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Abstract—A method for retrieving volcanic ash parameters from satellite data is presented. The funda-
mental difference between the presented methodology and classical algorithms for the retrieval of vol-
canic ash parameters is the simultaneous use of various optical models of volcanic clouds. The models
contain information not only about volcanic rocks (andesite or basalt) but also about their combinations
with water drops and the aqueous solution of sulfuric acid. The volcanic ash parameters are determined
by the characteristics of solar radiation reflected from a volcanic cloud and the cloud’s self-radiation in
the infrared atmospheric window. The volcanic ash parameters are retrieved according to the
Meteosat-9 SEVIRI satellite radiometer for the case of the Eyjafjallajokull volcano eruption (Iceland,
May 2010). The results are compared with data of aircraft lidar measurements and show a good qualita-
tive and quantitative agreement.
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INTRODUCTION

Volcanic eruptions can cause various regional and global consequences, starting from the destruction of
infrastructure and ecosystem near a volcano [25] and ending with the impact on global climate [16]. In
addition, volcanic ash clouds crossing aviation routes can pose a serious threat to the flight safety. For ex-
ample, the recent major eruptions of the Icelandic volcanoes in 2010 and 2011 led to the air traffic disrup-
tion in Europe and caused losses of billions of dollars for airlines [17]. In view of this, there has been a need
in the timely detection of volcanic ash released to the atmosphere during eruptions and in the organization
of routine monitoring of volcanic cloud propagation with simultaneous determination of concentration and
microphysical parameters of ash particles.

Most techniques for the calculation of volcanic ash parameters from satellite data are based on the
analysis of outgoing infrared radiation in the spectral range of 10—12 um, on so called reverse absorption
technique based on the “split transparency window” [27]. Following this approach, it is possible to calcu-
late its parameters for certain atmospheric conditions using an optical model of volcanic ash if the outgoing
infrared radiation measured in the satellite instrument channels is known. However, there are great differ-
ences [28] in the estimates of retrieved parameters determined by different methods based on data of the
same satellite instruments. The factors causing these discrepancies are well known and were discussed in
many papers [7, 21, 24, 27].

One of the main factors affecting the accuracy of determination of volcanic ash parameters is the choice
of an optical model. The difference of the presented method for retrieving volcanic ash parameters from
classic schemes, when the choice comes to two optical ash models (andesite or basalt), consists in the si-
multaneous use of several models of volcanic clouds composed of the ash of different nature in combina-
tion with water drops or the aqueous solution of sulfuric acid (H,SO,). The ash parameters are determined
by the characteristics of both solar radiation reflected from the volcanic cloud and cloud’s self-radiation in
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infrared atmospheric transparency windows (in the area of 10 um). Taking into account the diversity of ob-
servation geometry and variability of optical atmospheric conditions, the radiation calculations in solar and
infrared regions are used to determine the signals in the spectral channels of satellite scanners for each vol-
canic cloud model and the series of values of optical depth (t,.,) and effective radius (7). Such signals are
reflection coefficients in the solar spectral range and the values of brightness temperature in the infrared re-
gion. The calculated signals of all models for a particular observation scheme are compared with the real
ones, i.e., with the signals determined directly from measurements in the satellite instrument channels. The
technique for minimizing the root-mean-square residual between the calculated and measured signals is
used to choose a particular model; then, the volcanic ash parameters are estimated.

The cases of eruptions of the Eyjafjallajokull volcano (Iceland) in May 2010 were analyzed to validate
the satellite estimates of volcanic ash parameters, including 1,,, 7., and mass concentration (M,.). The ash
parameters were evaluated using Meteosat-9 SEVIRI multichannel scanner measurement data
(https://www.wmo-sat.info/oscar/instruments/view/503). Measurement data obtained during the experi-
mental flight of FAAM BAe-146 research aircraft were used as reference ones.

SIMULATION OF SATELLITE SIGNALS OVER VOLCANIC CLOUDS

When modeling signals in infrared channels of the satellite instrument, it was assumed that the volcanic
cloud is a homogeneous flat slab. Then, the intensity of infrared radiation R, registered by the satellite in-
strument at the atmosphere top is defined by the following expression [20]:

Ry = (1= &Ry, + &R, + 1, B(T)) (M

clr

where ¢ is the coefficient of effective emissivity of the volcanic cloud; R, is the radiation of the “clear” at-
mosphere; R, is the atmospheric radiation over the volcanic cloud; ¢, is the coefficient of atmospheric
transmission over the volcanic cloud; B is the Planck’s function; T,¢is effective temperature of the volcanic
cloud.

The parameter 7 in (1) determines temperature of the black body that corresponds to the outgoing radi-
ation from the cloud top. The coefficient € is analytically connected with the transmission coefficient:

t =1-¢=exp(-Lo,, /cos0) 2)

where 7 is the transmission coefficient of the volcanic cloud; L is the geometric thickness of the cloud; Gy s
the volumetric extinction coefficient; 0 is the zenith viewing angle.

Thus, the coefficient € is directly connected with microphysical parameters of the volcanic cloud, which
are determined by the coefficient 6. There is an obvious relation between G, and optical depth t,,:

T = Lo, =—In(l - &)cos 6. )

The ratio of the values of optical depth for the certain pair of infrared channels, for example, at the
wavelengths of 12 and 11 pm, is usually considered to determine the microphysical structure of the ash
cloud. The similar ratio is presented in [18] to determine cirrus cloud parameters, in particular, the effective
radius 7.; from AVHRR satellite instrument data. The ratio is expressed through the coefficient 3.; using the
following formula:

n Robs, [P (Rac. nt tac, 12B(Tef, 12 ))
Toer.12 In(1-¢,,) _ Rclr,lz - (Rac,lz + tac,]ZB(Tef, )

Bef = - :
Taer,]] ln(l - 8” 1H{Robs,ll - (Rac,ll + tac,llB(Tef, 11 )):|

4)

R - (R + tac,llB(ch,ll))

clr, 11 ac, 11

The coefficient B.; depends on the microphysical parameters of volcanic clouds and is the main param-
eter for estimating these parameters from satellite data.

Several unknown parameters, namely, R, Ry, t., and T should be determined to compute 3, from
satellite data. The values of Ry, R, ?,. are determined using the RTTOV fast radiative transfer model
(https://www.nwpsaf.eu/site/software/rttov/); the temperature of the underlying surface 7, and the pro-
files of temperature and water vapor obtained from the GFS numerical weather prediction model with a
spatial resolution of 0.25° are used at its input. In addition, the emissivity of the underlying surface obtained
at https://cimss.ssec.wisc.edu/iremis/ was additionally used to calculate R,,.
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The determination of 7 is especially difficult. For optically dense clouds, 7, is roughly equal to the
cloud top temperature 7,;4. The less optically dense the ash cloud is, the more significant the difference be-
tween T, and T4 is. The radiation from optically thin clouds is formed by underlying atmospheric (cloud)
layers and the Earth surface. According to [11], the condition € > 0.4 should be met for the precise determi-
nation of T4. In the present paper, T4 is determined by the method from [11].

According to [18, 26], the interpretation of (4) through the optical parameters of aerosol with account of
infrared radiation scattering has the following form:
(I - 0,8,)0 1
B theo — (5 )
(1 - 0,8 )Gext,ll
where o is single-scattering albedo; g is the skewness of the scattering indicatrix.

The coefficient B¢ determined from satellite measurements of optical depth at 12 and 11 um, according
to [18], is equal to the model By, calculated by the Mie theory:

Bef ~ Blheo N (6)

As shown in [18], comparing B.; with B, it is possible to determine the type of aerosol, its particle size
distribution, and effective radius ., and, with account of the value of t,., calculated using (3), to determine
the mass concentration using the following formula [9, 22]:

T

M _W L W aer]l _ aer, 11 |
“ “ cht,ll kcxt,ll
(7
| J.Qem,“rzn(r)dr
kext,ll =\ -
p

4%
5 j r’n(r)dr

i

where W, is volume concentration; Q.. 11 1S extinction efficiency factor; r is particle radius; p is the aero-
sol particle density; n(r) is the particle size distribution function; k., 11 is the mass extinction coefficient.

The parameter Q. 1 is dimensionless, it determines the extinction of electromagnetic radiation due to
absorption and scattering and is equal to the ratio of the effective cross-section of the particle extinction Oy
to the particle area:

d
Qext,ll = eX; : (8)

nr

Thus, having the optical models of volcanic aerosol and having preliminarily calculated B and t,, it
is possible to use satellite data for determining M, and r... The accuracy of the retrieved ash parameters
depends on the optimum choice of such model.

OPTICAL MODELS OF VOLCANIC CLOUDS

The application of models for determining the parameters of volcanic ash and any aerosol is generally a
common approach to solving such problems in the field of remote sensing. The difficulty of implementing
this approach for retrieving the volcanic ash parameters consists in the optimum choice of the model for
specific conditions of observations with a satellite instrument. The ash of each volcano has a unique com-
position and consists of different magmatic rocks: from andesite to andesite-basalt and dacite [1]. Volcanic
clouds are a mixture of different components that can be represented by ash, water drops, and H,SO, aque-
ous solution. Hence, the choice of optical models comes to the selection from different combinations of
aerosol components of volcanic clouds. In the present study, the models of dependences of optical parame-
ters ke, ®, g on the wavelength were constructed in the form of lookup tables (LUT) for different values of
ror and combinations of volcanic rocks with water drops and H,SO, (the model construction is described in
more detail in [4], the full list of optical models can be found at https://www.dvrcpod.ru/ASH.php). Let us
consider only separate aerosol fractions of a volcanic cloud.

Table 1 presents the optical and microphysical parameters of aerosol fractions for the unit optical depth
(Taer, 0,55 = 1). The parameters are given for two wavelengths: 0.55 and 11 pm.
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Table 1. Optical and microphysical parameters of cloud components for the unit optical depth (Tuer, 0.55 = 1)

Parameter 11 um 0.55 pm
Vef Maer Toer kext ® g Taer kext ® g
Andesite
0.5 0.63 0.07 0.14 0.23 0.25 1.0 1.56 0.98 0.71
1.0 1.27 0.17 0.22 0.39 0.38 1.0 0.79 0.97 0.72
2.0 2.82 0.37 0.25 0.47 0.49 1.0 0.35 0.94 0.76
3.0 443 0.50 0.22 0.48 0.55 1.0 0.23 0.92 0.79
5.0 7.68 0.61 0.16 0.49 0.63 1.0 0.13 0.88 0.82
7.0 10.95 0.64 0.12 0.50 0.69 1.0 0.09 0.85 0.84
9.0 14.23 0.63 0.09 0.50 0.73 1.0 0.07 0.82 0.85
11.0 17.53 0.62 0.07 0.51 0.76 1.0 0.06 0.80 0.86
Basalt
0.5 0.69 0.06 0.12 0.25 0.26 1.0 1.44 0.99 0.68
1.0 1.42 0.16 0.19 0.42 0.39 1.0 0.70 0.98 0.70
2.0 3.16 0.37 0.23 0.48 0.48 1.0 0.32 0.96 0.74
3.0 4.96 0.50 0.20 0.50 0.54 1.0 0.20 0.95 0.77
5.0 8.58 0.61 0.14 0.50 0.62 1.0 0.12 0.92 0.80
7.0 12.22 0.63 0.10 0.50 0.68 1.0 0.08 0.89 0.82
9.0 15.89 0.63 0.08 0.51 0.72 1.0 0.06 0.87 0.83
11.0 19.56 0.62 0.06 0.51 0.75 1.0 0.05 0.85 0.84
Water
10.0 6.38 0.42 0.16 1.0 0.86 1.0 0.12 043 0.93
15.0 9.67 0.48 0.10 1.0 0.87 1.0 0.10 0.48 0.95
20.0 12.97 0.51 0.08 1.0 0.87 1.0 0.08 0.50 0.96
H,SO,
0.2 0.32 0.05 0.17 0.01 0.02 1.0 3.09 1.0 0.70
0.4 0.36 0.06 0.19 0.04 0.10 1.0 2.76 1.0 0.74
0.6 0.51 0.10 0.21 0.11 0.19 1.0 1.96 1.0 0.73
0.8 0.71 0.14 0.24 0.17 0.27 1.0 1.42 1.0 0.73
1.0 0.93 0.19 0.26 0.22 0.33 1.0 1.08 1.0 0.73

The parameters of aerosol components of the volcanic cloud presented in Table 1 provide a clear pattern
of the contribution of each component to the total estimate of mass concentration. It may be noted that for
identical (in terms of optical parameters) volcanic rocks andesite and basalt, the difference in the mass con-
centration can reach 10% at ., = 3 um. Since volcanic ash clouds in real conditions consist of the mix of
various aerosol components, the mass concentration of ash in the mixtures differs significantly. Therefore,
the information about the aerosol composition of the volcanic cloud is one of the main factors affecting the
accuracy of retrieving mass characteristics of volcanic ash.

The dependences of 7. on By, are constructed using (5) for each model and are used to compute approx-
imation functions. In the present study, such dependences were constructed for the spectral characteristics
of the Meteosat-9 SEVIRI imager channels. Figure 1 presents the example of the dependences of 7. on Byeo
for some volcanic cloud models.

The approximation of points on the graph is carried out by the fifth-order polynomial like
In(y) =cx’ + cx* + e, x’ + e,x" + ¢,x + ¢, C)
where x is the variable; ¢; is coefficients.
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Fig. 1. The dependence of effective radius 7; on the coefficient e, for different models of volcanic clouds. (/) Andesite
(100%); (2) andesite (70%)/H,SO4 (30%); (3) andesite (30%)/H,SO4 (70%); (4) andesite (30%)/water (70%); (5) andesite
(50%)/water (50%); (6) andesite (70%)/water (30%).

As the functions of spectral sensitivity of the channels for various satellite instruments can differ from
each other, the program code available at https://www.dvrcpod.ru/ASH.php was created for convenience of
calculating the coefficients in (9).

Figure 1 shows that the highest sensitivity to 7., as a rule, is observed in the range of 7., = 0.5-6 um
(i.e., relatively significant changes in B, with a relatively small change in 7). As soon as r.sreaches a cer-
tain upper threshold, a different situation is observed: a relatively small variation in B, leads to significant
changes in ;. Thus, there are significant uncertainties in retrieving the characteristics of large ash particles.
For example, it is difficult to identify the ash particles mixed with H,SO, when their size exceeds 6 um (see
Fig. 1), especially when the concentration of H,SO, particles per unit volume is dominant. Actually, if there
are large particles in the distribution, this may lead to the incorrect choice of the model and, hence, to the in-
correct estimation of r.; and M,,.

Before retrieving the volcanic ash parameters, the pixel containing ash should be identified in the image.
The reverse absorption technique was used to detect ash in satellite images [3]. The method is based on
taking into account both the difference in brightness temperature at the wavelengths of 11 and 12 um and
spectral brightness coefficients at the wavelengths of 0.6 and 3.7 um. This method, unlike classic ap-
proaches [23], is more sensitive to the presence of volcanic ash including that mixed with cloudiness. After
detecting each ash-containing pixel, the model of optical parameters is chosen. For the model selection, the
ratios of effective absorbing optical depth 3. at the wavelengths of 12/11 and 8.5/11 um calculated using
(5) and the ratio of reflection coefficients for the channels of 3.7 and 0.6 um (RAT(3.7/0.6)) measured with
the satellite instrument were used. The additional use of the ratios RAT(3.7/0.6) and the ratio of B for the
channels of 8.5 and 11 um, according to [19, 21], allows identifying volcanic clouds against a background
of common clouds. The calculations were performed over the water surface with albedo equal to 0.03 for
different combinations of viewing angles and illumination with account of the impact of trace gases on ra-
diation intensity in the satellite instrument channels. The computation was carried out using the rapid radia-
tive transfer model based on the DISORT (Discrete Ordinates Radiative Transfer) program code [6] from
the libRadtrtan library (www.libradtran.org) [15].

The minimal residual method [8] defined by the following expression is used to choose the model:
3

17 = D AIS o, (B(12, 11), B(85, 11), RAT(37, 0.6))
- (10)
— S e (B(12, 11), B(85, 11), RAT(37, 0.6))]°}/ o}

where S is the vector of parameters; y ? is the residual; G, is the standard deviation (G (Seps, 1))-

The sum of squared residuals y * is calculated for each optical model; then, such minimum value of y *

is determined to which the chosen model (for which the certain approximation function exists) will corre-
spond. The value of B.{12/11) is used as an argument at the input of the approximation function, and 7 is
calculated. Then, the value of k. |; is extracted from the lookup tables, and the value of M,, is determined
using (7).
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Fig. 2. The FAAM BAe-146 research aircraft trajectories combined with SEVIRI satellite images for May 2010: (a) May 14
(12:00 UTC); (b) May 16 (14:00 UTC); (c) May 17 (15:00 UTC).

ANALYSIS OF RESULTS

The Meteosat-9 SEVIRI measurements with a spatial resolution of 3 km at the subsatellite point and
with the 15-minute observation interval were used to implement the above technique for retrieving cloud
parameters. The data were taken from the archive https://archive.eumetsat.int. The eruption of the
Eyjafjallajokull volcano (Iceland) in May 2010 was chosen as an object of research. This case is unique be-
cause ash clouds from this eruption were studied well as a result of direct ground-based [5, 10], aircraft [12,
14], and satellite measurements [13, 24].

The quality of retrieving volcanic ash parameters was assessed using the data obtained during the exper-
imental flight of the FAAM (Facility for Airborne Atmospheric Measurements) BAe-146 research aircraft
over Great Britain and surrounding seas in May 2010. More detail on this experiment is provided in [12,
14]. The measurements were performed using the onboard lidar in the near-UV region at the wavelength of
0.355 um under certain safety measures, when the cloud particle concentration did not exceed 2000 mg/m?3.
The lidar has a spatial vertical resolution of 45 m and temporal horizontal resolution of 1 minute, which
corresponds to the horizontal resolution along the flight direction of 7—11 km. Figure 2 presents the FAAM
BAe-146 passes (the red curve) coupled with SEVIRI satellite images for May 14, 16, and 17, 2010.

The results of lidar measurements obtained during the experiment were checked for the presence of
cloudiness and other aerosols, that were subsequently removed from the dataset. Based on the results of
checking and processing lidar data, the vertical distributions of concentration W, j;; and volumetric extinc-
tion coefficient 6, ;¢ were calculated and are presented in Figs. 3 and 4. Each vertical profile corresponds
to the particular time and geographic coordinates.

To proceed from the vertical distribution of W, jig and Gy jiq to the column values, it is necessary to in-
tegrate data by height using the following expressions:

M s = I W per.1ia (2)dz,
(11)

Taer, lid — J. kext, lid (Z)dZ

El

where M, 1iq is the mass concentration, g/m>; T, 1iq is the optical depth at the wavelength of 0.355 um; z,,
z, are the base and top of the volcanic cloud, respectively.

The following conditions were specified for integration: the base was assumed equal to 2 km, the top was
300 m below the aircraft flight height [14]. In addition, the value of 1, for satellite data is retrieved for the
wavelength of 11 um, while the lidar measured at the wavelength of 0.355 um. The following expression is
used to convert 1, to the wavelength of 0.355 um:

_ Tllkcxt, 0.355 (12)
kexl,ll(l - o)

where 10355 1s the optical depth at the wavelength of 0.355 um calculated from SEVIRI data.

To3ss
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Fig. 3. The concentration of volcanic ash derived from lidar measurements during the FAAM BAe-146 research aircraft
flight on May 2010: (a) May 14; (b) May 16; (c) May 17.

The comparison of satellite- and aircraft-based estimates of volcanic ash content and optical depth is
carried out by the following scheme. The correction of the parallax effect (when an object is observed from
the geostationary orbit at large zenith angles, its true position does not correspond to the observed one) is
preliminarily carried out for each SEVIRI session. Then, the SEVIRI observation time is compared with
the aircraft pass time. The data are selected when the time difference between them does not exceed 2 min-
utes. After that, the spatial binding is performed: the nearest aircraft measurement is searched for each pixel
with ash according to SEVIRI data. The comparison takes into account the results of measurements with
the ash mass concentration above 0.1 g/m? in order not to consider measurements with no volcanic ash. The
datasets are formed separately for satellite and aircraft measurements, and their results are compared
(Fig. 5).

In accordance to the conditions of the above comparison scheme, 56 cases were selected for the whole
of aircraft measurements. The comparison was performed for different dates, which may indicate unique-
ness of each case characterized by different particle concentration and optical depth of the volcanic cloud.
Below, the results of the comparison of volcanic ash parameters are presented for each measurement day in
May 2010:
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Fig. 4. The volumetric extinction coefficient for volcanic ash derived from lidar measurements during the FAAM BAe-146
research aircraft flight in May 2010: (a) May 14; (b) May 16; (c) May 17.

Date May 14 May 16 May 17
Number of cases 42 12 2
Mass concentration
RMSE 0.19 0.08 0.25
MAE 0.11 0.06 0.24
Optical depth
RMSE 0.15 0.25 0.34
MAE 0.11 0.19 0.34

(RMSE is the root-mean-square error, MAE is the mean absolute error).

The coefficient of correlation between the satellite and aircraft estimates of optical depth and mass con-
centration of volcanic ash is more than 0.7, which indicates a high consistency of the parameters.

The ash samples were also taken during the FAAM BAe-146 research aircraft flight. The analysis revealed
that particles in the atmospheric layer are lognormally distributed, with the prevalence of the 1-10 pum size
[12]. The distribution peak is observed for the particle size of 1.8 um. It agrees well with the SEVIRI-based
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Fig. 5. The comparison of volcanic ash parameters retrieved from aircraft (FAAM BAe-146) and satellite (SEVIRI) mea-
surements: (a) mass concentration; (b) optical depth at the wavelength of 0.355 um. The correlation coefficient R =0.79 and
0.73, respectively; the root-mean-square error RMSE = 0.17 and 0.18; the mean absolute error MAE =0.11 and 0.14; the
maximum time difference between the aircraft pass and the satellite observation is 120 s.

ash particle distribution presented in Fig. 6, that was obtained for all detected ash pixels in the satellite im-
ages for the analyzed dates.

DISCUSSION OF RESULTS

Using the data of independent aircraft measurements during the Eyjafjallajokull volcano eruption allowed
evaluating the volcanic ash parameters retrieved from satellite data. There is a high correlation between the
satellite and aircraft estimates of volcanic ash parameters. At the same time, the mass concentration and
optical depth obtained from the aircraft lidar data are always systematically higher than the satellite-re-
trieved ones.

There is a number of factors in which satellite estimates of volcanic ash parameters can differ from the
lidar ones. The main factor is spatial resolution. The measurements of the narrow lidar beam have low spa-
tial resolution across the survey area (about several meters) and rather high resolution (7-11 km) along it.
One lidar measurement corresponds to ~8—9 pixels (~9—10 km) of the satellite measurement. One more es-
sential factor is the difficulty of determining the ratio of the lidar backscattering coefficient to the extinction
coefficient of volcanic ash. The lidar beam has a strict backscattering, and SEVIRI measurements take into
account both the radiation scattering in all directions and absorption. The difference in the estimates of ash
parameters is also affected by the vertically developed structure of the volcanic cloud. Since the satellite in-
strument measures radiation coming directly from the upper layer of the volcanic cloud, in case of
multi-layer clouds it cannot receive information about the underlying layers, where ash particle concentra-
tion can be often higher than in the upper layer of the cloud. However, despite the above factors, the satel-
lite and lidar estimates of volcanic ash parameters are in good agreement.

CONCLUSIONS

The method for retrieving the volcanic ash parameters from satellite data is presented. Its fundamental
difference from the methods based on the “split transparency window” consists in the simultaneous use of
different optical models of volcanic clouds in a wide range of wavelengths: from visible to infrared. The
model data contain optical information not only about volcanic rocks like andesite and basalt but also about
their combinations with water drops and the aqueous solution of sulfuric acid. The parameters of volcanic
ash from the Eyjafjallajokull volcano eruption in May 2010 retrieved from satellite data are consistent with
the similar results of aircraft measurements. The high correlation and small standard deviation indicate the
efficiency of the presented technique. It should be noted that the accuracy of retrieved parameters directly
depends on the choice of optical models of volcanic clouds.

The developed models and algorithms form the base for determining the parameters of the ash from
volcanoes on the Kamchatka and Kuril Islands based on data of Meteor-M and Elektro-L Russian meteoro-
logical satellites jointly with measurements of foreign meteorological satellites. The obtained volcanic ash
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Fig. 6. The size distribution of volcanic ash particles according to SEVIRI data (for May 14, 16, and 17, 2010). N=295011;
c=1.76.

parameters will be used in the VolSatView system. It was developed by the specialists from the Institute of
Volcanology and Seismology of Far Eastern Branch of Russian Academy of Sciences (FEB RAS), Space
Research Institute of RAS, Computing Center of FEB RAS, and Far Eastern Branch of Planeta Research
Center for Space Hydrometeorology and is intended for the comprehensive solution to the problems of the
timely detection of increased volcano activity, identification and tracking of volcanic ash clouds, opera-
tional warning of the relevant services about the appearance of danger [2].
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