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Abstract 21 

The light-scattering properties of volcanic sand collected in Iceland are studied here to characterize the 22 

sand particles and develop a reference for future remote-sensing observations. While such sand is 23 

common in Iceland, the smaller-size fraction can be readily transported by winds and found in the 24 

atmosphere at distant locations. The sand appears dark when deposited on a surface due to the high 25 

optical absorption of the material. Therefore, atmospheric regions containing such particles during a 26 

dust storm may absorb sunlight considerably, causing redistribution of solar energy. Here, we measure 27 

the angular scattered-light intensity and degree of linear polarization from the sand. This is done with 28 

two experimental apparatuses, the Cosmic Dust Laboratory (CoDuLab) at the Institute de Astrofísica 29 

de Andalucía (IAA) and the goniospectropolarimeter (FIGIFIGO) at the Finnish Geospatial Research 30 

Institute (FGI). Two scattering-scenarios of practical interest for remote-sensing applications are 31 
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considered: (1) single sand-particles suspended in aerosol as an optically thin cloud, and (2) the same 32 

particles deposited on a substrate. We also model the measurements with the discrete dipole 33 

approximation to estimate the complex-valued refractive index m, where we find that m ≈ 1.6 + 0.01i at 34 

λ = 647 nm. Lastly, we present a comparative analysis of the polarimetric response of the sand 35 

particles with that reported in the literature for carbon-soot, another highly absorbing atmospheric 36 

contaminant. 37 

 38 

Key words: volcanic sand; remote sensing; polarimetry; radiometry; photometry; particulate surface; 39 

aerosols; light scattering; discrete dipole approximation; refractive index; soot  40 

 41 

1. Introduction  42 

One of the largest uncertainties with regard to the interaction of solar radiation between the atmosphere 43 

and the Earth-surface, i.e., the Earth’s radiative energy budget, is associated with aerosols including 44 

dust (Boucher et al., 2013). This work studies Icelandic volcanic sand, a significant source of dust in 45 

Northern Europe that is close to arctic glacier (Prospero et al., 2012). In particular, our study reveals a 46 

degree of similarity between the optical properties of Icelandic volcanic sand and black carbon 47 

particles; specifically, both particle types strongly absorb solar radiation thus heating the atmosphere 48 

and reducing the amount of solar energy received at the Earth surface. The majority of black carbon in 49 

the atmosphere has anthropogenic origin, while the volcanic sand discussed here is natural in origin. 50 

Given its history of volcanic activity, Iceland has experienced an extended period of absorbing-aerosol 51 

effects as evidenced by the abundance of volcanic sand, which has led to climatic influences both 52 

locally and regionally across the northern latitudes.  53 
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     Volcanic sand is one of the main dust-sources in Iceland due to the abundance of rock of volcanic 54 

origin. The weather conditions are favorable for active sand-formation via the erosion of solidified lava 55 

flows, and thus, about 20% of Iceland is covered with volcanic sand (Arnalds, 2015). Sandy deserts 56 

cover large portions of the south coast and glacial margins of the active volcanic zone from the 57 

Mýrdalsjökull glacier to areas northeast of the Vatnajökull glacier (Fig. 1). The desert area near the 58 

Mýrdalsjökull glacier can be seen in the enlarged MODIS satellite image along with a visible portion of 59 

the contaminated glacier. For a more detailed map of the sand dessert distribution, see Arnalds, 2015 60 

(chapter 11).  61 

Volcanic sand in Iceland consist mostly of basaltic glass (Arnalds, 2015). Such basaltic 62 

volcanic materials can be found in other volcanically active areas such as Hawaii and other states of the 63 

USA and in New Zealand (Edgett & Lancaster, 1993), however the composition, particle size 64 

distribution, and microphysical properties vary with the place of origin and sand formation factors. It is 65 

also worth noting that Iceland has one of the largest volcaniclastic sand-fields (Arnalds et al., 2001).  66 

Frequent dust-storms lift small volcanic-sand particles off the surface and transport them over 67 

great distances. For instance, they can be deposited in high latitude regions like Svalbard and 68 

Greenland (Groot Zwaaftink, 2017). Unlike desert sand, which is typically a quartz-mineral (e.g., 69 

Volten et al., 2001; Nousiainen et al., 2009), the composition of volcanic sand is less well known. 70 

Nevertheless, what is known about the composition of suspended volcanic sand suggests a significant 71 

impact on the atmosphere, specifically across the Northern latitudes (Dagsson-Waldhauserova et al., 72 

2016) in addition to its contribution to accelerating glacier melt (Wittmann, 2017).  73 

     The transport of volcanic sand by wind contaminates both the atmosphere and ground-surface along 74 

its transport path, where suspended particles efficiently absorb solar radiation leading to simultaneous 75 

heating of the atmosphere and surface. Because the suspended particles eventually settle-out, for 76 
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instance, on a pure ice and/or snow surface, the surface albedo is altered leading to enhanced heating 77 

and an increase in the surface’s density (Meinander et al., 2014; Peltoniemi et al., 2015). This in turn 78 

triggers melting or evaporation of ice and snow surfaces (Qian, 2009).  79 

     Contamination of the atmosphere or icy/snow terrestrial surfaces by volcanic sand can be detected 80 

with remote-sensing techniques through ground-based and satellite observations (e.g. AERONET, 81 

Holben et al., 1998, Sinyuk, et al, 2007, GOME-2: Munro et al. 2016,  CALIOP/CALIPSO: Winker et 82 

al., 2009). The reflectance and polarization of sunlight scattered by atmospheric aerosols contain 83 

important information about the microphysical properties of the particles. Indeed, polarimetry is a 84 

powerful and promising tool for the retrieval and characterization of these microphysical properties. 85 

Presently, several space instruments have polarization sensors and provide Earth observational data (e.g. 86 

Herman, 2005, Munro et al. 2016). Moreover, a number of new space missions are planned, which will 87 

perform airborne polarimetry (Dubovik et al., 2019). Interpretation of such measurements, however, 88 

remains difficult primarily because the measurements are simultaneously affected by the particles’ 89 

shape, size distribution, and chemical composition. Comparison of satellite data with ground-based 90 

measurements may show significant differences. An example is Tao et al., 2017, who demonstrate an 91 

evaluation of the MODIS Deep Blue aerosol algorithm in the desert region of East Asia and compare to 92 

retrievals with ground-based observations obtained with China Aerosol Remote Sensing Network. 93 

They find that the MODIS-based retrievals of aerosol optical depth can be significantly underestimated. 94 

Besides the aerosol optical depth characteristics, aerosol-type classification is another challenge (Kahn 95 

& Gaitley, 2015). For instance, a set of dust mixtures is used to define the aerosol type in Multiangle 96 

Imaging Spectroradiometer (MISR) retrievals algorithms. Thus, knowledge of the optical properties of 97 

various dust types is critical for the success of such retrievals. Laboratory studies of the light scattering 98 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

5 

 

properties of dust particles could meaningfully improve the algorithm inputs and interpretation of in 99 

situ measurements.  100 

     In this work, we investigate the reflectance and degree of linear polarization of sunlight scattered by 101 

volcanic-sand particles suspended in air and the same particles deposited on a surface. As such, our 102 

experiment reproduces both of measurement scenarios relevant for remote-sensing observations of 103 

volcanic sand, i.e., in the atmosphere or deposited on an ice/snow surface. Previous related 104 

measurements mainly focus on either single-particles or deposited-particles (Muñoz et al. 2004; 2015; 105 

Hadamcik, 2002; Sun 2014; Peltoniemi et al., 2009, Wilkman et al., 2016). There are only few 106 

examples where both light-scattering scenarios are simultaneously studied (e.g., Shkuratov et al., 2004, 107 

2006; Francis et al., 2011) and Icelandic volcanic sand is not encompassed in that work. The 108 

measurements in our work are conducted at two experimental facilities: the 109 

goniospectropolariphotometer (FIGIFIGO) located at the Finnish Geospatial Research Institute (FGI) 110 

and Cosmic Dust Laboratory (CoDuLab) at the Instituto de Astrofísica de Andalucía (IAA). The 111 

FIGIFIGO facility (Fig. 2) is designed to measure the light-scattering response from a particle-coated 112 

surface (Peltoniemi et al., 2014), whereas the CoDuLab facility (Fig. 3) is used to measure the full 113 

scattering-matrix of particles suspended in air (Muñoz et al., 2012). We also complement our study 114 

with mass spectrometry to infer the elemental composition of the volcanic sand samples used.  115 

     Light scattering properties of surface-deposited volcanic sand have, in part, been studied before. In 116 

Peltoniemi et al. (2015), the sand is used as a highly absorbing contaminant for a snow surface, where 117 

that study focus on how the contamination affects the reflection and polarization properties of the snow. 118 

In work by Zubko et al. (2016), the optical properties of high-contrast two-component mixtures 119 

involving volcanic sand are studied, where the sand serves as a dark component among two types of 120 

bright components, salt (NaCl) and ferric sulfate (Fe2(SO4)3). Note, however, that the light-scattering 121 
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behavior of volcanic sand is investigated in these studies only when the particles are deposited on a 122 

substrate (particulate surface). The single-particle regime of light scattering is not yet investigated.  123 

 124 

2. Sample description  125 

Volcanic-sand particles mainly consist of poorly crystallized glasses of basaltic to andesitic origin. The 126 

samples we consider are a mixture of glaciofluvial volcanic ash originating from beneath the 127 

Mýrdalsjökull glacier mixed with ash from the Eyjafjallajökull and Grímsvötn eruptions of 2010 and 128 

2011, respectively. We choose this sample because it is representative of materials that are typical of 129 

aerosol-dust sources in Southern Iceland and the particles deposited on glaciers or snow in that area 130 

(Arnalds et al., 2013, Arnalds et al., 2016). Specifically, our samples were collected from the 131 

Mýrdalssandur area in Iceland. The large black-colored area in Fig. 1 corresponds to the field of 132 

volcanic sand and the upper layer of this sand (about 10 cm thickness) was collected with a shovel. 133 

Wind erosion in the area contributes to the redistribution of loose surface material, and according to 134 

Arnalds et al. 2016, the rates of surface transport of aeolian materials is between 500 and 3,000 kg m−1 135 

year−1. This means that about 0.5–3 tons are blown over a 1 m wide transect each year.  The relevant 136 

volcanic sand formation and erosion processes in Iceland are outlined in more detail, in e.g., (Baratoux 137 

et al. 2011, Arnalds et al. 2013).  138 

     Our sand samples generally divide into the following categories: 139 

1) Natural volcanic sand without processing (except for drying);  140 

2) Sieved volcanic sand where the size of the particles is less than 250 µm, including: 141 

a) Dry sand; 142 

b) Wet sand, where moisture is provided by an atomizer;  143 

3) Milled volcanic sand where the particles are ground to produce a fine-grained powder.  144 
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Samples 1–2 are studied with the FIGIFIGO experimental apparatus only. The natural sample (1) is 145 

abundant with coarse, millimeter-sized particles. Unfortunately, with the CoDuLab apparatus, such 146 

particles are too large for a feasible study of their light-scattering behavior at the single-particle level. 147 

The problem arises primarily from the aerosol generator, which becomes jammed by such large 148 

particles. The sieved volcanic sand (2) consists of particle sizes < 170 µm is used in the CoDuLab 149 

experiments, although the signal-to-noise ratios (SNRs) are low. The poor SNRs can be explained as 150 

follows: First, many of the sub-millimeter sieved samples remain too large for optimal operation of the 151 

aerosol generator. Although the generator operates considerably better with sample (2) than sample (1), 152 

the amount of suspended dust remains low leading to weak scattering-signals. Second, due to the large 153 

size of the constituent particles, they are much darker in appearance compared to the smaller, micron-154 

sized particles and this can be seen in Fig. 4. Indeed, the milled sample (3) exhibits a brighter 155 

appearance in Fig. 4 compared to samples (1) and (2). Optical-microscope images of the samples are 156 

included in Fig. 4 to highlight the variability of particle sizes and shapes.  157 

     To obtain a more detailed view of the particle morphology in the natural sand sample (1), the 158 

particles are also examined by scanning electron microscopy (SEM) at various magnifications, see Fig. 159 

5. As seen, the particles exhibit a highly irregular and somewhat vesicular morphology. The elemental 160 

composition of these particles is analyzed with X-ray spectrometry and the results are presented in 161 

Fig. 6. The analysis is repeated for particles of different sizes and it is notable that no significant 162 

variation in the chemical composition is found.  163 

     The size distribution of the milled volcanic sand sample (3) is shown in Fig. 7. The distribution is 164 

measured at the IAA CoDuLab with the MasterSizer2000 instrument by Malvern Scientific. Note that 165 

the MasterSizer2000 measures the flux of laser light scattered at a several scattering angles θ near 166 

forward-scattering direction. To retrieve information about the particles, it is customary to fit such 167 
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measurements with the two methods: Fraunhofer-diffraction theory or Mie theory (Bohren & Huffman, 168 

1983). As neither of these theories applies well to highly irregular particle shapes in general, the fitting 169 

procedure can yield results with error, e.g., with respect to particle size.  170 

     What emerges from Fig. 7 is that for particle radii > 0.25–0.3 µm, both approaches reveal a power-171 

law size distribution r–n that can be fit by n = 3.5 in the Fraunhofer framework and at n = 3.2 in the Mie 172 

approach. However, we stress that both approaches assume idealistic targets (spherical particles) and 173 

therefore, the results should be taken with caution when applied to the highly irregular particles here. 174 

This point will cause some uncertainty in the retrievals of the size distribution that should be taken into 175 

account.  176 

 177 

3. Experimental facilities and measurement details. 178 

3.1 FIGIFIGO 179 

The Finnish Geodetic Institute goniospectropolariphotometer FIGIFIGO (Fig. 2) is designed to measure the 180 

reflectance and degree of linear polarization of various surfaces, both in the laboratory and in the field conditions 181 

(e.g. Peltoniemi et al., 2015b). A detailed description of the FIGIFIGO can be found in Peltoniemi et al., 2014.  182 

In our study, the sample is deposited on the surface by uniform sprinkling particles on a black substrate with a 183 

layer of 0.8 - 1 cm thick. The measurements are taken in the principal plane, i.e., when the surface normal lies 184 

within the scattering plane and to improve the SNR we repeat the measurements 25 times. To compare phase-185 

angle dependences of the reflectance and the degree of linear polarization of FIGIFIGO with CoDuLab 186 

measurements, we present FIGIFIGO results obtained in the waveband λ = 642 – 652 nm (hereafter λ = 647 187 

nm). The maximum uncertainty, ~3%, appears in the polarimetric measurements at some phase angles whereas 188 

the average uncertainty in the polarimetric response is ~2%. The uncertainty in the measurements of reflectance 189 

is noticeably lower compared to that of the polarimetric measurements.  190 
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 191 

3.2 CODULAB 192 

The IAA Cosmic Dust Laboratory (CoDuLab) is designed to measure the light scattering response from 193 

aerosol particles, see Fig. 3. We notice that in the case of irregularly shaped particles, the light-194 

scattering response can be described by the so-called (4 × 4) scattering matrix or the Mueller matrix 195 

consisting of six non-zero elements (see, e.g., Bohren & Huffman 1983):  196 

 197 
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  199 

Using the CoDuLab facility, one can measure all six non-zero elements over the scattering angle θ 200 

range from 3° to 177° at several wavelengths. In our study, we investigate the upper block of non-zero 201 

elements. For a detailed description of the CoDuLab facility refer to (Muñoz et al., 2012). 202 

The results presented here are obtained at λ = 647 nm. In particular, we measure the F11 and  F12   203 

elements of the scattering matrix for the milled volcanic sand sample (3). The intensity of the scattered 204 

sunlight I and its degree of linear polarization P are defined via the elements of the scattering matrix as 205 

follows: I ∝ F11, P = – F12 / F11.  206 

 207 

4. Results and discussion 208 

4.1 Reflectance and degree of linear polarization  209 
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We first investigate the difference in light scattering behavior for the sieved sample deposited on a 210 

surface in dry and wet conditions by measuring the reflectance and degree of linear polarization as a 211 

function of λ. Spectra for the wet and dry samples at θ=170° and θ=140° are shown in Fig. 8. The 212 

reflectance of the wet sample is found, on average, to be nearly half of that for the dry sample. 213 

Moreover, the shape of the reflectance curve clearly depends on presence of water, which is especially 214 

noticeable for λ in the range 500-1000 nm. The reflectance plot demonstrates the highly absorbing 215 

property of volcanic sand evidenced by the maximum value being only ~ 0.044 at λ=650 nm. The 216 

strongest reflectance response is observed for the dry sample at θ = 170°. Note, that while the 217 

reflectance spectra of this sample differs unambiguously at the two scattering angles (θ=170° and 218 

θ=140°), a similar difference for the wet sample is less in magnitude.  219 

     In contrast to the reflectance spectra, the curve shapes and scattering response of the polarization 220 

spectra are not as sensitive to water content. As shown later, however, a discrimination between wet 221 

and dry particles is easier at smaller θ. On the other hand, the degree of linear polarization decreases as 222 

the scattering angle grows. This is better seen in the angular dependence of the polarization in the wet 223 

and dry samples shown in Fig. 9, where the measurements are taken at λ = 647 nm. We see that the 224 

reflectance of the wet sample (blue curve) decreases considerably whereas the polarimetric response 225 

becomes noisier. In the latter case, however, the polarimetric response for the wet sample (blue curve) 226 

is higher compared to the dry sample (black curve). The difference between the dry and wet samples is 227 

best seen at side scattering, θ ~ 90°. Also, the increase of uncertainty in our measurements can be 228 

explained by the continuous evaporation of water during the measurements. To minimize the effect due 229 

to evaporation, we replenish the water content in the sample several times during the course of the 230 

experiment with water atomizer.  231 
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     Particle size is a dominate factor affecting the light-scattering behavior of a sample, which is 232 

illustrated in Fig. 10 for reflectance and polarization at λ = 647 nm. Here, the natural and milled 233 

volcanic sand samples (1) and (3), respectively, are illuminated at θ=148°. Near the backscattering 234 

direction, i.e., θ → 180°, the reflectance of the milled sample appears to be considerably higher than 235 

that of the natural sample. This change is consistent with the so-called Umov effect or Umov law, which 236 

is the inverse correlation between reflectance near backscattering, i.e., geometric albedo, and the 237 

maximum value that the degree of linear polarization may acquire, e.g., see Shkuratov & Opanasenko 238 

1992; Zubko et al. 2016. According to the Umov effect, greater polarization is expected from the 239 

natural sand compared to the milled sand. Indeed, the maximum degree of linear polarization of the 240 

milled sample is ~2.5 times less than that for the natural sample. Also note, that the value of negative 241 

polarization near the backscattering direction is greater for the milled sample. The Umov effect can be 242 

seen for the near-backscattering reflectance and polarization maximum for the dry and wet sieved 243 

samples presented in Fig. 9.  244 

     Comparing the reflectance of the dry sieved samples shown in Fig. 9 with the reflectance for the 245 

natural and milled samples in Fig. 10, one finds that the reflectance of the sieved sample is greater than 246 

the natural sand and less than the milled sand. Correspondingly, the polarization of the sieved sample is 247 

smaller than for the natural sand and greater than the milled sand. 248 

     Comparative analysis of the light-scattering behavior for deposited particles and the same type of 249 

particles suspended in air as an “optically thin cloud,” i.e., as an aerosol, can provide important 250 

information needed for the interpretation of observations of atmosphere and underlying terrain. The 251 

milled volcanic sand is measured in both scenarios, i.e., deposited on a surface or as an aerosol, and the 252 

results are shown in Fig. 11. Note that for the aerosol, it is not feasible to measure an absolute flux of 253 

the scattered light. Therefore, we normalize the reflectance data at θ = 90°. In the FIGIFIGO 254 
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measurements, the deposited particles are illuminated at θ = 52° with respect to the surface normal. 255 

Due to measurement constraints on the θ range and the increased intensity of scattered light from single 256 

particles near the forward-scattering direction, our analysis is limited to the range  60° < θ < 177°.  257 

     In Fig. 11, one can see that the normalized reflectance for the aerosol is noticeably stronger for 258 

small θ compared to the data for deposited particles. However, the aerosol data also show a decrease 259 

and become weaker for θ > 90°. The maximum value of the degree of linear polarization appears 260 

greater for deposited particles compared to the aerosol, i.e., Pmax ≈ (22.07 ± 0.93)% at θmax ≈ 60° and 261 

Pmax ≈ (18.7 ± 1.1)% at θmax ≈ 100°, respectively. Although this difference is not large, it is detected 262 

with confidence in Fig. 11. For θ < 105°, this finding qualitatively differs from that reported in 263 

Shkuratov et al. (2007), for example, where ten different samples are investigated including clay, 264 

olivine, feldspar, and volcanic ash. All those samples reveal a systematically lower polarization for 265 

deposited samples. Our results, however, are in a good agreement with soot measurements by Francis 266 

et al., 2011, where polarization measured from surface packed particles considerably exceeds that from 267 

the aerosol particles. Notice in Fig. 11 that the negative polarization branch near backscattering for 268 

deposited particles appears deeper than the aerosol, which is opposite to the conclusions drawn in 269 

Shkuratov et al. (2004). This difference could result from specific features of our sample of volcanic 270 

sand. It is significant, for example, that our sand is much darker in appearance than any sample used in 271 

Shkuratov et al. (2004; 2007). 272 

The light scattering response for volcanic sand differs considerably from other types of sand 273 

such as desert sand, which is obvious from their visual appearance. While volcanic sand is dark in 274 

appearance (its geometric albedo is ~0.05), desert sands are considerably brighter. 275 
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In Fig. 12 we plot the normalized reflectance (left) and degree of linear polarization (right) as a 276 

function of scattering angle for three different samples: white-clay, milled volcanic-sand, and the ash 277 

particles from the Eyjafjallajokull volcano.  The light scattering properties of white clay and volcanic 278 

ash were studied with CODULAB by Munoz et al. in 2011 and Merikallio et al. in 2015. Here we 279 

present a comparison of the light scattering properties of volcanic sand in this study to the white clay 280 

and Eyjafjallajokull volcanic ash samples. White clay mainly consists of illite, kaolinite, 281 

montmorillonite, quartz and is an important component of aerosols in the atmosphere. Eyjafjallajokull 282 

volcanic ash was collected at 5 km from the source after the April 2010 eruption, where the main 283 

constituent is silica, SiO2. These particle also contain Al2O3, CaO, TiO2, FeO, MgO and Na2O.  284 

As one can see from Fig. 12 there is similarity between the three polarization curves. The 285 

refractive index m of the Eyjafjallajokull ash particles could be similar to that in the milled volcanic 286 

sand. However, they should differ significantly from that of the white clay, at least with regard to the  287 

imaginary part, Im(m). Nevertheless, the light scattering response of white-clay particles resembles that 288 

of the volcanic sand and ash particles. The resemblance could be explained by a difference in size 289 

distribution of the white-clay and volcanic sand and ash particles that, by coincidence, compensates the 290 

difference in refractive index. The angular profiles of the reflectance at large scattering-angles (>90°) 291 

clearly differs for the dark samples (volcanic sand and ash) and light samples, i.e., the white clay. Such 292 

a feature could be useful in passive remote-sensing of aerosol particles. 293 

     Fig. 13 compares our results to the polarization measurements obtained for levitated soot-particles 294 

by Francis et al.(2011) The data adopted from Francis et al. is measured at λ = 632.8 nm from a dense 295 

cloud of levitated agglomerated particles of Polymethyl Methacrylate (PMMA), hereafter called the 296 

soot sample. The soot particles are micrometer-sized aggregates, where the constituent grains have a 297 

diameter of several tens of nm. The maximum polarization of the volcanic sand is about 19%, while the 298 
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soot is about 25%. Based on this, and considering the Umov law, we can conclude that the near-299 

backscattering reflectance of the soot sample is lower than that of milled volcanic sand.  300 

 301 

4.2 Constraint of the complex refractive index of volcanic sand  302 

An advantage of our study with single-scattering particles is that interpretation data does not involve 303 

common complications due multiple scattering. We can develop a quantitative model describing the 304 

single-scattering particles based on a numerically exact solution of the Maxwell equations, although 305 

this cannot be done here for the deposited particles. The ultimate goal of such modeling is retrieval of 306 

the microphysical properties of the particles.  307 

     In general, light scattering by submicron and micron-sized particles is dependent on their size 308 

distribution, shape, and complex refractive index (m). However, Zubko et al. (2015) show that in the 309 

case of highly irregular particles, the effect of size distribution and m on the light scattering behavior 310 

dominates the effects of particle shape. Furthermore, the size distribution of the milled volcanic sand is 311 

constrained by the MasterSizer2000 measurements (Fig. 7) and this allows us to estimate m for the 312 

volcanic sand with the light-scattering model. 313 

     Specifically, we model the angular profiles of the scattered intensity I and degree of linear 314 

polarization P for the milled volcanic-sand particles using the so-called agglomerated debris particles 315 

method (Zubko, 2015, Zubko et al. 2015b). Such particles have a disordered morphology with a 316 

packing density of the constituent material being ~ 0.236. Six examples of the agglomerated debris 317 

particles are shown in Fig. 14, which are generated by systematically damaging a perfect sphere as 318 

described in Zubko et al. (2013). An notable feature of the model particles is that they reproduce 319 

analogous laboratory measurements of a variety of samples similar to those considered here, such as 320 

feldspar (Zubko et al., 2013), forsterite (Zubko, 2015), and olivine (Videen et al., 2018). In particular, 321 
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the model parameters, i.e., the size distribution and m, applied to these analogous measurements closely 322 

match the actual microphysical characteristics of the samples.  323 

Analysis of satellite data is typically done with spheroidal model-particles, see for example 324 

Dubovik et al.  However, Dubovik et al. 2006 shows that the use of spheroidal particles could not 325 

satisfactorily reproduce laboratory measurements when multiple wavelengths are involved. 326 

Furthermore, the microphysical properties retrieved with spheroidal particles do not match the true 327 

properties of the feldspar particles (refractive index, size, and aspect-ratio distributions), while 328 

agglomerated debris particles is in good quantitative agreement with the true microphysical 329 

characteristics of feldspar (Zubko et al., 2013).  330 

     A particle’s light-scattering behavior depends, in part, on the ratio of its radius r to wavelength λ, is 331 

commonly called the size parameter x = 2πr/λ (Bohren & Huffman 1983). In application to an 332 

irregularly shaped particle, we assign r to a sphere that circumscribes the model particle used. Then, we 333 

compute the relevant light-scattering quantities using agglomerated debris particles for 1 < x < 32 with 334 

the discrete dipole approximation (DDA). The DDA is a flexible technique designed for numerical 335 

simulation of light scattering by particles with an arbitrary shape (Yurkin et al. 2007). In the DDA 336 

framework, the particle is replaced by a set of cubic cells that reproduces the shape and internal 337 

structure, where the size of the cells d is sufficiently small compared to λ. As demonstrated in Zubko et 338 

al. (2010), the DDA yields robust numerical results for 2πd|m|/λ ≤ 1. Each cell is then approximated by 339 

an electric dipole and, thus, the integral equation describing interaction of an electromagnetic wave 340 

with the particle is transformed into a system of linear algebraic equations. This system of equations is 341 

then solved via an iterative method. In order to comply with the discretization criterion for d above, we 342 

consider two cases for each agglomerated debris particle: 64 × 64 × 64 cells and 128 × 128 × 128 cells. 343 

The former is used when x ≤ 15 and the latter when x > 15. The size parameter is varied in steps of ∆x 344 
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= 1 for 1 < x < 15 and ∆x = 2 for 16 < x < 32. Given that λ = 647 nm in our study, this size-parameter 345 

range corresponds to a particle-size range 0.1 µm < r < 3.3 µm. As demonstrated in Zubko et al. (2013), 346 

Zubko (2015), and Videen et al. (2018), such a range is sufficient to reproduce the light-scattering 347 

response in a polydisperse system exhibiting a power-law size distribution with an exponent of n ≥ 2.9.  348 

     To investigate the dependence on m, we apply the DDA to agglomerated debris particles at 46 349 

values of m, with real and imaginary parts spanning the ranges 1.1 < Re(m) < 2.43 and 0 < Im(m) 1, 350 

respectively. For every pair (x, m) we average the light-scattering response over a minimum of 500 351 

random shapes to ensure a statistically reliable result. We also perform size averaging using a power-352 

law distribution r–n over the full range of r considered. Initial values for n are inferred from Fig. 7, i.e., 353 

n = 3.2 and 3.5. However, we do not consider these as precisely known values. Instead, we assume a 354 

degree of variation of ±0.5, which recognizes the uncertainty inherent to the size distribution 355 

measurements with the MasterSizer 2000 instrument.  356 

     We investigate all the available refractive indices, searching for the best fit to the maximum value of 357 

the degree of linear polarization Pmax ≈ (18.7 ± 1.1)% found for the milled-sand sample at θ = 100°. 358 

When such fit is possible, we then compare the entire angular profiles of I and P measured for the 359 

given sample with that from the DDA model applied to agglomerated debris particles (Zubko et al., 360 

2013; Zubko, 2015; Videen et al., 2018). As Fig. 14 shows, the best fit for λ = 647 nm is obtained for 361 

m = 1.6 + 0.01i and n = 2.85. As one can see, the intensity is reproduced well for all θ, whereas the 362 

degree of linear polarization tends to agree less near backscattering ( θ > 140°) where the phenomenon 363 

of negative polarization is observed (i.e., I⊥ < I||). The same qualitative behavior is seen for a feldspar 364 

particle (Zubko et al., 2013), although the difference is smaller. Overall, the agglomerated debris 365 

particle model in other work closely matches the true microphysical properties of the measured particle 366 
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(Zubko et al., 2013; Zubko, 2015; Videen et al., 2018). Such performance of the model lends 367 

confidence to our conclusion in Fig. 14 that m = 1.6 + 0.01i for the volcanic sand at λ = 647 nm.  368 

     Finally, consider the question of how the inferred material absorption, i.e., Im(m) = 0.01, 369 

corresponds to the dark appearance of the milled volcanic sand, having a reflectance ~ 0.1 near 370 

backscattering θ = 175° and presumably ~ 0.12 at θ = 180° (see Fig. 11). We draw attention to previous 371 

laboratory measurements of m in powdered kerogen type-II reported by Khare et al. (1990). In 372 

particular, for the red part of the spectrum, a similar value for Im(m) is found, Im(m) ≈ 0.012, whereas 373 

the powder is described as having the dark appearance. Thus, our finding that Im(m) = 0.01 for the 374 

volcanic sand agrees well with the visual appearance of the sand deposited on a surface.  375 

 376 

5. Conclusions 377 

Our study of the light-scattering behavior of Icelandic volcanic sand achieves a quantitative 378 

characterization of this important material. The reflectance and polarization deposited sand strongly 379 

depends on the particle size-distribution. According to the Umov law, the maximum of the polarization 380 

degree encodes information on the material’s optical absorption and reflectance. This effect is 381 

demonstrated for the three samples of volcanic sand containing particles with different size 382 

distributions. The degree of linear polarization differs by nearly a factor of three between the milled 383 

and natural-sand samples whereas the polarization seen for the sieved sample is smaller than the natural 384 

sand and greater than the milled sand. However, the water added to the sieved sand increases its 385 

polarimetric response considerably, so that at some scattering angles the response is nearly the same as 386 

the natural sand, which consists of larger particles. This observation may have important implications 387 

for remote-sensing observations of regions with such sand present.  388 
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     Our comparative analysis of the reflectance and polarization response of particles suspended as an 389 

aerosol with those deposited on a surface reveal: 390 

(1) The normalized reflectance of light scattered by the aerosols is noticeably stronger at small 391 

scattering-angles compared to that of the deposited particles. 392 

(2) The positive degree of linear polarization for the aerosols is greater than for the deposited 393 

particles for 90° < θ < 160°. 394 

(3) The maximum polarization is as large as Pmax ≈ 22% occurring at θmax ≈ 60° for deposited 395 

particles, and Pmax ≈ 19% at θmax ≈ 100° for the aerosol particles. 396 

(4) The polarization response from the aerosol and deposited particles becomes similar at θ = 95°. 397 

(5) The negative polarization branch of deposited particles is deeper than that of the aerosol.  398 

Finally, based on discrete-dipole modeling of the reflectance and degree of linear polarization we 399 

estimate the refractive index of the Icelandic volcanic sand to be m = 1.6 + 0.01i at λ = 647 nm.  400 

 401 
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Figures 546 

 547 

Figure 1  548 

Satellite image of Iceland obtained with MODIS (Blue Marble from August 2004). Enlarged image of 549 

the selected area is taken from MODIS 08.07.2009). 550 

 551 

 552 

 553 
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Figure 2 557 

 558 

Scheme of Finnish Geospatial Research Institute goniospectropolariphotometer FIGIFIGO setup 559 

 560 

 561 
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Figure 3  565 

 566 

Scheme of IAA Cosmic Dust Laboratory setup 567 

 568 
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Figure 4  575 

 576 

Appearance of milled, sieved, and natural volcanic sand samples along with optical-microscope images 577 

of the same samples. 578 

 579 

 580 
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 582 
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Figure 5 584 

 585 

Scanning electron microscopic images of the natural sample 586 
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Figure 6 591 

 592 

Element composition of natural volcanic sand particles analyzed with the X-ray spectrometry 593 

 594 
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Figure 7 598 

 599 

Size distribution of the milled volcanic sand particles on linear scale on the right and log scale on the 600 

left.  601 

 602 
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Figure 8  606 

 607 

Reflectance and degree of linear polarization as function of wavelength of sieved wet and dry volcanic 608 

sand particles deposited on the surface. 609 

 610 

 611 

 612 
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Figure 9  615 

 616 

Reflectance and degree of linear polarization of the dry and wet sieved volcanic sand as a function of 617 

scattering angle at wavelength of 647 nm 618 

 619 

  620 
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Figure 10  625 

 626 

Reflectance and degree of linear polarization of the dry natural and milled volcanic sand as function on 627 

phase angle at wavelength of 647 nm 628 

 629 
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 Figure 11  635 

The scattering angle dependence of the normalized reflectance and degree of linear polarization 636 

obtained for the surface and aerosol of the milled volcanic sand.  637 
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Figure 12 642 

 643 

The normalized reflectance and degree of linear polarization as a function of scattering angle for three 644 

different samples: white-clay, milled volcanic-sand, and the ash particles from the Eyjafjallajokull 645 

volcano.   646 

 647 
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Figure 13 651 

 652 

Comparison of the polarization response of volcanic sand λ = 647 nm and soot particles at λ = 632.8 653 

nm (data adopted from Francis et al. 2011) suspended into the air. 654 

 655 
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Figure 14 657 

 658 

On the top: Six examples of the modeled agglomerated debris particles. On the bottom: Intensity I (left) 659 

and degree of linear polarization P (right) as a function of the scattering angle θ in the milled volcanic 660 

sand and their model (blue curve) at n = 2.85 and m = 1.6 + 0.01i.  661 

 662 
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Research Highlights 

• We report angular scattered-light intensity and polarization from the volcanic sand 

• Light scattering by volcanic sand  is studied in single-particle and deposited modes 

• Refractive index of volcanic sand is estimated 

• Polarimetric response of volcanic sand is compared to that in carbon-soot 


