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ABSTRACT:

The most commonly used method for satellite clooil height (CTH) compares brightness temperaturéhefcloud with the
atmospheric temperature profile. Because of theainties of this method, we propose a photogramenapproach. As clouds
can move with high velocities, even instrumentshwitultiple cameras are not appropriate for accu@aftel estimation. Here we
present two solutions. The first is based on thelfzx between data retrieved from geostationaBMI®I, HRV band; 1000 m
spatial resolution) and polar orbiting satellitt8QDIS, band 1; 250 m spatial resolution). The pcge works well if the data from
both satellites are retrieved nearly simultaneaudiywever, MODIS does not retrieve the data at thxélee same time as SEVIRI.
To compensate for advection in the atmosphere wetws sequential SEVIRI images (one before and after the MODIS
retrieval) and interpolate the cloud position fr&BVIRI data to the time of MODIS retrieval. CTHtien estimated by intersection
of corresponding lines-of-view from MODIS and irgefated SEVIRI data. The second method is baseNABA program Crew
Earth observations from the International Spacédi€ISS). The ISS has a lower orbit than mostrafienal satellites, resulting in
a shorter minimal time between two images, whichdsded to produce a suitable parallax. In addiiimages made by the ISS
crew are taken by a full frame sensor and not & pugom scanner that most operational satellites $isch data make it possible to

observe also short time evolution of clouds.

1. INTRODUCTION

Information on height of clouds independent of theiigin

(natural or anthropogenic aerosol clouds, metegiotd

clouds) is important in different research fieldSloud top

height (CTH) is especially interesting for meteogbts. In

some countries, like Midwest USA, a lot of effestdedicated
towards observation of convective clouds (Cumuldnis) that
might develop in so called super cells. Tops ohstiouds can
reach heights of over 20 km making them a soura@anfjerous
severe weather, such as hail, heavy precipitatoriprnadoes
(Heymsfield et al., 1983). Furthermore, the topudideight is
relevant for climatology, because the height isited to the
amount of long-wave radiation that is emitted toacsp

Computing the heights for a part of the availaldéadarchives
may extract some interesting climatological trendsother

important application is monitoring of aerosols guoed in
forest fires or industrial accidents (for instarelosions in
chemical factories, oil refineries or power plants)

In this contribution, we focus on the volcanic askights
because of the huge economic loss of the 2010 j&§ggdkull

volcanic eruption. We knew already before that aolc

eruptions can have a significant impact on airfitrabetween
1953 and 2009 Guffanti et al. (2010) report 128oem¢ers
between aircraft and volcanic ash worldwide. Thiermational
Air Transport Association (IATA) stated that thedioloss for
the airline industry as a result of the airspaoswle during the
eruption of Eyjafjallajokull was around €1.3 biltio(BBC

News, 21/04/10): over 95,000 flights had been cdéetteall

across Europe during the six-day travel ban (BBGwé\e
21/04/10), with later figures suggesting 107,000ghtls
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cancelled during an 8 day period, accounting fdvo48 total
air traffic affecting roughly 10 million passengé¢Bye, 2010).
The 2010 Eyjafjallajokull volcanic eruption on leedl was not
particularly large compared to the 1991 Pinatuhg®on (~20
times more erupted material) or the 1815 TambortgptaEm
(~500 times more). However, it totally paralyseé #ir traffic
in Europe because of our inability to make an eyaediction
of the volcanic ash dispersion. State of the dnt @gispersion
models are very sophisticated but the accuracy hafir t
predictions is limited by the unacceptably low dpyal
information on the eruption (Zehner, 2010). The c@l
parameter is the ash cloud height. This is detailetthe study
of Heinold et al. (2012) showing that emplacemegights of
the ash into the atmosphere result in significadifferent ash
transport patterns. The reason for that is the Viigld that can
strongly vary with height. Significant differences the wind
velocity or significant differences of the wind elition are
possible across height intervals of less than 50Tmerefore,
the ash dispersion models, in order to provide labie
forecast, require ash cloud top height at a vegh hiccuracy.

In this contribution we first give an overview o8 estimation
from space (section 2). Then we show two method<CfoH
estimation. In section 3 we describe a method based
simultaneous observations from polar orbiting $#geland
geostationary satellite. In section 4 we show amgte of CTH
estimation from photos made by ISS astronauts. lliina
section 5, we discuss the methodology and its éurgossible
development.
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2. STATEOFTHE ART IN CTH ESTIMATION availability. Compared to ground or airborne based
observations satellite remote sensing provides ajlob
Clouds can be observed from the ground by commaathee observations. In the table 1, we briefly reviewfatént satellite
radar or by atmospheric lidar that received indrepsttention.  remote sensing techniques for aerosol / meteomabgiouds
Although these are excellent tools, all ground Hase height retrieval.

measurements are restricted to their low spatidl tamporal

Methodology Pros / Cons

Lidar and radar

(Carn et al., 2009; Karagulian et al., 2010;
Prata et al., 2015; Stohl et al., 2011)

+ very high vertical resolution and accuracy

— too long revisit time (16 days) and only nadirselyations from currently
operational instruments (lidar CALIOP, radar CPR)

Radio occultation
(Kursinski et al., 1997; Solheim et al., 1999)

+ high resolution in lower troposphere

— globally available only about 2000 times per day

Backward trajectories modelling

(Eckhardt et al., 2008; Oppenheimer, 1998;
Tupper et al., 2004)

+ possible estimate even for clouds drifted awaynfthe source

— requires wind field data for a large area; homoges wind field results in high
uncertainty of the source height

Brightness temperature + easy to apply, possible with instruments havispeart revisit time

(Genkova et al., 2007; Oppenheimer, 1998; - requires atmospheric profile and emissivity @& thoud; assumption of thermal
Prata and Grant, 2001; Tupper et al., 2004) equilibrium; problems around tropopause

0O, A-band absorption + high accuracy

(Dubuisson et al., 2009) — requires high spectral resolution data (not abéél on many satelliteslong
revisit time); good performance only over dark aoe; requires radiative

transfer modelling (slow); daytime only

CO, absorption + good performance also by semi-transparent clouds

(Chang et al., 2010; Richards et al., 2006) - accurate only in the high levels of troposphpreblems around tropopause

Shadow length
(Glaze et al., 1989; Prata and Grant, 2001)

+ easy to apply; requires no additional data

— possible only during daytime; retrieves the hemftthe cloud horizontal edge
and not its top

Stereoscopy
(Genkova et al., 2007; Hasler, 1981; Prata and

+ high accuracy; requires no additional data; basedjeometry»no problems
in the case of ash reaching the stratosphere

Turner, 1997; Scollo et al., 2012; Virtanen — requires simultaneous retrieval of data from difterent viewpoints

et al., 2014; ZakSek et al., 2013)

Table 1. Comparisons of satellite methods for a#rbsieteorological cloud top height retrieval

The accuracy of the listed methods depends on ¢heos's
spatial resolution and the cloud’s height (Genketwal., 2007).
The best estimates using lidar have an accuradgrbétan
200 m but they have a revisit time of 16 days. @perational

however, can reach even 100 m/s. This means tHasaithe
observations are made exactly at the same timerethdts of
stereoscopic analysis will contain systematic etroit is
possible to apply the appropriate correction ifuaate wind

height estimates based on £ébsorption are available several field is known, but this is often not the case.

times a day but with an accuracy worse than 100@lalz et
al., 2008). Therefore, the state of the art ségeltieasurements
of the ash cloud top height do not provide adegaateiracy
and temporal availability at the same time.

Stereoscopy (last line of table 1) can be consiiexs the
optimal technique for cloud height observationsnib images
are made simultaneously from two different viewpsinThe
stereoscopy is a classic photogrammetric technitna is
optimal for retrieval of 3D form if the observedjett does not
change between retrievals.

Several attempts with multi-angle instruments atrinments in
different orbits have already been applied for Castimation
(Genkova et al., 2007; Hasler, 1981; Nelson et2dl13; Prata
and Turner, 1997; Scollo et al., 2012; Virtanenakf 2014,
ZakSek et al., 2013). The wind velocities on hidtituales,

For instance, it takes almost 80 s for the SLSTdriment on-
board Sentinel 3 (to be launched in fall 2015) leetvthe nadir
and backward view (inclined for 55° back from ndif a
cloud moves at 180 km/h it moves in this time 4600This can
lead into a parallax error of maximal the same @ati4000 m
(depends on the direction of the wind in relatiopsto the
satellite track) causing a height error of maxi2\&@ km.
Therefore, the clue to accurate use of stereosdspyn
observations from two different viewpoints simukansly.
This is technically still not possible — for thaewvould need a
constellation of at least two satellites flying formation and
observing the same area on the ground at the sam@e t

A good alternative is using geostationary satallitgection 3).
They retrieve data with high frequency. This magessible to
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acquire an
simultaneously with an image from another orbit.

Another alternative for reducing the time gap bemvawo
images is using lower orbit (section 4). Instrurseint lower
orbit (300-500 km) are closer to Earth, thus theywenfaster.
In addition because the orbit height is lower, theseline
between two satellites can be shorter as well.

3. SIMULTANEOUS STEREOSCOPIC
OBSERVATIONSFROM SEVIRI AND MODIS

Here we describe a photogrammetric method basedhen
parallax observations between data retrieved fratellges in

geostationary orbit and polar orbiting satellitd¥e use a
combination of Moderate-resolution Imaging Spectdiometer
(MODIS) aboard Terra and Aqua satellites (polaritprand

Spinning Enhanced Visible and InfraRed Imager (SEYI
aboard Meteosat Second Generation (MSG) satellites

geostationary orbit. The described method has dyrdsen
tested for the ash cloud Eyjafjallajokull eruptionApril 2010

(Zaksek et al., 2013).

The proposed method of CTH estimation consistéieet main
steps. In the first step we aggregate MODIS datSEVIRI

spatial grid. The second step is automatic imagthiay. In

the third step, lines of sight connecting obsempehts of both
satellites are generated; the intersection poihtSEVIRI and

MODIS lines of sight are then used to estimate CTH.

3.1 Datapre-processing

To be able to perform automatic image matching itécessary
to pre-process data so that MODIS and SEVIRI dttagee
comparable. In the previous retrievals of meteaicia cloud

image from a geostationary satellite ripea

Cl —the correlation index between subsets
DNm; and DNr;; — digital numbers of the moving
window and reference subset

where

umandur — the mean values of reference subsets and

the moving window set
i andj — shifts between the central pixels of the
reference subset and the moving window

Results of image matching depend on the size cf¢hech area
and moving window. A large moving window can detiecte

features but it usually fails to detect small featu In contrast, a
small moving window detects small features but gaies a lot
of noise in the results. The appropriate optim@atis image
matching over image pyramids. We consider imagamids as
a multi-resolution representation of the originaiapge

(Anderson et al., 1984). Each higher pyramid is elyera

regridded lower pyramid. Image matching is firstndoon

coarse pyramids and the measured shifts are thed te

initialize image matching on the original data.

3.3 CTH edtimation from a pair of SEVIRI images and one
MODISimage

Because MODIS and SEVIRI times of retrieval areallgunot
simultaneous, there is always a time gap betweem.tiAs the
plume can move during this time, we use a pairegfugntial
SEVIRI images — one before and one after MODISieedt.
Therefore, image matching has to run twice to findtching
points in all three images. The effect of possitflvection of
the eruption cloud between the MODIS and the SEVitRiges
is considered for each pixel triple: the coordisabé a virtual
SEVIRI pixel are interpolated from position of bo8B8EVIRI

top height (Hasler, 1981) both images from GOES ewer pixels to the time of MODIS retrieval (fig. 1).

projected to a standard map projection. We decidetbave
SEVIRI data in its own grid system. MODIS data hawach
better spatial resolution, thus they can be prefedo the
SEVIRI grid system without significantly influendn the
resulting accuracy.

In addition, the geolocation has to be adjustedVIBEs

geolocation is according to our experience, oftalsef by a
pixel or two. This was confirmed also by an indegmmt study
(Aksakal, 2013). Thus we used coastlines to auticaibt align
MODIS and SEVIRI data.

3.2 Image matching

The goal of the image matching is to accuratelyiifie point

pairs between two satellite images. This might iffecdlt if the

images are not retrieved by the same instrumerd. prbblem
involves different resolutions, different viewing@netries, and
different instruments response functions. In additi the
appearance of the same object in two different @nagight
contain a large illumination variation, and thuse tocal

descriptors of the same feature point are differ@mumber of
automatic image matching approaches have been gedpm
solve these issues. Here we used the same procaslateeady
described by e.g. Scambos et al. (1992) or PratiaTamner
(1997). We computed cross correlation (eq. 1) betwa
reference subset around each pixel within a mowviigdow

analysis:
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Figure 1. The procedure of determining the positiba cloud
in SEVIRI image at the time of MODIS retrieval. hifis in
column and line direction are estimated twice bipmatic
image matching between MODIS (retrieved at timeaXl

SEVIRI (retrieved at times 1 and 2). ** Estimatezbgraphic
cloud's positions are observed by SEVIRI at timend 2.

*** |nterpolated geographic position of the plume SEVIRI

would observe it at times X corresponding to MOé8ieval.

In a Cartesian coordinate system we can defing lioanecting
coordinates of the virtual SEVIRI pixels with thegition of the
MSG satellite (“SEVIRI lines”) and correspondingnds
connecting coordinates of the MODIS pixels with frasition
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of the Terra/Aqua satellite (“MODIS lines”). Thelstion of the
following linear system gives the intersectiontoé tine pair:

X v, X A
y + I:M Vy = y + tS Vy (2)
z M VZ M z S VZ S

where  ky,Zw and ky,Zs — the positions of the MODIS
aboard Terra/Aqua and SEVIRI aboard MSG
[VeW.Vlw and MewVls — direction vectors of
MODIS and SEVIRI lines

tw and ts are — unknowns defining the point of

intersection.

The system in eq. 2 is over determined, thus ita@solved by
a least-square technique. The geocentric Cartesiardinates
of the intersection are then converted back froracgatric

Cartesian to the geographic coordinate system: itioahg;

latitude, height above ellipsoid —i.e. CTH.

MODIS and SEVIRI lines never intersect becauseddia are
not continuous but discrete pixels. The lines nathess each
other. Thus the eq. 2 really provides just the pdirclosest
points on the corresponding lines. CTH can therestamated
from one of these two points or as their averagechSa
procedure makes also possible to estimate theseuton
quality. It can be described by the distance betwek¥ODIS

and SEVIRI lines; if it is small, the accuracy ofi€is high.

3.4 EtnaAsh Cloud 8 September 2011

Following the sunrise on 8 September, Etna producsdries
of ash emissions (fig. 2) followed by increaseceisity and
frequency of the explosions. At about 06:30 GMT #ttivity
passed from Strombolian into a pulsating lava faimt
accompanied by increasing amounts of volcanic &&te
paroxysm totally ceased around 08:45 GMT.

Figure 2. Eruption of Mount Etna as seen from tiheoat of
Catania; note its height (Etna’s peak is 3350 mhiBhoto is
the courtesy of S. Scollo, INGV Catania).

Fig. 3 shows SEVIRI and MODIS data combined intoBERG
image. The first example is based on 15 min datm fiMSG2
(fig. 3 above) and the second one on 5 min data fSG1
(fig. 3 below). The volcanic ash cloud (actually elevated
objects) is coloured because of the wind and thallpa. Sea is
white because the colours are inverted (in visitilages is sea

normally dark). The yellow part of the cloud copeads to
MODIS data only, cyan to the first SEVIRI image gndple to
the second SEVIRI image. The other colours, likekdaue
corresponds to the mixture of images — in this dasé and
second SEVIRI images.

-
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Figure 3. SEVIRI and MODIS data combined into R&ige;
above data from 15 min SEVIRI retrieval on MSG2phedata
from 5 min SEVIRI retrieval on MSG1.

The colours make it possible to observe the pardietween
MODIS and both SEVIRI images: for the south-eastern
“corner” of the cloud we show corresponding poimtsall three
images (fig. 3 above). They are connected with sline
corresponding to the parallax between MODIS andt fir
SEVIRI image (parallax 1), MODIS and second SEVIR&age
(parallax 2) and effect of advection between bofEVIRI
images (advection).
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Figure 4. Cross correlation between MODIS and ISEVIRI
images, estimated parallax and corresponding CTiHeo&sh
cloud from Etna; above data from 15 min retrievahf MODIS
and SEVIRI on MSG2, below data from 5 min retrievam
MODIS and SEVIRI on MSG1.
The 15 min standard SEVIRI retrieval resulted imgéa

parallax and also larger CTH (fig. 4). The corrielatindex was
as expected higher for the 5 min SEVIRI retrievdljch means
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that these results are of lower uncertainty thaulte based on
15 min data.

4. STEREOSCOPIC OBSERVATIONSFROM A LOW
ORBIT

A low orbit (height of 300-500 km) has many advgetover
higher orbits when it comes to cloud photogramme®gcause
of its lower height and higher speed, the instrusiean reach a
suitable baseline between two positions within se®eonds.
This significantly reduces the influence of wind.dddition, a
lower orbit usually means also a higher spatiabltg®n of
data, resulting into higher level of details. Tiian provide
more texture that is necessary for a reliable inmagtehing.

Low orbits were not used very often in the pastesehorbits
have some limitations for other fields of remotessing. Its
main disadvantage is its narrower swath, whicheaases also
revisit time. Low orbits have gained on importaircéhe recent
years. The reason for that is increased numbeawfches of
small satellites. The philosophy of such satelligetheir cost-
effectiveness. The most expensive post by a snzddllise
mission is its launch. As the price of launch dejsealso on the
orbit height, most of small satellites are launchietb low
orbits.

4.1 Crew Earth Observations

Besides small satellites, into a low orbit was fiosed also the
International Space Station (ISS). ISS does notycarany
sophisticated earth observation instruments. BuBNAtarted
some years ago a programme named Crew Earth Obieesia
Within this programme, the astronauts take phofdkeEarth.
NASA made available these images for scientificopse. It is
also possible to make an acquisition request ofesepecific
area. The co-author of this paper, Alexander Geras a crew

member of ISS missions 40/41. As an acknowledgeg 7

volcanologist he was asked to provide photos ofcamic
clouds. But there was “unfortunately” no major o during
his mission. He still

Zhupanovsky volcano (Kamchatka, Russia) duringdtsvity in
September 2014 (fig. 5).

Figure 5. A photo (number 1ISS041e000162) of Zhupskyp

volcano and it ash cloud on Septemebr 10 2014:4123TC;

it is a courtesy of the Earth Science and RemonsiSg Unit,
NASA Johnson Space Center.

managed to provide photos Of

4.2 1SSimages pre-processing

Here we have to point out that the used cameraattnta
typical full-frame sensor. Usual satellite instruntee contain a
push broom scanner (along track scanner). In a jpugbm
sensor, a line of sensors arranged perpendiculahedfight
direction of the spacecraft is used. Different arebthe surface
are imaged as the spacecraft flies forward. Thiansgethat each
point on earth is scanned only once by such anuimegnt. But
a full frame sensor can take even a video of aa, avhich is a
significant advantage of full-frame sensors ovestpiroom
technology.

The main difference between the ISS crew images datd
retrieved by classical satellite instruments id the ISS images
are usual photos and not calibrated data. BectgséRG files
available in Gateway to Astronaut Photography ofrttEa
(http://eol.jsc.nasa.gay/ contain not enough of radiometric
details, especially if a cloud is transparent, eguested RAW
files. They contain for each band 14 bit data, Whik a huge
improvement over 8 bit data given in each JPG chlarie
wrote our own code that converts Nikon NEF fileatdIFF file
with 16 bit per channel.

Furthermore, the images are not geolocated. Imbadata of
each image is given the location of ISS as the enags taken.
But to estimate CTH a described by eq. 2 we reqgaise the
coordinates of each pixel. An average pixel sizdign 5 is
~50 m. We have manually georeferenced the imagagusi
coastlines and then projected data to UTM projeciipone
57N) in 200 m spatial resolution (fig. 6). It wascessary to
choose only points with zero elevation for geolaratso the
higher objects preserved their parallax.

Figure 6. Points (red dots) selected for geolocadiblSS
images. Zhupanovsky is in the figure above, inrtiddle left
you can see also Koryaksky and Avachnisky volcanoes

For the case study we selected a pair of imageB45$900162
and 1SS041e000164. The time gap between both imagss
11.65s. The ISS moved within this time almost &0 km.
Considering its height was at that time 419 km,khseline was
appropriately long for a reliable image matching 280 m
resolution data. The georeferenced data (only grbennel that
showed in the case study the largest contrastmitié clouds)
are shown in fig. 7.



The 36th International Symposium on Remote Sensing of Environment,
11 — 15 May 2015, Berlin, Germany, ISRSE36-533-4

Figure 7. Geolocated green channel of the image®ated
1SS041e000162 (left) and 1SS041e000164 (right). FEde
rectangle shows the extent of results in fig. 8.

We ran basically the same procedure as describegdtions
3.2 and 3.3. The position of ISS was retrieved fritim web

archivehttp://www.isstracker.com/historicaind interpolated to
the exact time the image was taken. The relative thetween
images is given by a hundred of a second. The atestime

accuracy can be as bad as several seconds, bebausamera
is not synchronized with the GPS. The time on thmera is
always set manually. To account for this we havetarative

solution: we change the time of the first image walen so
long that the estimated height of some recognizafmentain

peaks agrees with their true elevation.

4.3 Zhupanovsky Ash Cloud 10 September 2014

After 54 years of inactivity, the volcano began ping on
October 23, 2013 and again in 2014, continuing 2@5. Here
we present only results for 10 September 2014 th@ifurther
processing we decided to focus only on data owepseviding
a homogenous background. We have ignored the dathei
coastal region because of the turbid water
approximately the same reflectance as the ashtbeesea.

= Legend

© [ 10.500
70625
0.750
I 0.875
I 1.000
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Figure 8. Correlation index over the sea on thiedlefl CTH for
pixels that passed the internal accuracy contragherright. The
extent of this image is shown with the red rectari fig. 7.

The correlation index between both images was kigly (fig. 8
left), in most parts of the cloud around 90%, whsttows that
this procedure is capable of producing good resifen over
transparent plume. In the end we have filtered thet data
having lower correlation, or larger distance betwdiees of
sight and the pixels that remained have height &etw7 and
8 km (fig. 8 right). Global Volcanism Program (20Xéported
satellite estimation of ash height to be up to 4daming 9-11
September but it does not provide any source. iltiime ash
clouds drifted about 1000 km due South.

5. DISCUSSION AND CONCLUSIONS

We presented two innovative ways of CTH estimati®oth use
essentially the same methodology but differentimsents. The
first method has been already validated (ZakSeM.e2013) —
the results for 2010 Eyjafjallajokull eruption had accuracy of
~600 m. But here we showed that the same methogatag be
used also on small clouds that might be still depiglg. In the
case that clouds are still developing in verticaédtion, it is
obviously better to use SEVIRI data retrieved e&chmin
instead of 15 min.

The results based on ISS images have not beenatedid
because we did not have any independent data ©ftka for
the same time. The approximate validation coulgpdgsible by
comparing the standard MODIS cloud product madelan
September at 00:45 UTC, but for an accurate corspavis the
time gap between ISS and MODI retrieval too larBer(a flew
~90 min later over Zhupanovsky than ISS; see also
http://earthobservatory.nasa.gov/NaturalHazards/yiep?id=8
4386.

For conclusion, we can take a look at advantages an
disadvantages of stereoscopic observations mowelgloThe
most important advantage of the proposed methodtsis
independence of physical assumptions. For its uselevnot
need emissivity of the cloud, it does not matteethir a cloud
is close or even above the tropopause, etc. Segotiu
method is perhaps not as fast as CTH estimatiom fro
brightness temperature but it is still much fastean some
methods depending on the atmospheric transport limger
radiative transfer modelling. And finally, the methis very

that hagccurate, especially if subpixel image matchingpglied. An

alternative to the image matching is selectionypidal points
in the ash clouds, like centre of ash mass (petsona
communication with Stefano Corradini). This procedhbas not
been practised so far but it is most likely thetbmstion for
accurate selection of corresponding points ovensparent
clouds.

The accuracy of image matching depends mostly pnogpiate
texture in data. This can be problematic especialijh
transparent clouds, where the texture of the backut
becomes dominant. An additional parameter thatuémtes
accuracy is the geolocation accuracy of the inmages. This
should be always (automatically) checked and cteceasing
independent GIS layers. The greatest issue of thedc
photogrammetry is simultaneous data retrieval frdifferent
points. We have here presented only a nearly simetius
retrieval, but it performed well in both case segdi

However, to overcome this “disadvantage” we woud at
least two satellites separated by an appropriaselin@. They
should be following each other in the same orhiictSa pair
would provide truly simultaneous observations tbatlld lead
into CTH heights with accuracy of ~200 m.
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