albedo (a.6, b.6) and LR – lidar 290 
ratio (a.7, b.7) for the extreme dust events of 15th March (a) and 24th March 2022 (b).  

For the dust event on 24th - 25th March, the average PM10 concentration is 283 µgm-3. These PM10 

concentrations (Fig. 5b.1) increase until 10 UTC, when reach the maximum hourly value of 790 µgm-3. 

These values are lower than those registered on 15th March, but again they are very high and above the 

daily limit of the European Directive. Scattering coefficients in coincidence with the PM10 concentration 295 
peak are 468, 476 and 441 Mm-1 for the 660, 515 and 405 nm wavelengths, respectively. After this peak, 

both PM10 and σsca decrease, suggesting the end of the dust event over the station. The SAE main feature is 

its approximately constant value of –0.5 until early in the morning on 25th March when it slightly starts to 

increase. This pattern suggests clear predominance of large particles during this stage of the dust outbreak, 

while the increase in the morning can be associated with additional influence of small particles, likely 300 
originated from road traffic during morning traffic rush hours. On the other hand, the AAE shows a different 

behavior, with high values at the beginning of the time series representative of mineral dust and a later 

decrease to values around 1.7 coincident with the decrease in PM10. These values of AAE are in the range 

of those reported by Valenzuela et al., (2015) for usual dusty conditions, where there is mixture of dust and 

black carbon particles. This agrees with the patterns of eBC and PM10, suggesting a larger contribution of 305 
eBC to the total PM10 concentration at the end of the dust event than at the peak. On the other hand, g mean 

values are 0.659 ± 0.020, 0.698 ± 0.013 and 0.723 ± 0.009 for 405, 515 and 660 nm, respectively. The Bs 

(Fig.5.5) shows a similar behavior than in the previous event (Fig. 5a.5), with values around 0.1 for the 515 

nm wavelength and below 0.15 in the three channels. The channel at 405 nm seems to be the most sensitive 

in g and Bs to changes in dust concentration since the time when a sharp change happens (25th March at 310 
14:00 UTC) coincides with the hour when PM10 decreases and eBC increases indicating more contribution 

of eBC to the total ensemble of particles.  Aethalometer measurements on that day allowed to study further 

optical properties: the SSA (Fig. 5b.6) shows high values for all three wavelengths at the beginning of the 

event, that is, when the dust concentration was higher. However, there is a strong spectral dependency, 

since the SSA at 405 nm clearly shows lower values (~0.85) compared to the other wavelengths, that present 315 
SSA above 0.9. As the PM10 concentration decreases (and eBC concentration increases), the SSA shows 

smaller values, with a stronger decrease in the 405 nm wavelength. Lastly, Fig. 5b.7 shows the time series 

(a.1) 

(a.4) 

(a.2) 

(a.3) 

(b.1) 

(b.2) 

(a.5) 

(b.3) 

(a.6) 

(b.4) 

(b.5) 

(b.6) 

(a.7) (b.7) 

https://doi.org/10.5194/egusphere-2024-2080
Preprint. Discussion started: 14 August 2024
c© Author(s) 2024. CC BY 4.0 License.



10 
 

of the LR during the second dust event, on 25th March. The LRs at 515 nm and 660 nm are rather constant, 

with mean values of 45 ± 5 sr-1 and 35 ± 3 sr-1, respectively. However, the LR at 405 nm shows higher 

values and variability, with 67 ± 15 sr-1. LR at 515 nm is very similar to those measured by lidar systems 320 
at 532 nm for transported Saharan dust layers (Groß et al., 2013). Thus, the hypothesis that after 14:00 the 

presence of pollution particles becomes more relevant implies a decrease in SSA and variability in LRs, 

particularly in 405 nm. 

3.2.1.2 Phase matrix characterization 

Figure 6 shows F11 and -F12/F11 phase matrix elements for the event on 15th - 16th March 2022 at four 325 
different representative stages. Data are 60-minutes averages. Detailed hourly evolutions can be found in 

the Supplementary Material (Figs. S1-S2). Mean hourly averages for the time periods shown in Fig. 6 are 

given in Table 1, particularly PM10, eBC, σsca, SAE, AAE and g – note that SSA and LR were not available 

due to the lack of Aethalometer data for that day. Figure 6a represents the phase matrix elements on 15th 

March 07:00 UTC before the Saharan dust outbreak reached the station and represents background 330 
conditions. Figure 6b (15th March 12:00 UTC) illustrates the strong influence of mineral dust, whereas Fig. 

6c (15th March 17:00 UTC) corresponds to the peak of the intrusion with the largest PM10 concentrations. 

Finally, Fig. 6d (16th March 13:00 UTC) shows the matrix elements after the maximum concentrations 

when dust begins to decrease.  

Figure 6 shows a general pattern in F11 characterized by strong predominance of forward scattering up to 335 
two orders of magnitude greater than backward scattering. However, there are significant changes in both 

magnitude and spectral dependence over time, that is, with the intensity of the dust outbreak passage. At 

the beginning of the dust event (Fig. 6a), the values of F11 in the forward scattering region are around 1000 

Mm-1sr-1 for all three wavelengths. The F11 matrix element shows a slight increase in the backward region 

and there is notable spectral separation. Table 1 data suggest the presence of fine mode particles with SAE 340 
of 1.65 ± 0.13 and g and Bs parameter suggesting presence of spherical particles. However, as higher 

concentrations of mineral dust reached the UGR station, resulting in higher PM10 levels and strong 

reduction in SAE (Table 3), F11 began to show greater values in the forward scattering region, being around 

10000 Mm-1sr-1 for the three channels of the PI-Neph with almost no spectral differences. There are still 

some spectral differences in the backward scattering angles, but the behavior of the F11 in that area becomes 345 
more constant than in the previous case (Fig. 6a). At the peak phase of the event (Fig. 6c), values of F11 in 

the forward scattering region reach around 50000 Mm-1sr-1 for the three channels, while the backward 

region shows a constant tendency. Also, there is no spectral separation among different wavelengths. Figure 

6d shows the scattering matrix elements at an advanced stage of the dust event. The contribution of large 

particles is still important, given the large values of F11 ~ 10000 Mm-1sr-1 in the forward scattering region. 350 
However, there are some spectral differences in the middle and the end of the angular range. 

The study of -F12/F11 indicates significant differences at the different stages of the dust outbreak. At the 

beginning -F12/F11 shows very different spectral patterns with remarkable spectral separation:  for 515 and 

660 nm, -F12/F11 follows bell-shaped patterns with values near to zero at the edges (0° and 180°) and a 

maximum around 90° of 0.4 and 0.5 for 515 and 660 nm respectively. However, for 405 nm, the pattern is 355 
markedly different, with maximum values of 0.1 occurring at around 80°, followed by a sharp decrease, 

reaching negative values of -0.4 close to 150°. For the two following cases (Figs. 6b.2 and 6c.2), which 

correspond to higher PM10 concentration values, -F12/F11 shows a distinct pattern. This pattern is 

characterized by almost negligible differences with wavelength and a very small bell-shaped pattern with 

maxima around 0.1 at 90° (Volten et al., 2001). Later, after the strong dust passage, Fig. 6d.2 shows a 360 
similar bell-shape pattern at 515 and 660 nm, but there is presence of some negative values at 405 nm. The 

differences in -F12/F11 patterns and wavelengths dependences with time can serve to differentiate different 

particle types in the ensemble of particles measured and will be studied further in this section.    
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Figure 6. Phase function (F11) and polarized phase function (-F12/F11) for four different moments of the evolution 365 
of the dust event on 15th - 16th March 2022, 

Similarly, for the event on 24th - 25th March Fig. 7 shows F11 and -F12/F11 phase matrix elements for four 

different representative moments during the event. The data correspond again to 60-minute averages, with 

detailed hourly evolutions shown in the Supplementary Material (Figs. S3-S4). Mean hourly averages for 

these periods of PM10, EBC, σsca, SAE, AAE g, SSA and LR are also in Table 1. Once again, this event 370 
exhibits lower values in particulate matter and appears to be less intense when compared to the event on 

15th -16th March. However, it can still be considered an extreme event because the maximum PM10 

concentrations registered are above the typical values registered in the UGR station (Párraga et al., 2021). 

The temporal evolution selection serves to follow the conditions before the arrival of the dust outbreak (24th 

March 13:00 UTC), the entrance of the strong Saharan dust (24th March 21:00 UTC) and the conditions 375 
during the outbreak peak (25th March 09:00 UTC), with the final conditions after the dust outbreak (25th 

March 20:00 UTC). 

Figure 7 shows that F11 patterns are very similar to the previous extraordinary event on 15th - 16th March, 

with strong predominance of forward scattering (~25000 Mm-1sr-1) being two orders of magnitude above 

the backscattering (~100 Mm-1sr-1) at the peak of the event on 25th March 9:00 UTC, with minimum spectral 380 
dependency.  Nevertheless, there are some changes in F11 with the different situations:  the decrease in F11 

in the forward scattering region becomes sharper when the PM10 concentrations are higher (Figs. 7b.1 and 

7c.1), which could be explained by the presence of irregular dust particles (Volten et al., 2001). For the 

backward region F11 shows a flatter behavior for high PM10 concentrations (Figs. 7b.1 and 7.c.1), while for 

the cases with lower PM10 concentrations there is a sharp increase in scattering from 150° to 180°. During 385 
the previous extreme dust outbreak, we observed flat patterns for the backward scattering region during the 

peaks of the dust intrusions. There are no spectral dependences, which could suggest that these are the 

patterns when there is a large predominance of dust in the atmosphere, as observed in the laboratory (Muñoz 

et al., 2007; Volten et al., 2001). 

(a.1) 

(a.2) 

(b.1) 

(b.2) 

(c.1) 

(c.2) 

(d.1) 

(d.2) 
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390 

 

Figure 7. Phase function (F11) and polarized phase function (-F12/F11) for three different moments of the 

evolution of the dust event on 24th - 25th March 2022. 

In contrast to F11, -F12/F11 exhibits again several behaviors throughout the event, providing greater insight 

into the sampled aerosol. During the peak of the event on 15th-16th March, the of -F12/F11 patterns show 395 
minimal differences with wavelength and a very small bell-shaped pattern with maximums around 0.1 at 

100°. This pattern is clearer on 25th March at 09:00:00 UTC that corresponds with the peak of the dust 

intrusions, while on 24th March 21:00 UTC (a few hours before the maximum PM10) it is observed a drift 

of the maximum in the bell to lower scattering angles with shorter wavelengths. However, the big 

differences are observed for the moments before the arrival of the dust outbreak on 24th March 13:00 UTC 400 
and when the dust is withdrawing on 25th March 20:00 UTC. In these two cases -F12/F11 shows bell-shape 

patterns for 515 and 660 nm, with maximums of approximately 0.2 around 100° and values close to zero 

in the regions for scattering angles below 50° and above 150°. These patterns agree with the observed for 

the other moments of the intrusion and with those of the previous event on 15th-16th March. However, the 

pattern for 405 nm is markedly different from the rest, as observed in the event on 15th-16th March. It is 405 
characterized by almost flat values close to zero of -F12/F11 in the range of approximately 0° - 50°, followed 

by a sharp decrease reaching negative values of -0.6 close to 130°. Then, there is a sharp increase in -F12/F11 

reaching values close to zero at 180°. Therefore, -F12/F11 at 405 nm appears to be highly sensitive to the 

possible influence of other particles in the mixture. It is also noteworthy that the maximum in eBC coincides 

with the maximum of PM10, but the contribution of eBC to the total aerosol burden is lower due to the high 410 
concentrations of dust. This can explain the dust-like pattern of -F12/F11 at the peak of the event.  

Table 1. Hourly averaged properties of different moments of the extreme dust outbreaks in March 2022 reported 

in Figs. 6 and 7. The properties are reported at three wavelengths in the order of 660, 515 and 405 nm from top 

to bottom. The angular range of the PI-Neph is used as the integration range of σsca. 

 PM10 

(µgm-3) 

eBC 

(µgm-3) 

σsca 

(Mm-1) 

SAE AAE g Bs (Mm-1) SSA LR (sr-

1) 

15th Mar 

07:00 

61 ± 5 - 55 ± 3 1.65 

± 

0.13 

- 0.573 ± 

0.015 

0.135 ± 

0.013 

- - 

84 ± 4 0.604 ± 

0.018 

0.117 ± 

0.011 

123 ± 7 0.616 ± 

0.008 

0.116 ± 

0.004 

15th Mar 

12:00 

473 ± 

131 

- 215 ± 

36 

- 0.722 ± 

0.001 

0.086 ± 

0.005 

- - 

(a.1) 

(a.2) 

(b.1) 

(b.2) 

(c.1) 

(c.2) 

(d.1) 

(d.2) 
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241 ± 

38 

0.43 

± 

0.13 

0.703 ± 

0.001 

0.100 ± 

0.007 

265 ± 

39 

0.641 ± 

0.001 

0.126 ± 

0.005 

15th Mar 

17:00 

1376 ± 

256 

- 718 ± 

128 

-0.11 

± 

0.12 

- 0.734 ± 

0.008 

0.084 ± 

0.005 

- - 

746 ± 

112 

0.715 ± 

0.009 

0.096 ± 

0.005 

682 ± 

101 

0.679 ± 

0.009 

0.113 ± 

0.006 

16th Mar 

13:00 

338 ± 

48 

- 178 ± 

47 

0.07 

± 

0.13 

- 0.739 ± 

0.008 

0.079 ± 

0.005 

- - 

191 ± 

52 

0.713 ± 

0.008 

0.095 ± 

0.005 

184 ± 

50 

0.673 ± 

0.011 

0.113 ± 

0.006 

24th Mar 

13:00 

108 ± 

14 

0.81 ± 

0.10 

76 ± 13 -0.46 

± 

0.22 

2.58 

± 

0.10 

0.733 ± 

0.024 

0.084 ± 

0.014 

0.955 ± 

0.004 

36 ± 10 

70 ± 12 0.709 ± 

0.031 

0.098 ± 

0.020 

0.912 ± 

0.006 

38 ± 11 

65 ± 8 0.664 ± 

0.035 

0.117 ± 

0.018 

0.832 ± 

0.006 

92 

24th Mar 

21:00 

297 ± 

21 

1.59 ± 

0.14 

284 ± 

27 

-0.69 

± 

0.18 

3.09 

± 

0.03 

0.725 ± 

0.025 

0.088 ± 

0.016 

0.975 ± 

0.001 

34 ± 4 

257 ± 

25 

0.701 ± 

0.025 

0.105 ± 

0.017 

0.940 ± 

0.001 

40 ± 6 

205 ± 

16 

0.659 ± 

0.021 

0.124 ± 

0.015 

0.867 ± 

0.003 

57 ± 7 

25th Mar 

09:00 

760 ± 

44 

4.21 ± 

0.21 

466 ± 

15 

-0.09 

± 

0.06 

2.96 

± 

0.05 

0.725 ± 

0.007 

0.087 ± 

0.005 

0.957 ± 

0.002 

39 ± 5 

461 ± 

17 

0.705 ± 

0.009 

0.101 ± 

0.006 

0.915 ± 

0.003 

52 ± 6 

427 ± 

14 

0.662 ± 

0.007 

0.122 ± 

0.005 

0.838 ± 

0.005 

- 

25th Mar 

20:00 

116 ± 6 2.3 ± 

0.5 

80 ± 7 -0.16 

± 

0.18 

2.03 

± 

0.08 

0.722 ± 

0.019 

0.086 ± 

0.011 

0.876 ± 

0.015 

32 ± 7 

78 ± 6 0.689 ± 

0.020 

0.104 ± 

0.014 

0.815 ± 

0.020 

52 ± 18 

74 ± 3 0.667 ± 

0.021 

0.113 ± 

0.011 

0.722 ± 

0.021 

- 

3.2.2 Moderate dust events during spring/summer 2022 415 

The PI-Neph also continuously operated from April to September 2022 and other events of Saharan dust 

transport were registered at the UGR station. However, these outbreaks did not exhibit such an extreme 

dust transport when compared with the events on March 2022. Actually, hourly averaged PM10 levels were 

below 130 μgm-3 and σsca below 130 Mm-1, which are typical values observed at the UGR station during 

Saharan dust outbreaks (Lyamani et al., 2010). For this entire period of measurements (Apr 14th to Sep 9th) 420 
Fig. 8 shows hourly averages of PM10 and eBC concentrations, σsca(λ), SAE, AAE (both calculated in the 

405-660 nm range), g, Bs, SSA and LR. For easy identification of dust influence conditions, data shown in 

Fig. 8 are filtered out and correspond only to values of SAE< 1, which are used as a proxy for the presence 

of dust particles in the atmosphere (Lyamani et al., 2010). Moreover, some studies suggest that the 

variability in SAE can serve as an indicator of the different mineral dust mixtures with urban background 425 
pollution (Teri et al., 2024).  

The period with the least frequency of dust events is April - June, although the few cases detected show 

high values of PM10 concentrations and the scattering coefficients with SAE values closer to 1, suggesting 

high degree of mixture between dust and pollution. Also, this period presents large spectral dependency in 

g and Bs, with g ranging between 0.5 and 0.7, and Bs ranging from 0.13-0.18, which are typical values 430 
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more related to non-Saharan dust aerosols (Horvath et al., 2018). Moreover, SSA shows large variability 

ranging from 0.5 to around 0.9 for all three wavelengths, where the lower limit of the range suggests the 

presence of absorbing particles in the sample. This is also supported by the AAE with values close to 1, 

typical of BC.  

During the summer season there is more frequency of Saharan dust intrusions, which is typical in the UGR 435 
station (Perez-Ramirez et al., 2016). Generally, there is more variability in all parameters, suggesting more 

complex mixtures of dust with other particles: the asymmetry parameter, which is wavelength dependent, 

shows very similar values to those obtained during spring, but with important variability ranging between 

0.55 and 0.75. SAE and AAE show values between 0 and 1 and between 1 and 2, respectively, which are 

the typical values when there is influence of dust particles in our station (Valenzuela et al., 2015). The 440 
outliers in the summer season with negative SAE close to –0.5 and AAE of up to 2.5 might be associated 

with cases that have more presence of dust. In summer season the largest values of AAE (close to 2) are 

observed when compared with the spring season, which can be interpreted as fewer absorbing particles. 

SSA shows very similar values to those obtained during the spring season.   

The LR is a critical variable for lidar systems and it strongly depends on F11(180°) and absorption, which 445 
makes it very sensitive to the different mixtures of particles in the atmosphere. Thus, results of Fig. 8 serve 

to illustrate LR variability for dusty conditions but with influence of other types of particles. Generally, 

Fig. 8 shows values between ~40 sr-1 and 100 sr-1 for the three wavelengths. The lower limits are closer to 

the values for pure dust while the upper values are typical values registered for predominance of 

anthropogenic particles (Müller et al., 2007). Thus, results of Fig. 8 indicate the large sensitivity of LR to 450 
changes in the mixture of particles. Particularly, the values in spring – although there is less data – are 

above 75 sr-1 with little spectral dependence, suggesting that the presence of fine particles in the mixture 

are ultimately responsible for LR values.  During the summer seasons the lower values around 40-50 sr-1 

are more frequently registered with larger spectral variabilities, suggesting that now LR values are 

determined by the predominance of coarse particles.  455 

To gain better understanding of the evolution of the phase matrix elements in different cases of dust 

mixtures with anthropogenic particles, Fig. 9 shows the phase matrix elements for three different dust 

events represented by the black boxes in Fig. 8. Particularly, Fig. 9 shows hourly averages of F11 and -

F12/F11 for these three selected events. Table 2 summarizes hourly mean values of PM10 and spectral σsca, 

g, Bs, LR and SSA, plus mean values of SAE and AAE for these selected cases. Table 2 results show an 460 
insight into these three cases. The first event on 16th April is the one with largest contribution of urban 

background pollution to the mixture. The flat spectral pattern in SSA might suggest that absorption is 

mostly explained by black carbon particles because mineral dust usually presents a spectral pattern with 

lowest SSA in the UV (Dubovik et al., 2002). The values of g suggest the higher predominance of spherical 

particles when compared to the other cases, so it is likely that the urban background particles suffered aging 465 
processes, leading to more spherical shapes (Leskinen et al., 2023). For the case on 5th July, mineral dust 

particles are more relevant. Nevertheless, the more pronounced spectral SSA when compared to 16th April 

also relates to the influence of dust in absorption (Dubovik et al., 2002). Finally, the case on 30th August is 

the one with the largest PM10 concentrations but also with the largest eBC, which can make a very complex 

mixture. 470 
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Figure 8. Time series for the moderate dust events of 2022 of the PM10 and EBC concentrations (µgm-3) (a), σsca 

– scattering coefficient (Mm-1) (b), SAE – scattering Angström exponent and AAE – absorption Angström 

exponent (c), g – asymmetry parameter (d), Bs – fraction of backscattered light (Mm-1) (e), SSA – single 475 
scattering albedo (f) and LR – lidar ratio (sr-1) (g). All optical properties are shown at 405, 515 and 660 nm. 

Black boxes represent three different events on 16th April, 5th July and 30th August 2022. 

Table 2. Hourly averaged properties of different dust events in 2022. For properties reported at three 

wavelengths, the order is 660, 515 and 405 nm (top to bottom). The integration range of σsca is the angular range 

of the PI-Neph. 480 

 PM10 

(µgm-3) 

eBC 

(µgm-3) 

σsca 

(Mm-

1) 

SAE AAE g Bs 

(Mm-1) 

SSA LR (sr-

1) 

16th Apr  36 0.92 31 0.94 1.71 0.641 0.119 0.878 59 

31 0.630 0.126 0.837 61 

48 0.505 0.193 0.830 43 

5th Jul  76 1.07 61 -0.46 1.37 0.712 0.097 0.930 61 

53 0.694 0.109 0.892 58 

49 0.656 0.114 0.843 66 

30th Aug  124 2.42 129 -0.86 1.73 0.711 0.096 0.920 67 

115 0.761 0.080 0.882 58 

85 0.701 0.104 0.789 63 

Figure 9 shows that all F11 cases exhibit the typical pattern for large and non-spherical particles 

characterized by large predominance of scattering in the forward region, although there is no flat behavior 

of the curve in the backward scattering characteristic of this type of particles (Muñoz et al., 2007). The 

region between 140°-160° exhibits minimum values with a subsequent increase, suggesting the presence of 

some spherical particles in the sample. However, there are differences between the events shown. In the 485 
case of the first dust event on 16th April (Fig. 9a), a strong spectral dependency is observed between 405 

nm and the other wavelengths from 30° on, which is not observed for the other events. The largest 

contribution of urban pollution to the mixture can be one of the reasons for these spectral variations on 16th 

April. Another possible reason could be the less influence of absorbing particles as this case also presents 

the lower eBC and largest SSA when compared with the other two cases. The cases with almost negligible 490 
spectral differences could be explained by a more predominance of big particles. Thus, the discussion of 

these three selected cases illustrates that even though dust predominant cases present a classical scattering 

pattern characterized by strong forward scattering, the spectral dependences and the shape of the forward 

scattering depends ultimately on the mixture of particles. 

   (a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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Figure 9.  Phase function (F11) (1) and polarized phase function (-F12/F11) (2) for different moderate dust events: 

(a) 15th April 2022 (b) 5th July 2022 and (c) 30th August 2022. 

Figure 9 shows that -F12/F11 presents very similar patterns for the three cases. The patterns are characterized 

by a bell-shape for the 515 and 660 nm channels with maximums in the region around 100°, with noise in 500 
the two summer events. However, the -F12/F11 pattern in 405 nm shows a very different behavior, having 

positive -F12/F11 values until ~ 70° and negative -F12/F11 values for the following angles. Minimum -F12/F11 

values are in the region around 120°. The noisy values in 660 and 515 nm suggest the complexity of the 

ensemble of particles measured, and thus these channels seem to be very sensitive to the aerosol mixtures. 

On the other hand, the pattern at 405 nm is clearly different, so the -F12/F11 at this wavelength could be a 505 
potential proxy for studying the mixture of particles in the sample. It is noted that the patterns observed for 

F11 and for -F12/F11 are similar to those observed during the extreme events on 15th – 16th March and 25th – 

26th March, when dust entered and withdrew. The pattern observed in -F12/F11 for 405 nm was also observed 

in cases with influence of pollution at the UGR station in Bazo et al. (2024). Therefore, polarization 

measurements seem to be ideal for studying the different types of mixtures of dust particles with others of 510 
anthropogenic origin. 

3.2.3 Comprehensive assessment of the different dust events 

To gain more insight about aerosol mixtures during the extreme dust event on 24th – 25th March 2022 and 

the rest of dust cases registered in the period April – September 2022 we use the typing methodology 

defined in Cazorla et al., (2013) and modified in Schmeisser et al., (2017), based on optical properties. To 515 
that end, Fig. 10 shows SAE versus AAE, being both parameters computed in the range 450 -700 nm. The 

different types of aerosol are also illustrated depending on AAE and SSA values using the methodology 

proposed by Schmeisser et al., (2017). Different colors are used to identify different stages in the temporal 

evolution for the extreme dust event on 24th – 25th March. Note that for the event on 15th - 16th March there 

were no aethalometer data and thus no measurements of AAE. 520 

(a.1) 

(a.2) 

(b.1) 

(b.2) 

(c.1) 

(c.2) 
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Figure 10. Absorption Angström exponent (AAE) versus scattering Angström exponent (SAE) for the extreme 

dust event on 24th - 25th March 2022 (colored markers) and for the moderate dust events registered in the UGR 

station during the period April-September 2022 (gray markers). Both intensive properties have been calculated 

in the range 450-700 nm. Colorbar indicates the temporal evolution of the extreme dust event on 24th - 25th 525 
March. Classification of different aerosol types following the method proposed by Schmeisser et al., (2017) is 

also shown. 

Figure 10 shows that for the data points of the extreme dust outbreak on 24th- 25th March 2022 most of the 

data fall into the region of pure dust type, particularly those registered at beginning of the dust event when 

the PM10 concentrations were extremely high and the large predominance of mineral dust in the sample is 530 
evident. As the dust event evolves, particularly from 26th March 2022, the data points start to fall in the 

region mixed dust/BC/BrC. This coincides with the drop of PM10 concentration and increase of eBC 

observed in Fig. 5. Therefore, there could be a more balanced contribution of both urban background 

pollution and mineral dust to the ensemble of particles in the sampled air. If we compare these typing 

features with the scattering matrix elements on 24-25th March 2022 (Fig. 7), we observed that for the cases 535 
typed as pure dust the -F12/F11 follows a bell-shape pattern for all wavelengths. However, for the cases 

classified as mixtures, there was a different pattern -F12/F11 for the 405 nm channel. Thus, the typing 

classification explains the differences in the phase matrix for the temporal evolution of the extreme dust 

event 24th-25th March 2022. This is particularly critical for -F12/F11 and we can then conclude that 

polarization measurements are ideal to identify differences in aerosol types that initially were thought to be 540 
pure dust and are in fact mixtures of dust with other types of particles.  

For the rest of the analyzed period from April to September 2022 (classified as moderate events most in 

Fig. 8), most of the data falls into the region of large particle/BC mix and mixed dust/BC/BrC in Fig. 10. 

Since the UGR station is affected by local pollution, mainly road traffic, it is expected that the dust 

transported from the Saharan Desert gets mixed with the urban background pollution that is already 545 
suspended in the atmosphere. Another possibility is that dust already presents anthropogenic particles 

injected in the ensemble of particles during the transport process (Querol et al., 2019; Valenzuela et al., 

2015). However, going further into the origin of these anthropogenic particles in the mixture is not possible 

with current data. To this study, the most important feature is that these possible mixtures can explain the 

differences in F11 and -F12/F11 between the extreme and moderate dust events, and also the different 550 
situations of dust mixtures in the station.  

To further understand the behavior of the optical properties during different dust events, we have performed 

an average of all moderate dust events of the period April-September 2022 (filtered by SAE < 0.5 to 

guarantee more dust predominance) and compared it with the peaks of the extreme dust events, i.e. 15th 

March 2022 at 17:00 UTC and 25th March 2022 at 09:00 UTC. To this purpose, Fig. 11 shows normalized 555 
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F11 and -F12/F11 phase matrix elements for the different situations. For comparisons, we also include 

laboratory measurements of Saharan dust samples with the polar nephelometer in the Andalusian Institute 

of Astrophysics (Muñoz et al., 2010), which are available in the Granada – Amsterdam Light Scattering 

Database (Muñoz et al., 2012). This database provides measurements of F11 and -F12/F11 at 488 and 632 nm 

(yellow dots in Fig. 11a,c) - see Gómez Martín et al., (2021) for details. Results of F11 have been normalized 560 
with respect to F11(30°) to have the same scale for comparison. 

 

Figure 11. Phase function (F11) (up) and polarized phase function (-F12/F11) (bottom) for different situations: 

Mean values for the cases obtained during moderate dust events (black lines), cases for extreme events on 15th 

March 2022 (red open circles) and on 25th March 2022 (red stars), and laboratory measurements (yellow dots) 565 
with samples collected in the Sahara and available in the Granada-Amsterdam Light Scattering database 

(Muñoz et al., 2012). 

Figure 11 reveals that the F11 matrix element presents very similar features for the three wavelengths 

between mean averages for the period April-September 2022 and the extreme dust events, being the 

difference within the standard deviations. There are only slight differences in the forward region above 570 
160° scattering angles, particularly for 515 nm channel, that might be associated by the complexity of the 

scattering at these angles for large and non-spherical particles (e.g. Mishchenko et al., 2002; Muñoz et al., 

2007). Also, the small standard deviations of F11 are remarkable for the mean seasonal values, which 

suggest that F11 follows very similar patterns when there is predominance of big particles, independently 

of the mixture with other anthropogenic particles. Moreover, these patterns of F11 obtained from ambient 575 
aerosol basically coincide with the one provided by the Light Scattering Database.  

The comparison of -F12/F11, however, reveals very important features. In all cases, seasonal values of -

F12/F11 show much larger standard deviations when compared with F11 which suggests that -F12/F11 is more 

sensitive to the differences in the mixture of particles. Specifically, for 660 nm -F12/F11 follows a very 

similar pattern for the extreme events and the laboratory provided by the Granada-Amsterdam Light 580 
Scattering database and is characterized by the discussed bell-shape pattern with a maximum around 0.2 in 

the 100° scattering region. The mean seasonal average also follows the same pattern, but with a lower 

maximum and displaced to lower scattering regions.  For the 515 nm channel the extreme dust cases show 

the classical bell shape with a maximum of 0.2 at 100° approximately, while for the average of usual dust 

cases there is a different pattern with values over zero up to 80°, decreasing later to the minimum values 585 
around -0.2 in the 100°-130° range and increasing again to values close to zero in the backward scattering 

region.  Finally, the 405 nm channel is the one that presents the most different behavior between the 

seasonal averages and the phase matrix elements for the dust events with two different patterns: For the 

extreme dust events and the Light Scattering Database, there is a bell shape pattern with values close to 

zero and a maximum of 0.1 at 100°, being the differences between both sets of data negligible. The other 590 
pattern is observed for the mean average, characterized by values around zero up to 50°, decreasing later to 

(a.1) 

(a.2) 

(b.1) 

(b.2) 

(c.1) 

(c.2) 

https://doi.org/10.5194/egusphere-2024-2080
Preprint. Discussion started: 14 August 2024
c© Author(s) 2024. CC BY 4.0 License.



19 
 

a minimum of -0.7 at 120° and increasing again to values close to 0 in the backward scattering region. We 

highlight that this last pattern in -F12/F11 is somehow like that observed for 515 nm but with an enhanced 

decrease and later increase in the region 120°-170°, which suggests that the 405 nm channel is more 

sensitive to the presence of other particles of anthropogenic origin in the sampled air. Furthermore, the 595 
lower standard deviations observed for the 405 nm wavelength indicate homogeneity in the response to 

polarization, even in the presence of other anthropogenic particles in the sample. 

The analysis of F11 and -F12/F11 phase matrix elements reveal that F11 patterns and spectral dependence is 

strongly affected by the existence of large and non-spherical particles, being the existence of other 

anthropogenic particles in the mixture affecting mainly the backscattering region. However, the possible 600 
existence of anthropogenic particles in the ensemble of particles characterized by predominance of large 

and non-spherical particles can affect importantly the values of -F12/F11 with strong wavelength-

dependence. These changes are critical in the UV wavelength being like the pattern observed for pollution 

and/or biomass-burning characterized by small and spherical particles (Bazo et al., 2024; Espinosa et al., 

2017). The visible and infrared channel show patterns more typical of pure dust measurements (Muñoz et 605 
al., 2007). Therefore, polarization measurements have a great potential for distinguishing different aerosol 

types in the mixture, which can be either internal or external mixtures of dust with other types of particles. 

Some model simulations even suggest that non-absorptive coating in mineral dust has a drastic variation in 

the behavior of -F12/F11 (Zhang et al., 2022, 2023), such as coatings of non-absorptive aerosol due to the 

long-range transport (Dall’Osto et al., 2010). Future works will focus on detailed studies of chemical 610 
analyses in combination with polar nephelometry measurements to further exploit the potential of 

polarization measurements in aerosol studies. 

3.2.4 Phase matrix simulations for different aerosol mixture scenarios 

To fully understand how different degrees of mixture between anthropogenic particles and mineral dust can 

affect F11 and -F12/F11, forward simulations with the Generalized Retrieval of Aerosol and Surface 615 
Properties algorithm (GRASP - Dubovik et al., 2014, 2021) have been performed. These simulations need 

inputs of different size distributions and refractive indexes to generate F11 and -F12/F11. Particularly, we 

used bi-lognormal size distribution, one representative of fine mode particles with modal radius of 0.15 µm 

and 0.25 µm of standard deviation and the other representative of coarse mode particles with modal radius 

of 2.5 µm and 1 µm of standard deviation. Real refractive indexes were assumed non-spectrally dependent 620 
with values of 1.6 for fine mode and 1.55 for coarse mode. Imaginary refractive indexes were of 0.0015 for 

fine mode and with no spectral dependency, while for coarse mode there were of 0.007, 0.005 and 0.005 

for 405, 515 and 660 nm. The sphere fraction was also fixed for each mode, being 0.7 for fine mode and 

0.05 for coarse mode. This size distribution and refractive indexes can be considered representative of a 

mixture of anthropogenic pollution and dust (e.g. Torres et al., 2017), and three different scenarios were 625 
generated giving different weights to each mode: The first is for volume concentrations of 0.3 µm3/µm3 for 

each mode and can be considered as representative of a mixed case where both modes have a similar weight. 

The second presents more predominance of coarse mode (volume concentrations of 0.5 µm3/µm3) but with 

non-negligible contribution of anthropogenic particles (volume concentrations of 0.1 µm3/µm3) in the fine 

mode. The last scenario is representative of pure dust mode (volume concentrations of 0.5 µm3/µm3) with 630 
negligible fine mode contribution (volume concentrations of 0.01 µm3/µm3). Results of calculated of 

computed F11 and -F12/F11 are in Fig. 12.  
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Figure 12. Simulations of phase function (F11) and polarized phase function (-F12/F11) using GRASP forward for 

three different combinations of bi-lognormal size distributions. Urban Mixture with approximately the same 635 
weight of fine and coarse mode, Dust mixed with predominance of coarse mode but with a non-negligible 

influence of the fine mode, and Pure Dust with strong predominance of coarse mode and negligible fine mode. 

Note that refractive indexes and sphericity of each mode are different.  

Figure 12 reveals different spectral important features in F11 and -F12/F11 depending on the mixture. For F11, 

the pattern is generally characterized by larger forward scattering with a minimum in the region of 120°-640 
150°, independently on the type of aerosol mixture and on wavelength. The largest spectral dependencies 

are for the Urban Mixture case while for the other two cases such spectral dependencies become negligible. 

However, for -F12/F11 the largest variations in spectral dependencies and patterns are observed. In the Urban 

Mixture case the 660 nm channel shows a bell-shape pattern with maximum of ~ 0.4 in the region around 

100°, while for 405 nm -F12/F11 shows approximately constants values close to zero until ~ 50° when it 645 
starts to decrease until the minimum of -0.5 in the region ~140°. Later it recovers reaching zero at 180°. On 

the other hand, for Pure Dust the -F12/F11 spectral dependencies are almost negligible, and it is characterized 

by a bell-shaped pattern with maximum around 0.2 in the region 110°-130°. For the Dust mixed the pattern 

is in-between the previous ones. 

Figure 12 results aid comprehending the distinct dust patterns observed in Fig. 11 and the temporal 650 
evolutions of the extreme dust events. Anthropogenic particles can drastically alter the spectral 

dependencies in -F12/F11, particularly in the UV channels. It is important to note that changes in refractive 

indexes, particularly the imaginary part, may also contribute to these differences in -F12/F11. Variations in 

the sphericity parameter also affects -F12/F11 behaviors. Having more accurate information for the 

experimental study cases discussed in these studies would require performing GRASP inversions, but to do 655 
this GRASP needs to be optimized to a configuration capable of separating optical properties of fine and 

coarse modes.  

4 Conclusions 

This work has focused on the analyses of phase matrix elements and optical properties during extreme 

mineral dust intrusions that were registered at the UGR station (Southeastern Spain) during the year 2022. 660 
The analyses differentiate between two different scenarios: the first is two extreme Saharan dust outbreaks 

that happened on March and affected the entire Iberian Peninsula with extremely high values of PM10 

concentration (~1000 µgm-3). The second is a set of intermedia Saharan dust events with more moderate 

concentrations usually around 100 µgm-3. The main novelty of the analyses are the measurements by the 

multiwavelength Polarized Imaging Nephelometer (PI-Neph) developed by GRASP-Earth capable of 665 
providing two aerosol scattering matrix elements (F11 and -F12/F11) for three different wavelengths (405, 
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515 and 660 nm) directly from ambient air. To our knowledge, these are the first measurements of this type 

for ambient mineral dust transported to southern Europe, highlighting the multiwavelength and polarization 

degree of these measurements on a continuous way. 

The two extreme Saharan dust outbreaks happened on 15th – 16th and on 25th – 26th March 2022 were 670 
associated with intense low-pressure systems located in southern Algeria that favored the injection of dust 

in the upper layers in the atmosphere and posteriorly were transported to the Iberian Peninsula, producing 

extreme hourly PM10 concentrations. The peak values were 1800 μgm-3 and 690 μgm-3 for the 15th – 16th and 

25th – 26th March, respectively. The first event was stronger, but even though both events registered daily 

values way over the daily limit value of 50 μgm-3 delimited by the 2008/50/CE European Directive. The 675 
detailed temporal evolution analysis of F11 and -F12/F11 revealed important features: F11 did not show 

relevant changes with time showing the classical pattern for predominance of big and non-spherical 

particles characterized by high predominance of forward scattering and almost negligible wavelength 

differences. However, the patterns for -F12/F11 showed variability during the different stages of the dust 

outbreaks: for 515 and 660 nm the -F12/F11 patterns were bell-shape centered around 100° scattering angles 680 
and slightly positive values always present, while for 405 nm this bell-shape pattern was present only for 

the moments of extreme predominance of dust. In the moments before the dust arrival and when it starts to 

withdraw, -F12/F11 for 405 nm shows a very different pattern with values close to zero up to 50° - 60°, 

followed by a decrease to values between -0.4 and -0.6 in the region around 120°, and an increase recovering 

to values close to zero in the backward region. These patterns were further analyzed using additional 685 
instrumentation in the UGR station and concluded that the bell-shape patterns were typical for pure dust 

particles, where the others were associated with mixtures of dust particles urban background aerosol. This 

affected other intensive optical properties such as lidar ratio (LR) that provided typical values for dust (~45 

sr-1) during the peaks of intrusions and more variable values at other moments. Other extensive aerosol 

optical properties such as the single scattering albedo (SSA) revealed differences between the peaks of the 690 
intrusions (0.98 - 0.83, depending on wavelength) when compared versus other moments with lower 

concentration (values between 0.87 - 0.72). 

The continuous operation of the PI-Neph combined with measurements of other instruments for the 

extensive period April – September 2022 allowed the analysis of the impact of the typical Saharan dust 

intrusions that affected the UGR station. We differentiated these intrusions from the previous two extreme 695 
events because they registered maximum PM10 around 100 μgm-3, which are more typical values for 

Saharan dust outbreaks in the UGR station. Data selection was done by keeping only data with scattering 

Angström Exponent below 1.0. This allowed to include a large variety of situations reflected in the 

variability of extensive parameters such as SSA or LR. The combination of scattering and absorption 

measurements classified most of the data for this entire period as mixture of dust particles with other 700 
anthropogenic aerosol particles. The analysis of F11 and -F12/F11 revealed again important features. F11 

mostly followed the classical pattern characterized by strong forward scattering, although some cases 

showed some spectral dependence on 405 nm depending on the influence of fine mode particles in the 

mixture. However, the analysis of -F12/F11 revealed big differences among wavelengths, being 405 nm 

characterized by a well-defined pattern with values close to zero up to 50°-60° and negative values for the 705 
rest of scattering angles, while for the other channels at 515 and 660 nm they show a bell-shape pattern but 

with noise probably associated with the different influences of fine mode particles. 

Laboratory measurements of mineral dust samples available in the Granada-Amsterdam Light Scattering 

Database allowed a comparative assessment of the different Saharan dust outbreaks that affected the UGR 

station. To that end, averages of the period April – September 2022 plus the peaks of the extreme events 710 
during March 2022 were used. For comparisons, F11 were normalized with respect to F11(30°). The results 

showed that for all F11 the differences between temporal averages, peak events and laboratory 

measurements were minimal, being only notable in the backscattering region close to 180°. For -F12/F11 

laboratory measurements and extreme events measurements (peak of concentration) agree quite well both 

for 405 and 660 nm, being the differences within the uncertainties. However, when comparing with the 715 
seasonal averages for the period April – September some important features are revealed: for 660 nm it 

seems to reproduce the same pattern than for laboratory/extreme event measurements, although with large 

standard deviations when compared with other wavelengths. But for 405 nm the seasonal mean has a very 

distinct pattern characterized again by values close to zero in the region up to 50°-60° and negative values 

for the rest of angles. Standard deviations are now considerably lower. The channel at 515 nm shows an 720 
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intermedia situation. Considering that laboratory measurements consist of pure dust samples directly 

collected in the dessert, we can conclude that the -F12/F11 measured in the laboratory is only reproduced 

when there are extreme concentrations of dust in the atmosphere, while when there is more contribution of 

anthropogenic particles in the mixture it affects critically to -F12/F11 in the 405 nm channel. For the other 

channels, particularly 660 nm, -F12/F11 seems to be less critically affected by the contribution of 725 
anthropogenic particles. Simulations performed by the GRASP code for different mixtures of fine mode 

anthropogenic particles and dust particles associated with the coarse mode revealed that F11 and -F12/F11 are 

sensitive to the different contribution of each mode in the mixture, being especially critical for -F12/F11in 

the UV channel. Further optimizations of GRASP will allow retrievals for each case, differentiating 

between fine and coarse mode optical and microphysical properties.  730 

Measurements of F11 and -F12/F11 phase matrix elements for ambient aerosols have allowed a 

comprehensive analysis of the different dust events and reveals the capacity of polarization measurements 

for further investigating mineral dust particles in the atmosphere, particularly in determining the presence 

of other particles of anthropogenic origin in the mixture. However, going further in understanding the 

interaction of dust with these anthropogenic particles requires of further analyses that provide the chemical 735 
composition of the ensemble of particles and the final composition and shape of the particles after 

interacting. This is planned in future studies that will allow a more complete comprehensive analysis. We 

therefore believe that multiwavelength polarized polar nephelometry opens new possibilities in the studies 

of mineral dust role in the climate system. 
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