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Ab stract—Ash clouds re sult ing from ex plo sive vol ca nic erup tions pose a real threat to hu man life (for
air craft flights, air port op er a tions, etc.); there fore, the de tec tion, mon i tor ing, and fore cast of their move -
ment is an ur gent and im por tant is sue. The fea tures and ex am ples of ap pli ca tion of the new tool de vel -
oped on the ba sis of “Mon i toring of Ac tive Vol canoes of Kamchatka and the Kurile Is lands” in for ma -
tion sys tem (VolSatView) are de scribed. It al lows the in te grated mon i tor ing and fore cast ing of ash
cloud trans port us ing the data of re mote sens ing and math e mat i cal mod el ing as well as the as sess ment
of the pa ram e ters of ex plo sive events.
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1. IN TRO DUC TION

Explosive volcanic eruptions are the most dangerous due to the high energy of the volcanogenic process 
(catastrophic eruptions that release more than 1 km3 of substances, the lift of eruptive clouds to 35 km
above the sea level, pyroclastic flows moving with the speed of 150 km/hour for a distance of 30 km from
the volcano). Depending on the explosive eruption strength (on its intensity and duration, on the eruptive
matter volume, on the height it was lifted to, etc.) and on wind speed ash clouds of different strength are
formed at different heights in the atmosphere. They can be transported for thousands of kilometers from the 
volcano during many days. The movement of the eruptive cloud depends on its initial height, concentration
of ash particles in it, their deposition under the effect of gravity, on wind speed in the troposphere and
stratosphere, atmospheric stability, precipitation, and other meteorological conditions. 

Ash clouds pose a real threat to air crafts and cause sig nif i cant dif fi cul ties for air port op er a tions [1, 5, 12, 
18, 19]; there fore, their de tec tion, mon i tor ing, and fore cast ing are ur gent and im por tant. To join the ef forts
of dif fer ent ser vices deal ing with the de tec tion of vol ca nic ash and with the mon i tor ing of its trans port in
the at mo sphere, the In ter na tional Civil Avi a tion Or ga ni za tion (ICAO, http://www.icao.int) set up nine spe -
cial ized me te o ro log i cal cen ters as Vol ca nic Ash Ad vi sory Cen ters.
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To im prove the avi a tion safety in case of ex plo sive vol ca nic erup tions on Kamchatka, the Kamchatka
Vol ca nic Erup tion Re sponse Team (KVERT, http://www.kscnet.ru/ivs/kvert/) was es tab lished in 1993.
Since 2010 the KVERT group be ing a part of 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 (IVS FEB RAS) has func tioned as the Vol cano Ob ser va tory of the 
Rus sian Fed er a tion; it pro vided the in ter na tional air nav i ga tion com mu nity with in for ma tion on the ac tiv ity 
of the Far East vol ca noes [1, 5, 18, 19]. The ob jec tive of KVERT is the mit i ga tion of the risk of air craft col -
li sion with ash clouds in the North Pa cific based on the timely de tec tion of vol ca nic ac tiv ity in crease, on the 
iden ti fi ca tion and track ing of vol ca nic ash clouds, and on the op er a tional warn ing of avi a tion com pa nies
about the risk emer gence for air crafts. 

Thirty ac tive vol ca noes are sit u ated on the ter ri tory of Kamchatka. Ev ery year two to eight of them erupt 
and re lease tonnes of volcanogenic prod ucts (ash, gas, and aero sol) to the at mo sphere. Dur ing strong ex plo -
sive events ash reaches the height of 8–15 km above the sea level and poses a threat to avi a tion [1, 5, 19]. It
should be noted that due to the re mote ness of most vol ca noes from pop u lated ar eas and due to the sparse
net work of ground-based ob ser va tions, the con tin u ous mon i tor ing of vol ca nic ac tiv ity is im pos si ble with -
out us ing the re mote (first of all, sat el lite) ob ser va tion sys tems. 

In re cent years, the rapid de vel op ment of spe cial ized math e mat i cal mod els opens up new pos si bil i ties
for the anal y sis and in ves ti ga tion of the pro cesses of ash cloud trans port and for the es ti ma tion of their pa -
ram e ters and re lated haz ards. The us age of nu mer i cal sim u la tion re sults jointly with the con tin u ous re mote
mon i tor ing data al lows as sess ing the ba sic pa ram e ters of ex plo sive erup tions (the start time and du ra tion of
ash emis sion, its height, etc.). This aim can be achieved by se lect ing the op ti mum ini tial data for the mod el -
ing of spe cific events via the minimization of the dif fer ence between preliminary sim u la tion re sults and
actual re mote ob ser va tions. 

The pres ent pa per de scribes the pos si ble ap proach for solv ing such prob lems, the tools and fea tures of
the joint anal y sis of sat el lite ob ser va tions and nu mer i cal sim u la tion data on the move ment of ash clouds
based on the “Mon i toring of Ac tive Vol canoes of Kamchatka and the Kurile Is lands” in for ma tion sys tem
(VolSatView, http://vol ca noes.smislab.ru) [2–4] and on the “Sig nal” au to mated sys tem [16, 23].

2. PE CU LIAR ITIES OF SIM U LA TION OF ASH CLOUD TRANSPORT
DURING EXPLOSIVE ERUP TIONS

Now a days there are many mod els of var i ous com plex ity used for the pre dic tion of ash cloud trans port:
from sim ple two-dimensional tra jec tory mod els to three-dimensional mod els of trans port and dis per sion of
ash clouds. Such mod els are based on the Lagrangian or Eulerian state ment of the prob lem of at mo spheric
trans port of pol lut ants and on the us age of me te o ro log i cal data from the fore cast mod els by Na tional Oce -
anic and At mo spheric Ad min is tra tion (NOAA) Na tional Cen ters for En vi ron men tal Pre dic tion (NCEP)
Global Fore cast Sys tem (GFS). For ex am ple, the NOAA HYSPLIT (Hy brid Sin gle-Particle Lagrangian In -
te grated Tra jec tory) model com putes wind speed and wind di rec tion at dif fer ent heights above the sea level
but does not pro vide in for ma tion on the amount of ash trans ported from vol ca noes. 

An ex am ple of the uni ver sal at mo spheric pol lu tion dis per sion model is NAME (Nu mer i cal At mo -
spheric-dispersion Modeling En vi ron ment). This model can pre dict the trans port, trans for ma tion, and de -
po si tion of dif fer ent aero sol prod ucts in clud ing vol ca nic ash as well as the three-dimensional field of ash
con cen tra tion in the cloud and the de po si tion of aero sol par ti cles at the dis tance from one ki lo me ter to
many thou sands ki lo me ters from the vol cano. It uti lizes de tailed three-dimensional me te o ro log i cal data for
north west ern Eu rope [12].

The com plex fore cast model ASH3D un der spec i fied con di tions (the start time of erup tion, ash col umn
height, erup tion du ra tion, and erupted vol ume) in cludes the sim ple sim u la tion of ash fall from the erup tive
cloud as well as the three-dimensional mod el ing of vari a tions in the ash cloud height and in the con cen tra -
tion of ash par ti cles in it [17]. 

An other fore cast model, PUFF, was pro posed in [26] and was im ple mented in the form of the set of
Puff-UAF com puter pro grams at the Uni ver sity of Alaska Fair banks Geo phys i cal In sti tute [20–22]. It is
some what sim i lar to ASH3D (in terms of the set of ini tial pa ram e ters used for mod el ing me te o ro log i cal
fields, GFS NCEP/NOAA), but it is more at trac tive for op er a tion due to the de tailed de scrip tion of the com -
puter im ple men ta tion of the model and its test ing in the pro cess of in ves ti ga tion of ash clouds from Alaska
and Kamchatka vol ca noes. 

The PUFF model is based on the so lu tion of the sim pli fied equa tion of par ti cle trans port un der the con -
di tions of hor i zon tally ho mo ge neous wind field and spa tially ho mo ge neous tur bu lence field. It has been ap -
plied for study ing ex plo sive vol ca nic erup tions in dif fer ent re gions of the globe dur ing more than 10 years
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and ex hib ited a rather high cor re la tion be tween the sim u lated and ob served (from sat el lites) tra jec to ries of
ash clouds [14, 21, 24]. In view of this, the PUFF model was cho sen for nu mer i cal cal cu la tions and  the fur -
ther com par a tive anal y sis of the re sults with the data of sat el lite ob ser va tions of Kamchatka vol ca noes. 

3. METHODS AND IN STRU MENTS

To solve the prob lems of com pre hen sive anal y sis of di verse in for ma tion based on the re sults of mod el -
ing and sat el lite and ground-based ob ser va tions, spe cial tools are needed which pro vide the pre sen ta tion of
sat el lite and me te o ro log i cal data, the sim u la tion pro cess con trol, and the syn chro nous anal y sis and com par -
i son of dif fer ent data. The VolSatView in for ma tion sys tem [2–4] was used as a tech no log i cal base for the
de vel op ment of such tools. This sys tem al lows the in te gra tion of in for ma tion re ceived from dif fer ent in for -
ma tion sys tems and the cre ation of spe cial ized user in ter faces. The data sources for VolSatView are the in -
te grated sys tem of sat el lite data of Planeta Re search Cen ter for Space Hydrometeorology [8], the “Sig nal”
au to mated in for ma tion sys tem [16, 23], the IKI-Monitoring Cen ter for Col lec tive Use [9], and “Vol canoes
of Kurile-Kamchatka Is land Arc” in for ma tion sys tem (VOKKIA) of the IVS FEB RAS Geoportal [10, 11].
To or ga nize the cross-system cou pling, the REST (Rep re sen ta tional State Trans fer) ser vice was de vel oped
within the “Sig nal” sys tem. It pro vides the mu tual ac cess to ini tial data and re sults of their pro cess ing for a
wide range of the ar eas deal ing with the study of Kamchatka vol ca noes [13]. The nu mer i cal sim u la tion is
car ried out us ing the mod i fied Puff-UAF pack age in the “Sig nal” sys tem. The men tioned works al lowed
pool ing the re sources of the most au thor i ta tive Rus sian the matic in for ma tion sys tems in the area un der
study. 

The system for the modeling of ash cloud transport is implemented within the “Signal” information
system and has two operation modes: automatic and interactive. The base for the automatic modeling is the
data of operational monitoring of volcanoes conducted by the KVERT group. If the ash cloud is detected in
the volcano area, the VONA message (Volcano Observatory Notice for Aviation) is issued which contains
the information (date and time of eruption, its duration, ash plume height, the distance and direction of ash
cloud movement, etc.) obtained from the analysis of video-visual and satellite monitoring data. This infor-
mation is recorded to the KVERT “Active Volcanoes of Kamchatka and the Northern Kurile Islands”
database in the VOKKIA information system and becomes available in the “Signal” system. The used
scheme of data exchange between the above systems allows the “Signal” system to receive the VONA
message in real time and to provide the automatic computation of the ash cloud trajectory based on the
information received.

The date and time of eruption are also used to retrieve the corresponding set of meteorological data
representing the fields of zonal and meridional wind speed components (u and v) at different standard
levels covering the simulation domain. The source of these data is the GFS forecast model products
(NCEP/NOAA, USA) distributed in the form of GRIB Edition 2 files. The data of forecasts with the lead
time of 0 and 3 hours are used first; if such data are absent, the data of forecasts with the longer lead time are 
used. The information from the formed set is recorded to the four-dimensional (time, level, latitude,
longitude) NetCDF file which is subsequently used as initial meteorological data for the modeling. 

The re sults of calculations are the coordinates and height of the model ash cloud particles recorded to
the NetCDF files each cor re spond ing to the cloud state at the cer tain mo ment of time. The num ber of these
files is de fined by the ra tio of the sim u la tion pe riod to the re sults sav ing step and is spec i fied as in put pa -
ram e ters be fore the start of cal cu la tions. Numerical re sults are pre sented in the re quired graphic for mat
(GIF, KML, Shape, etc.) and sup ple ment the re sults ref er ence in the “Sig nal” sys tem.

To pro vide the trans par ent work with the re sults of the mod el ing in VolSatView, the spe cial ser vice
REST was de vel oped in the “Sig nal” system, which provides the list of all cal cu la tions with pa ram e ters and 
the list of re sults. It is retrieved by VolSatView by further visualization of sim u la tion data for a spe cific ex -
plo sive event and the comparative anal y sis of sat el lite and me te o ro log i cal ob ser va tions pro vided by
VolSatView.  

The cal cu la tions in the automatic mode imply that the system contains some pre de fined pa ram e ters for
the PUFF model (for ex am ple, the time and step of mod el ing, for mats of re sul tant files, etc.). By de fault,
the val ues rec om mended in the Puff-UAF pack age doc u men ta tion are used [20]. 

The in ter ac tive mode of the sys tem op er a tion is as so ci ated with the use of cor re spond ing in ter faces in
VolSatView through which the re searcher may ini ti ate the ex e cu tion of sep a rate com put ing tasks us ing the
above tools and tech nol o gies. For ex am ple, the spe cial ized in ter face im ple mented within the “Sig nal” sys -
tem can be used for mod el ing ash trans port with the de tailed pre scrip tion of all con di tions. The mod el ing
re sults are re corded to the da ta base and are also avail able in VolSatView.
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The map ping in ter face of VolSatView con tains spe cial sec tions in tended for the re mote op er a tion of the
mod el ing sys tem. They en able form ing a task for the mod el ing of the con crete event for the vol cano of in -
ter est, trans mit ting this task to the “Sig nal” sys tem, track ing the sta tus of its ex e cu tion, and, upon com ple -
tion, get ting ac cess to the mod el ing re sults. The mod el ing with dif fer ent pa ram e ters may be car ried out by
sub se quently choos ing the vari ants which max i mally co in cide with sat el lite data.

The sim u la tion re sults are pre sented in the map ping in ter face as the set of points whose color cor re -
sponds to the height of lo ca tion of ash par ti cles at the spec i fied time mo ment. The in ter face has an op tion of 
view ing the re sults (the geo graphic po si tion of par ti cles and their height) for each sim u la tion step and at the
height of in ter est. 

The re sults of com pu ta tion may be vi su al ized in the sys tem jointly with dif fer ent in for ma tion prod ucts
based on sat el lite data. The de tailed de scrip tion of VolSatView fea tures is pre sented in [2–4, 6–9]. Some
ex am ples of the joint vi su al iza tion of sim u la tion re sults and sat el lite data are given in the next sec tion. 

4. THE EX AM PLES OF AP PLI CA TION OF THE DEVELOPED METHODS
AND TOOLS

The pos si bil ity of qual ity as sess ment for the mod el ing of the trans port of ash clouds re sult ing from ex -
plo sive vol ca nic erup tions is dem on strated in Fig. 1. It may be noted that the sim u la tion re sults (if ini tial pa -
ram e ters de scrib ing an ex plo sive event are cor rectly spec i fied) co in cide rather well with the gen eral pat tern
of ash cloud trans port that is ob served from sat el lite data not only at a cer tain time mo ment but also dur ing
the time pe riod com pa ra ble with the cloud life time (more than 5 hours). This means that the used model is
ap pli ca ble to short- and me dium-range fore cast ing of ash cloud trans port. 

It should be noted that since VolSatView uti lizes the data of the great num ber of sat el lites, it al lows the
de tailed anal y sis of ash cloud dy nam ics. For ex am ple, Fig ure 1 pres ents the com par i son of sim u la tion re -
sults with  ob ser va tional data from four dif fer ent sat el lites. It is note wor thy that such pos si bil ity may help to 
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Fig. 1. The dy nam ics of ash cloud trans port af ter the ex plo sive erup tion of Zhupanovsky vol cano on Feb ru ary 12, 2016 based
on sat el lite data and math e mat i cal mod el ing re sults. Here and in Fig. 2: the white as ter isk is the lo ca tion of Zhupanovsky
vol cano; the black-and-white im age is the dif fer ence in 11–12 µm chan nels from the data of sat el lite in stru ments; the color of
ash par ti cles cor re sponds to the height where they are sit u ated (it var ies from blue (1.5 km) to yel low (10 km)). (a) 23:40 on
Feb ru ary 12, 2016, MSU-MR in stru ment, Meteor-M No. 2 sat el lite; (b) 23:55 on Feb ru ary 12, MODIS in stru ment, Terra sat -
el lite; (c) 01:45 on Feb ru ary 13, VIIRS in stru ment, Suomi NPP sat el lite; (d) 02:27 on Feb ru ary 13, AVHRR in stru ment,
NOAA-19 sat el lite (here in af ter, the Co or di nated Uni ver sal Time is given). The re sults of ash cloud sim u la tion are pre sented
for the re spec tive mo ments of time: (a) 23:40 on Feb ru ary 12; (b) 24:00 on Feb ru ary 12; (c) 02:00 on Feb ru ary 13; (d) 03:00
on Feb ru ary 13.



de velop the meth ods and tools for the au to mated cor rec tion of mod el ing pa ram e ters aimed at as sess ing the
ac cu racy of ob tained fore casts and the char ac ter is tics of ob served ex plo sive erup tions. 

For ex am ple, it is some times im pos si ble to de ter mine even the ba sic pa ram e ters of erup tions of remote
volcanoes at Kamchatka and the Kurile Islands such as the start time of an ex plo sive event, ash plume
height, erup tion du ra tion, etc. The com par i son of the re sults of ash cloud trans port sim u la tion with sat el lite
data may spec ify or partly re trieve these pa ram e ters. 

Let us con sider the ex plo sive erup tion of Zhupanovsky vol cano on Feb ru ary 12, 2016. The com par i son
of sim u la tion re sults for dif fer ent erup tion start times with the ash cloud state in sat el lite im ages al lows se -
lect ing the time (about 20:00 UTC on Feb ru ary 12, 2016) of the max i mum co in ci dence of sim u la tion re -
sults and sat el lite data (Fig. 2). This is true not only for the ba sic zone where the ash cloud is lo cated at the
mo ment of com par i son (24:00 UTC on Feb ru ary 12, 2016), but also for its shape and prop a ga tion trend. If
the mod el ing uses the ear lier and later erup tion start time, the ash cloud is dis placed to the south and north,
re spec tively, as com pared to sat el lite data (Fig. 2).

It should be noted that since VolSatView con tains no sin gle-moment ob ser va tions, in the fu ture it will
be pos si ble to con struct the scheme which al lows the syn chro nous spec i fi ca tion of sev eral ini tial pa ram e -
ters re quired for the cor rect sim u la tion of ash clouds. 

The ap proach that re trieves or spec i fies the pa ram e ters of ex plo sive events based on the joint anal y sis of
re mote sens ing data and math e mat i cal mod el ing re sults, has been widely used. It has also pro vided ad di -
tional in for ma tion on erup tions [14, 24].  At the same time, each such in ves ti ga tion re quires the ex ten sive
back ground work and the pres ence of proper in fra struc ture for the ac qui si tion, stor age, spe cial pro cess ing,
and anal y sis of het er o ge neous data. The tool de vel oped in the pres ent pa per al lows al most the full au to ma -
tion of all stages of such work. So, it can be ap plied not only for the hindcasting of erup tions which oc -
curred in re cent years, but also for the op er a tional mon i tor ing of vol ca nic ac tiv ity. 

5. CON CLU SIONS

A new tool was de vel oped for solv ing the prob lems of in te grated mon i tor ing of ash cloud trans port from 
Kamchatka vol ca noes. It has al ready been used by the scientists of the IVS FEB RAS KVERT group for
aviation safety pro vi sion in that re gion (http://www.kscnet.ru/ivs/kvert/puff.php). The de vel oped set of
technologies and soft ware tools may be used for study ing Kamchatka vol ca noes, in par tic u lar, for de vel op -
ing the method of spec i fi ca tion of char ac ter is tics of vol ca nic erup tions. It can also be ap plied for as sess ing
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Fig. 2. The pos si bil ity of vary ing the time of ex plo sive erup tion of Zhupanovsky vol cano on Feb ru ary 12, 2016 for the op ti mum
co in ci dence of sim u la tion re sults and sat el lite data (the image trom 23:55 on February 12, MODIS instrument, Terra
satellite). The start time of ash re lease spec i fied in the model: (a) 18:00; (b) 19:00; (c) 20:00; (d) 21:00.



the ef fects of vol ca noes on the en vi ron ment, for ex am ple, the pro cesses as so ci ated with the at mo spheric
trans port of ash clouds. 

In the fu ture it is planned to de velop the meth ods and al go rithms of the au to matic com par i son of in for -
ma tion based on sim u la tion re sults and sat el lite ob ser va tions in the VolSatView in for ma tion sys tem. Their
im ple men ta tion will im prove the fore casts of ash cloud trans port and the as sess ment of pa ram e ters of ex -
plo sive events. 
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