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Ab stract—A method for re triev ing vol ca nic ash pa ram e ters from sat el lite data is pre sented. The fun da -
men tal dif fer ence be tween the pre sented meth od ol ogy and clas si cal al go rithms for the re trieval of vol -
ca nic ash pa ram e ters is the si mul ta neous use of var i ous op ti cal mod els of vol ca nic clouds. The mod els
con tain in for ma tion not only about vol ca nic rocks (an de site or ba salt) but also about their com bi na tions
with wa ter drops and the aque ous so lu tion of sul fu ric acid. The vol ca nic ash pa ram e ters are de ter mined
by the char ac ter is tics of so lar ra di a tion re flected from a vol ca nic cloud and the cloud’s self-radiation in
the in fra red at mo spheric win dow. The vol ca nic ash pa ram e ters are re trieved ac cord ing to the
Meteosat-9 SEVIRI sat el lite ra di om e ter for the case of the Eyjafjallajokull vol cano erup tion (Ice land,
May 2010). The re sults are com pared with data of air craft lidar mea sure ments and show a good qual i ta -
tive and quan ti ta tive agree ment.
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IN TRO DUC TION

Vol ca nic erup tions can cause var i ous re gional and global con se quences, start ing from the de struc tion of
in fra struc ture and eco sys tem near a vol cano [25] and end ing with the im pact on global cli mate [16]. In
ad di tion, vol ca nic ash clouds cross ing avi a tion routes can pose a se ri ous threat to the flight safety. For ex -
am ple, the re cent ma jor erup tions of the Ice lan dic vol ca noes in 2010 and 2011 led to the air traf fic dis rup -
tion in Eu rope and caused losses of bil lions of dol lars for air lines [17]. In view of this, there has been a need 
in the timely de tec tion of vol ca nic ash re leased to the at mo sphere dur ing erup tions and in the or ga ni za tion
of rou tine mon i tor ing of vol ca nic cloud prop a ga tion with si mul ta neous de ter mi na tion of con cen tra tion and
microphysical pa ram e ters of ash par ti cles. 

Most tech niques for the cal cu la tion of vol ca nic ash pa ram e ters from sat el lite data are based on the
anal y sis of outgoing in fra red ra di a tion in the spec tral range of 10–12 mm, on so called re verse ab sorp tion
tech nique based on the “split trans par ency win dow” [27]. Fol low ing this ap proach, it is pos si ble to cal cu -
late its pa ram e ters for cer tain at mo spheric con di tions us ing an op ti cal model of vol ca nic ash if the out go ing
in fra red ra di a tion mea sured in the sat el lite in stru ment chan nels is known. How ever, there are great dif fer -
ences [28] in the es ti mates of re trieved pa ram e ters de ter mined by dif fer ent meth ods based on data of the
same sat el lite in stru ments. The fac tors caus ing these dis crep an cies are well known and were dis cussed in
many pa pers [7, 21, 24, 27]. 

One of the main fac tors af fect ing the ac cu racy of de ter mi na tion of vol ca nic ash pa ram e ters is the choice
of an op ti cal model. The dif fer ence of the pre sented method for re triev ing vol ca nic ash pa ram e ters from
clas sic schemes, when the choice co mes to two op ti cal ash mod els (an de site or ba salt), con sists in the si -
mul ta neous use of sev eral mod els of vol ca nic clouds com posed of the ash of dif fer ent na ture in com bi na -
tion with wa ter drops or the aque ous so lu tion of sul fu ric acid (H2SO4). The ash pa ram e ters are de ter mined
by the char ac ter is tics of both so lar ra di a tion re flected from the vol ca nic cloud and cloud’s self-radiation in
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in fra red at mo spheric trans par ency win dows (in the area of 10 mm). Taking into ac count the di ver sity of ob -
ser va tion ge om e try and vari abil ity of op ti cal at mo spheric con di tions, the ra di a tion cal cu la tions in so lar and
in fra red re gions are used to de ter mine the sig nals in the spec tral chan nels of sat el lite scan ners for each vol -
ca nic cloud model and the se ries of val ues of optical depth (taer) and ef fec tive ra dius (ref). Such sig nals are
re flec tion co ef fi cients in the so lar spec tral range and the val ues of bright ness tem per a ture in the in fra red re -
gion. The cal cu lated sig nals of all mod els for a par tic u lar ob ser va tion scheme are com pared with the real
ones, i.e., with the sig nals de ter mined di rectly from mea sure ments in the sat el lite in stru ment chan nels. The
tech nique for min i miz ing the root-mean-square re sid ual be tween the cal cu lated and mea sured sig nals is
used to choose a par tic u lar model; then, the vol ca nic ash pa ram e ters are es ti mated.

The cases of erup tions of the Eyjafjallajokull vol cano (Ice land) in May 2010 were an a lyzed to val i date
the sat el lite es ti mates of vol ca nic ash pa ram e ters, in clud ing taer, ref, and mass con cen tra tion (Maer). The ash
pa ram e ters were eval u ated us ing Meteosat-9 SEVIRI mul ti chan nel scan ner mea sure ment data
(https://www.wmo-sat.info/os car/in stru ments/view/503). Mea sure ment data ob tained dur ing the ex per i -
men tal flight of FAAM BAe-146 re search air craft were used as ref er ence ones. 

SIM U LA TION OF SAT EL LITE SIG NALS OVER VOL CA NIC CLOUDS

When mod el ing sig nals in in fra red chan nels of the sat el lite in stru ment, it was as sumed that the vol ca nic
cloud is a ho mo ge neous flat slab. Then, the in ten sity of in fra red ra di a tion Robs reg is tered by the sat el lite in -
stru ment at the at mo sphere top is de fined by the fol low ing ex pres sion [20]:

R R R t B Tobs clr ac ac ef= - + +( ) ( ( ))1 e e  (1)

where e is the co ef fi cient of ef fec tive emissivity of the vol ca nic cloud; Rclr is the ra di a tion of the “clear” at -
mo sphere; Rac is the at mo spheric ra di a tion over the vol ca nic cloud; tac is the co ef fi cient of at mo spheric
trans mis sion over the vol ca nic cloud; B is the Planck’s func tion; Tef is ef fec tive tem per a ture of the vol ca nic
cloud.

The pa ram e ter Tef in (1) de ter mines tem per a ture of the black body that cor re sponds to the out go ing ra di -
a tion from the cloud top. The co ef fi cient e is an a lyt i cally con nected with the trans mis sion co ef fi cient:

t L= - = -1 e s qexp( /cos )ext (2)

where t is the trans mis sion co ef fi cient of the vol ca nic cloud; L is the geo met ric thick ness of the cloud; sext is 
the vol u met ric ex tinc tion co ef fi cient; q is the ze nith view ing an gle.

Thus, the co ef fi cient e is di rectly con nected with microphysical pa ram e ters of the vol ca nic cloud, which
are de ter mined by the co ef fi cient sext. There is an ob vi ous re la tion be tween sext and optical depth taer:

t s e qaer ext= = - -L ln( )cos .1 (3)

The ra tio of the val ues of optical depth for the cer tain pair of in fra red chan nels, for ex am ple, at the
wave lengths of 12 and 11 mm, is usu ally con sid ered to de ter mine the microphysical struc ture of the ash
cloud. The sim i lar ra tio is pre sented in [18] to de ter mine cir rus cloud pa ram e ters, in par tic u lar, the ef fec tive
ra dius ref from AVHRR sat el lite in stru ment data. The ra tio is ex pressed through the co ef fi cient bef us ing the
fol low ing for mula:
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The co ef fi cient bef de pends on the microphysical pa ram e ters of vol ca nic clouds and is the main pa ram -
e ter for estimating these pa ram e ters from sat el lite data. 

Sev eral un known pa ram e ters, namely, Rclr, Rac, tac, and Tef should be de ter mined to com pute bef from
sat el lite data. The val ues of Rclr, Rac, tac are de ter mined us ing the RTTOV fast ra di a tive trans fer model
(https://www.nwpsaf.eu/site/soft ware/rttov/); the tem per a ture of the un der ly ing sur face Tsurf and the pro -
files of tem per a ture and wa ter va por ob tained from the GFS nu mer i cal weather pre dic tion model with a
spa tial res o lu tion of 0.25° are used at its in put. In ad di tion, the emissivity of the un der ly ing sur face ob tained 
at https://cimss.ssec.wisc.edu/iremis/ was ad di tion ally used to cal cu late Rclr. 
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The de ter mi na tion of Tef is es pe cially dif fi cult. For op ti cally dense clouds, Tef is roughly equal to the
cloud top tem per a ture Tcld. The less op ti cally dense the ash cloud is, the more sig nif i cant the dif fer ence be -
tween Tef and Tcld is. The ra di a tion from op ti cally thin clouds is formed by un der ly ing at mo spheric (cloud)
lay ers and the Earth sur face. Ac cord ing to [11], the con di tion e > 0.4 should be met for the pre cise de ter mi -
na tion of Tcld. In the pres ent pa per, Tcld is de ter mined by the method from [11].

Ac cord ing to [18, 26], the in ter pre ta tion of (4) through the op ti cal pa ram e ters of aero sol with ac count of
in fra red ra di a tion scat ter ing has the fol low ing form: 

b
w s

w s
theo

ext

ext

=
-

-

( )

( )

,

,

1

1

12 12 12

11 11 11

g

g
(5)

where w is sin gle-scattering albedo; g is the skew ness of the scat ter ing indicatrix.
The co ef fi cient bef de ter mined from sat el lite mea sure ments of optical depth at 12 and 11 mm, ac cord ing

to [18], is equal to the model btheo cal cu lated by the Mie the ory:

b bef theo» . (6)

As shown in [18], com par ing bef with btheo, it is pos si ble to de ter mine the type of aero sol, its par ti cle size
dis tri bu tion, and ef fec tive ra dius ref, and, with ac count of the value of taer cal cu lated us ing (3), to de ter mine
the mass con cen tra tion us ing the fol low ing for mula [9, 22]:
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where Waer is volume concentration; Qext, 11 is extinction efficiency factor; r is particle radius; r is the aero -
sol par ti cle den sity; n(r) is the par ti cle size dis tri bu tion func tion; kext, 11 is the mass ex tinc tion co ef fi cient.

The pa ram e ter Qext, 11 is dimensionless, it de ter mines the ex tinc tion of elec tro mag netic ra di a tion due to
ab sorp tion and scat ter ing and is equal to the ra tio of the ef fec tive cross-section of the par ti cle ex tinc tion dext

to the par ti cle area:
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Thus, hav ing the op ti cal mod els of vol ca nic aero sol and hav ing pre lim i nar ily cal cu lated bef and taer, it
is pos si ble to use sat el lite data for de ter min ing Maer and ref. The ac cu racy of the re trieved ash pa ram e ters
de pends on the op ti mum choice of such model.

OP TI CAL MODELS OF VOL CA NIC CLOUDS

The ap pli ca tion of mod els for de ter min ing the pa ram e ters of vol ca nic ash and any aero sol is gen er ally a
com mon ap proach to solv ing such prob lems in the field of re mote sens ing. The dif fi culty of im ple ment ing
this ap proach for re triev ing the vol ca nic ash pa ram e ters con sists in the op ti mum choice of the model for
spe cific con di tions of ob ser va tions with a sat el lite in stru ment. The ash of each vol cano has a unique com -
po si tion and con sists of dif fer ent mag matic rocks: from an de site to an de site-basalt and dacite [1]. Vol ca nic
clouds are a mix ture of dif fer ent com po nents that can be rep re sented by ash, wa ter drops, and H2SO4 aque -
ous so lu tion. Hence, the choice of op ti cal mod els co mes to the se lec tion from dif fer ent com bi na tions of
aero sol com po nents of vol ca nic clouds. In the pres ent study, the mod els of dependences of op ti cal pa ram e -
ters kext, w, g on the wave length were con structed in the form of lookup ta bles (LUT) for dif fer ent val ues of
ref and com bi na tions of vol ca nic rocks with wa ter drops and H2SO4 (the model con struc tion is de scribed in
more de tail in [4], the full list of op ti cal mod els can be found at https://www.dvrcpod.ru/ASH.php). Let us
con sider only sep a rate aero sol frac tions of a vol ca nic cloud. 

Ta ble 1 pres ents the op ti cal and microphysical pa ram e ters of aero sol frac tions for the unit optical depth 
(taer, 0.55 = 1). The pa ram e ters are given for two wave lengths: 0.55 and 11 mm.
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The pa ram e ters of aero sol com po nents of the vol ca nic cloud pre sented in Table 1 provide a clear pat tern
of the con tri bu tion of each com po nent to the to tal es ti mate of mass con cen tra tion. It may be noted that for
iden ti cal (in terms of op ti cal pa ram e ters) vol ca nic rocks an de site and ba salt, the dif fer ence in the mass con -
cen tra tion can reach 10% at ref = 3 mm. Since vol ca nic ash clouds in real con di tions con sist of the mix of
var i ous aero sol com po nents, the mass con cen tra tion of ash in the mix tures dif fers sig nif i cantly. There fore,
the in for ma tion about the aero sol com po si tion of the vol ca nic cloud is one of the main fac tors af fect ing the
ac cu racy of re triev ing mass char ac ter is tics of vol ca nic ash. 

The dependences of ref on btheo are con structed us ing (5) for each model and are used to com pute ap prox -
i ma tion func tions. In the pres ent study, such dependences were con structed for the spec tral char ac ter is tics
of the Meteosat-9 SEVIRI imager chan nels. Fig ure 1 pres ents the ex am ple of the dependences of ref on btheo

for some vol ca nic cloud mod els.

The ap prox i ma tion of points on the graph is car ried out by the fifth-order poly no mial like

ln( )y c x c x c x c x c x c= + + + + +5
5

4
4

3
3

2
2

1 0 (9)

where x is the variable; ci is coefficients.
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Table 1. Optical and microphysical parameters of cloud components for the unit optical depth (taer, 0.55 = 1)

Parameter 11 mm 0.55 mm

ref Maer t aer kext w g t aer kext w g

An de site

0.5
1.0
2.0
3.0
5.0
7.0
9.0

11.0

0.63
1.27
2.82
4.43
7.68

10.95
14.23
17.53

0.07
0.17
0.37
0.50
0.61
0.64
0.63
0.62

0.14
0.22
0.25
0.22
0.16
0.12
0.09
0.07

0.23
0.39
0.47
0.48
0.49
0.50
0.50
0.51

0.25
0.38
0.49
0.55
0.63
0.69
0.73
0.76

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.56
0.79
0.35
0.23
0.13
0.09
0.07
0.06

0.98
0.97
0.94
0.92
0.88
0.85
0.82
0.80

0.71
0.72
0.76
0.79
0.82
0.84
0.85
0.86

Ba salt

0.5
1.0
2.0
3.0
5.0
7.0
9.0

11.0

0.69
1.42
3.16
4.96
8.58

12.22
15.89
19.56

0.06
0.16
0.37
0.50
0.61
0.63
0.63
0.62

0.12
0.19
0.23
0.20
0.14
0.10
0.08
0.06

0.25
0.42
0.48
0.50
0.50
0.50
0.51
0.51

0.26
0.39
0.48
0.54
0.62
0.68
0.72
0.75

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.44
0.70
0.32
0.20
0.12
0.08
0.06
0.05

0.99
0.98
0.96
0.95
0.92
0.89
0.87
0.85

0.68
0.70
0.74
0.77
0.80
0.82
0.83
0.84

Water

10.0
15.0
20.0

6.38
9.67

12.97

0.42
0.48
0.51

0.16
0.10
0.08

1.0
1.0
1.0

0.86
0.87
0.87

1.0
1.0
1.0

0.12
0.10
0.08

0.43
0.48
0.50

0.93
0.95
0.96

H2SO4

0.2
0.4
0.6
0.8
1.0

0.32
0.36
0.51
0.71
0.93

0.05
0.06
0.10
0.14
0.19

0.17
0.19
0.21
0.24
0.26

0.01
0.04
0.11
0.17
0.22

0.02
0.10
0.19
0.27
0.33

1.0
1.0
1.0
1.0
1.0

3.09
2.76
1.96
1.42
1.08

1.0
1.0
1.0
1.0
1.0

0.70
0.74
0.73
0.73
0.73



As the func tions of spec tral sen si tiv ity of the chan nels for var i ous sat el lite in stru ments can dif fer from
each other, the pro gram code avail able at https://www.dvrcpod.ru/ASH.php was cre ated for con ve nience of 
cal cu lat ing the co ef fi cients in (9).  

Figure 1 shows that the highest sensitivity to ref, as a rule, is observed in the range of ref = 0.5–6 mm
(i.e., relatively significant changes in btheo with a relatively small change in ref). As soon as ref reaches a cer- 
tain upper threshold, a different situation is observed: a relatively small variation in btheo leads to significant 
changes in ref. 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 H2SO4 when their size exceeds 6 mm (see
Fig. 1), especially when the concentration of H2SO4 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 ref and Maer. 

Be fore re triev ing the vol ca nic ash pa ram e ters, the pixel con tain ing ash should be iden ti fied in the im age. 
The re verse ab sorp tion tech nique was used to de tect ash in sat el lite im ages [3]. The method is based on
tak ing into ac count both the dif fer ence in bright ness tem per a ture at the wave lengths of 11 and 12 mm and
spec tral bright ness co ef fi cients at the wave lengths of 0.6 and 3.7 mm. This method, un like clas sic ap -
proaches [23], is more sen si tive to the pres ence of vol ca nic ash in clud ing that mixed with cloud i ness. Af ter
de tect ing each ash-containing pixel, the model of op ti cal pa ram e ters is cho sen. For the model se lec tion, the
ra tios of ef fec tive ab sorb ing optical depth bef at the wave lengths of 12/11 and 8.5/11 mm cal cu lated us ing
(5) and the ra tio of re flec tion co ef fi cients for the chan nels of 3.7 and 0.6 mm (RAT(3.7/0.6)) mea sured with
the sat el lite in stru ment were used. The ad di tional use of the ra tios RAT(3.7/0.6) and the ra tio of bef for the
chan nels of 8.5 and 11 mm, ac cord ing to [19, 21], al lows iden ti fy ing vol ca nic clouds against a back ground
of com mon clouds. The cal cu la tions were per formed over the wa ter sur face with albedo equal to 0.03 for
dif fer ent com bi na tions of view ing an gles and il lu mi na tion with ac count of the im pact of trace gases on ra -
di a tion in ten sity in the sat el lite in stru ment chan nels. The com pu ta tion was car ried out us ing the rapid ra di a -
tive trans fer model based on the DISORT (Dis crete  Or di nates   Ra di a tive   Trans fer) pro gram code [6] from 
the libRadtrtan li brary (www.libradtran.org) [15]. 

The min i mal re sid ual method [8] de fined by the fol low ing ex pres sion is used to choose the model:

c b b2

1

3

12 11 85 11 37 06=
=

å{[ ( ( , ), ( . , ), ( . , . ))S i
i

obs, RAT

(10)
- S i itheo RAT, ( ( , ), ( . , ), ( . , . ))] }/b b s12 11 85 11 37 06 2 2

where S is the vec tor of pa ram e ters; c 2  is the re sid ual; s
i
 is the stan dard de vi a tion (s (Sobs, i)).

The sum of squared re sid u als c 2  is cal cu lated for each op ti cal model; then, such min i mum value of c 2

is de ter mined to which the cho sen model (for which the cer tain ap prox i ma tion func tion ex ists) will cor re -
spond. The value of bef(12/11) is used as an ar gu ment at the in put of the ap prox i ma tion func tion, and ref is
cal cu lated. Then, the value of kext, 11 is ex tracted from the lookup ta bles, and the value of Maer is de ter mined
us ing (7). 
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Fig. 1. The de pend ence of ef fec tive ra dius ref on the co ef fi cient b theo for dif fer ent mod els of vol ca nic clouds. (1) An de site

(100%); (2) an de site (70%)/H2SO4 (30%); (3) an de site (30%)/H2SO4 (70%); (4) an de site (30%)/wa ter (70%); (5) an de site
(50%)/wa ter (50%); (6) an de site (70%)/wa ter (30%).



ANAL Y SIS OF RE SULTS

The Meteosat-9 SEVIRI mea sure ments with a spa tial res o lu tion of 3 km at the subsatellite point and
with the 15-minute ob ser va tion in ter val were used to im ple ment the above tech nique for re triev ing cloud
pa ram e ters. The data were taken from the ar chive https://ar chive.eumetsat.int. The erup tion of the
Eyjafjallajokull vol cano (Ice land) in May 2010 was cho sen as an ob ject of re search. This case is unique be -
cause ash clouds from this erup tion were stud ied well as a re sult of di rect ground-based [5, 10], air craft [12,
14], and sat el lite mea sure ments [13, 24]. 

The qual ity of re triev ing vol ca nic ash pa ram e ters was as sessed us ing the data ob tained dur ing the ex per -
i men tal flight of the FAAM (Fa cil ity for Air borne At mo spheric Mea sure ments) BAe-146 re search air craft
over Great Brit ain and sur round ing seas in May 2010. More de tail on this ex per i ment is pro vided in [12,
14]. The mea sure ments were per formed us ing the onboard lidar in the near-UV re gion at the wave length of
0.355 mm un der  cer tain safety mea sures, when the cloud par ti cle con cen tra tion did not ex ceed 2000 mg/m3. 
The lidar has a spa tial ver ti cal res o lu tion of 45 m and tem po ral hor i zon tal res o lu tion of 1 min ute, which
cor re sponds to the hor i zon tal res o lu tion along the flight di rec tion of 7–11 km. Fig ure 2 pres ents the FAAM
BAe-146 passes (the red curve) cou pled with SEVIRI sat el lite im ages for May 14, 16, and 17, 2010. 

The re sults of lidar mea sure ments ob tained dur ing the ex per i ment were checked for the pres ence of
cloud i ness and other aero sols, that were sub se quently re moved from the dataset. Based on the re sults of
check ing and pro cess ing lidar data, the ver ti cal dis tri bu tions of con cen tra tion Waer, lid and vol u met ric ex tinc -
tion co ef fi cient sext, lid were cal cu lated and are pre sented in Figs. 3 and 4. Each ver ti cal pro file cor re sponds
to the par tic u lar time and geo graphic co or di nates. 

To pro ceed from the ver ti cal dis tri bu tion of Waer, lid and sext, lid to the col umn val ues, it is nec es sary to in -
te grate data by height us ing the fol low ing ex pres sions: 

M W z dz
z

z

aer, lid aer, lid= ò ( ) ,
1

2

(11)

t aer, lid ext, lid= ò k z dz
z

z

( )
1

2

where Maer, lid is the mass con cen tra tion, g/m2; taer, lid is the optical depth at the wave length of 0.355 mm; z1,
z2 are the base and top of the vol ca nic cloud, re spec tively.

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 taer for satellite data is retrieved for the
wavelength of 11 mm, while the lidar measured at the wavelength of 0.355 mm. The following expression is
used to convert taer to the wavelength of 0.355 mm:
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w
0 355

11

111
.

( )
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-

k

k

ext, 0.355

ext, 11

(12)

where t0.355 is the optical depth at the wavelength of 0.355 mm calculated from SEVIRI data.
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Fig. 2. The FAAM BAe-146 re search air craft tra jec to ries com bined with SEVIRI sat el lite im ages for May 2010: (a) May 14
(12:00 UTC); (b) May 16 (14:00 UTC); (c) May 17 (15:00 UTC).



The com par i son of sat el lite- and air craft-based es ti mates of vol ca nic ash con tent and optical depth is
car ried out by the fol low ing scheme. The cor rec tion of the par al lax ef fect (when an ob ject is ob served from
the geo sta tion ary or bit at large ze nith an gles, its true po si tion does not cor re spond to the ob served one) is
pre lim i nar ily car ried out for each SEVIRI ses sion. Then, the SEVIRI ob ser va tion time is com pared with
the air craft pass time. The data are selected when the time dif fer ence be tween them does not ex ceed 2 min -
utes. Af ter that, the spa tial bind ing is per formed: the near est air craft mea sure ment is searched for each pixel 
with ash ac cord ing to SEVIRI data. The com par i son takes into ac count the re sults of mea sure ments with
the ash mass con cen tra tion above 0.1 g/m2 in or der not to con sider mea sure ments with no vol ca nic ash. The 
datasets are formed sep a rately for sat el lite and air craft mea sure ments, and their re sults are com pared
(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. 3. The con cen tra tion of vol ca nic ash de rived from lidar mea sure ments dur ing the FAAM BAe-146 re search air craft
flight on May 2010: (a) May 14; (b) May 16; (c) May 17.



Date

Num ber of cases

Mass con cen tra tion
  RMSE
  MAE

Optical depth
  RMSE
  MAE

May 14

42

0.19
0.11

0.15
0.11

May 16

12

0.08
0.06

0.25
0.19

May 17

2

0.25
0.24

0.34
0.34

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

The co ef fi cient of cor re la tion be tween the sat el lite and air craft es ti mates of optical depth and mass con -
cen tra tion of vol ca nic ash is more than 0.7, which in di cates a high con sis tency of the pa ram e ters.  

The ash sam ples were also taken dur ing the FAAM BAe-146 re search air craft flight. The anal y sis re vealed 
that par ti cles in the at mo spheric layer are lognormally dis trib uted, with the prev a lence of the 1–10 mm size
[12]. The dis tri bu tion peak is ob served for the par ti cle size of 1.8 mm. It agrees well with the SEVIRI-based
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Fig. 4. The vol u met ric ex tinc tion co ef fi cient for vol ca nic ash de rived from lidar mea sure ments dur ing the FAAM BAe-146
re search air craft flight in May 2010: (a) May 14; (b) May 16; (c) May 17.



ash par ti cle dis tri bu tion pre sented in Fig. 6, that was ob tained for all de tected ash pix els in the sat el lite im -
ages for the an a lyzed dates.

DIS CUS SION OF RE SULTS

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 num ber of fac tors in which sat el lite es ti mates of vol ca nic ash pa ram e ters can dif fer from the
lidar ones. The main fac tor is spa tial res o lu tion. The mea sure ments of the nar row lidar beam have low spa -
tial res o lu tion across the sur vey area (about sev eral me ters) and rather high res o lu tion (7–11 km) along it.
One lidar mea sure ment cor re sponds to ~8–9 pix els (~9–10 km) of the sat el lite mea sure ment. One more es -
sen tial fac tor is the dif fi culty of de ter min ing the ra tio of the lidar back scat ter ing co ef fi cient to the ex tinc tion 
co ef fi cient of vol ca nic ash. The lidar beam has a strict back scat ter ing, and SEVIRI mea sure ments take into
ac count both the ra di a tion scat ter ing in all di rec tions and ab sorp tion. The dif fer ence in the es ti mates of ash
pa ram e ters is also af fected by the ver ti cally de vel oped struc ture of the vol ca nic cloud. Since the sat el lite in -
stru ment mea sures ra di a tion com ing di rectly from the up per layer of the vol ca nic cloud, in case of
multi-layer clouds it can not re ceive in for ma tion about the un der ly ing lay ers, where ash par ti cle con cen tra -
tion can be of ten higher than in the up per layer of the cloud. How ever, de spite the above fac tors, the sat el -
lite and lidar es ti mates of vol ca nic ash pa ram e ters are in good agree ment. 

CON CLU SIONS

The method for re triev ing the vol ca nic ash pa ram e ters from sat el lite data is pre sented. Its fun da men tal
dif fer ence from the meth ods based on the “split trans par ency win dow” con sists in the si mul ta neous use of
dif fer ent op ti cal mod els of vol ca nic clouds in a wide range of wave lengths: from vis i ble to in fra red. The
model data con tain op ti cal in for ma tion not only about vol ca nic rocks like an de site and ba salt but also about 
their com bi na tions with wa ter drops and the aque ous so lu tion of sul fu ric acid. The pa ram e ters of vol ca nic
ash from the Eyjafjallajokull vol cano erup tion in May 2010 re trieved from sat el lite data are con sis tent with
the sim i lar re sults of air craft mea sure ments. The high cor re la tion and small stan dard de vi a tion in di cate the
ef fi ciency of the pre sented tech nique. It should be noted that the ac cu racy of re trieved pa ram e ters di rectly
de pends on the choice of op ti cal mod els of vol ca nic clouds.

The de vel oped mod els and al go rithms form the base for de ter min ing the pa ram e ters of the ash from
vol ca noes on the Kamchatka and Kuril Is lands based on data of Meteor-Ì and Elektro-L Rus sian me te o ro -
log i cal sat el lites jointly with mea sure ments of for eign me te o ro log i cal sat el lites. The ob tained vol ca nic ash
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Fig. 5.  The com par i son of vol ca nic ash pa ram e ters re trieved from air craft (FAAM BAe-146) and sat el lite (SEVIRI) mea -
sure ments: (a) mass con cen tra tion; (b) optical depth at the wave length of 0.355 mm. The cor re la tion co ef fi cient R = 0.79 and
0.73, re spec tively; the root-mean-square er ror RMSE = 0.17 and 0.18; the mean ab so lute er ror MAE = 0.11 and 0.14; the
maximum time dif fer ence be tween the air craft pass and the sat el lite ob ser va tion is 120 s.



pa ram e ters will be used in the VolSatView sys tem. It was de vel oped by the spe cial ists from the In sti tute of
Vol ca nol ogy and Seis mol ogy of Far East ern Branch of Rus sian Acad emy of Sci ences (FEB RAS), Space
Re search In sti tute of RAS, Com puting Cen ter of FEB RAS, and Far East ern Branch of Planeta Re search
Cen ter for Space Hydrometeorology and is in tended for the com pre hen sive so lu tion to the prob lems of the
timely de tec tion of in creased vol cano ac tiv ity, iden ti fi ca tion and track ing of vol ca nic ash clouds, op er a -
tional warn ing of the rel e vant ser vices about the ap pear ance of dan ger [2].
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