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Observations of the altitude of the volcanic plume during
the eruption of Eyjafjallajokull, April - May 2010

P. Arason, G. N. Petersen, and H. Bjornsson
Icelandic Meteorological @ice

Abstract. The eruption of Eyjafjallajokull volcano in 2010 lasted 88 days, 14 April - 23 May. The eruption
had two explosive phases separated by a phase with lavatformaad reduced explosive activity. The height
of the plume was monitored every 5 minutes with a C-band vegatidar located in Keflavik Internatioral
Airport, 155 km distance from the volcano. Furthermore gsabweb cameras were mounted with a view of
the volcano, and their images saved every five seconds. Hries®f the plume-top altitude were constructed
from the radar observations and images from a web camergtbirathe village Hvolsvollur at 34 km distance
from the v%]m. This paper presents the independent eathweb camera time series and performs cross
validation. e echo top radar series of the altitude of thieanic plume are publicly available from the
Pangaea Publishing Network (hifjfssues.pangaea/tbeowsgPDI-39).

Keywords. Eruption, Radar, Web Camera, Plume Height

1 Introduction tion plume. These are unique time series with a time resolu-
tion of 5 minutes covering the duration of the eruption from

An explosive volcanic eruption started in the summit of the 14 April to 23 May 2010.

ice-capped Eyjafjallajokull volcano in southern Icelamd o In the following section we give detailed description of the

14 April 2010. The volcanic plume from the eruption was weather radar and its placement, specifications and limita-

monitored using a C-band weather radar located 155 kntions. Section 3 contains a similar, albeit shorter, disimrs

from the volcano, and by web cameras situated near the volfor the web camera data. In 4 we present the two data series

cano, as well as by visual observations from the ground ancnd cross validate them in section 5. Finally there are some

air. concluding remarks in section 6.

The summit eruption had two explosive phases;18!

April and 3-20 May. During these phases the eruption plume

reached an altitude ranging from 5 to 10 km. Between the2 The weather radar at Keflavik airport: specifica-

two explosive phases the volcanic plume was much lower, tions and limitations

with altitude ranging from below radar detection level to

about 5 km. A short meteorological overview of the erup- 2.1 Specifications

tion was presented by Petersen (2010).

The eruption of Eyjafjallajokull caused major disruption The weather radar at Keflavik International Airport in seuth
of air traffic in northern and western Europe as upper levelwest Iceland was the only operational weather radar in Ice-
winds advected fine-grained silicic ash rapidly southeastw ~land during the eruption. Itis an Ericsson C-band radar lo-
and later southward. During and after the eruption numerougated about 3 km north of the airport and 155 km from the
scientific questions have surfaced, regarding the spedifics Eyjafjallajokull volcano (Fig. 1). The radar monitors pre-
how high the volcanic plume rose, and how far the ash cloudcipitation and precipitating clouds within @ maximum range
was dispersed. of 480 km from its location. The radar was updagraded to a

The purpose of this article is to describe the time series ofdoppler radar in March 2010 and the weather data manage-
the altitude of the volcanic plume as measured by the weatheent software from SELEX-Gematronic was updated during
radar and the web camera that had the best view of the erupdpril 2010 from RainboW®’3 to RainboWR5. Due to these
changes operational doppler scans began during the emuptio
Correspondence to: P. Arason, Bustadavegur 9, 1S-150 towards the end of April. The description and specifications
Reykjavik, Iceland (arason@vedur.is) of the radar system are given in Table 1.
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2 Arason et. al:

Since its installation in 1991 the radar has been success- When this is applied to the Keflavik radar, in regards to
fully used for monitoring five volcanic eruptions in Iceland an eruption in Eyjafjallajokull, the lowest detectable wdo
Hekla in 1991, only a few days after the radar became op-height above Eyjafjallajokull would be 2.7 km a.s.l. and the
erational (Larsen et al., 1991), Gjalp in 1996, Grimsvétn inbeam width 2.4 km. However, the lowest part of the beam
1998, Hekla in 2000 (Lacasse et al., 2004) and Grimsvotn irdoes not reach Eyjafjallajokull. 1t is blocked by a mountain
2004 (Vogfjord et al., 2005; Oddson, 2007). ridge, Brennisteinsfjoll (600 m a.s.l.), at a distance ok43

The current scanning strategy for normal weather from the radar. As a consequence the lowest angle of the
toring is to make 240 km reflectivity scans for 12 elevatiéns beam reaching Eyjafjallajokull is 0.5%r 2.9 km in altitude.
(radar inclination angles) every 15 minutes (at 00, 15, 3D an In fact, partial beam blockage of the lowest elevation gngle
45 minutes past the hour) as well as 120 km doppler scan# the direction of Eyjafjallajokull has been estimated ® b
for nine elevations every 15 minutes (at 7, 22, 37 and 52at least 60%, using a 1 km digital elevation model (Crochet,
minutes past the hour). In case of a volcanic eruption within2009). This partial beam blockage means that the radar soft-
a radius of 240 km from the radar, the scanning strategy is tovare assumes the beam reflection to be lower than it actually
make 240 km reflectivity scans every five minutes (except ais, which can lead to a low bias in plume hel%jastimates
5 and 35 minutes past the hour when 120 km doppler scanwhen the plume is only seen by the lowest beanr
are made). An echo top algorithm is applied on the polar volume re-

Volume reflectivity data and images are archived at theflectivity raw data. For each horizontal pixel a vertical-col
Icelandic Meteorological @ice. These include images of umn of available data, levation planes, is derived fer th
maximum reflectivity (dBZ) over all available altitudesapi ~ height interval specifi e height interval for the Keflav
radar sweeps of reflectivity (dBZ) increasing in altitudétwi  radar is 0 to 12 km altitude. The echo top is defined as the
distance from the radar, pseudo constant altitude refigctiv - highest altitude where the threshold reflectivity is exestd
(Pseudo CAPPI, dBZ) at 2 km a.s.l. and the maximum alti-with the threshold reflectivity for the Keflavik radar beirzf-
tude (km a.s.l.) of reflectivity. dBZ. An interpolation of the reflectivity value of the higltes

The images of the maximum altitude of reflectivity, here- beam exceeding the threshold and the reflectivity valueeof t\@
after termed echo top images, show the highest vertical levebeam above are used to estimate the echo top altitude.
from which detectable radar echoes are measured. Figure 2 This means that the altitude given as echo top not only de-
shows an example of an echo top image from the eruptiorPends on the elevation angle and the range but also on the ob-
period. Eyjafjallajokull is located at the southern coakt o served reflectivity values. Furthermore, the larger thgean

Iceland and here the volcanic plume altitude was observed dhe larger the interval between the elevation angle lgvels b
8.1 km. eemes resulting in larger uncertainties in the echo topttieig

estimates. Figure 3 shows the seven lowest elevation angles
of the current scanning strategy and their height above sea
level for a distance of up to 200 km. The half-power beam

The scanned images are obtained as the radar beam circl#4dth of 0.9 results in an overlapping of the beams for the
from an initial angle of 0.5 increasing the elevation angle at three lowest elevation angles, 0.5-1.8vhen the radar only

the end of each circle to a maximum angle of 46 reflec- detects the plume with the lowest beam ().3he height is
tivity scans. For a list of elevation angles applied seedabl assumed to be at the center of the beam, at 2.68 km altitude,
The total scanning time is two minutes and the time stamp oféven though the lowest possible detected plume height above
an image is the initial time of each scan. The cloud altitudeEYjafjallajokull is 2.9 km.

detected by the weather radar for standard atmospheric re- Figure 4 shows the availability of the echo top altitudes of
fraction can be calculated by the elevation angle of therradathe volcanic cloud for the duration of the eruption from 14
beam, the range from the radar to the point of interest, andhpril to 23 May. In total the echo top heights were available

2.2 Detection limits and uncertainties

the curvature of the earth: 45% of the time. There are four reasons for non-availability
i) The altitude of the volcanic plume is too low to be detected
H= \/r2+(kR)2+2rkRsin(¢)—kR+ Ho 1) by the radar (27% of the time), ii) the volcanic plume is ob-

scured by precipitating clouds (11%), iii) the radar scan is
whereH is the altitude of the radar beam a.s.l. (ki is ~ missing (794) and iv) short range doppler scans for weather
the altitude a.s.l. (km) of the radar antennds the range  monitoring were made twice per hour following 29 April and
(km), ¢ is the elevation angle (degreeR)js Earth’s radius,  did not reach the volcano (10%).
R=6371 km, and = 4/3 for standard atmospheric conditions ~ The figure also shows that during the best days the echo

(Rhinehart, 1991). top altitudes were available over 80% of time but at worst
Furthermore, the width of the beam is a function of the there was no radar detection, although other methods of mon-
range, and the half-power beam widéh{degrees): itoring confirmed a continued eruption. In all, there are%13
distinct estimates of plume altitude for the duration of the
W =rtan@) (2) eruption.
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3 The web camera at Hvolsvdllur: specifications and activity on 18-24 April with plume altitude of 34 km. Af-
limitations ter almost a week of lower activity the eruption gained some
strength on 2529 April followed by another period with low
Several web cameras were mounted with a view of the V0|-p|ume height. On 3 May there was a sudden increase in the
cano. The one most useful for monitoring the plume wasplume height with the initiation of a new phase of the erup-
owned by the telecommunications company Mila, located intion. During this last phase the plume rose to a maximum
a mast in the village of Hvolsvollur, 34 km from the volcano, altitude of 7-8 km on 16 May, after which the plume de-
with a clear view of the volcano and the sky above. The webcreased steadily.
camera images were saved every five seconds, with vertical |, 5qdition to the 5-min data set the data have been com-
reso_lution at the volcano of about 5 pixe!s per 100 m. Thep"ed into 1 hour, B hours6 hours, 12 heurs ang 24 hours
vertical extent of the camera frame was limited to about 5.24415 sets. Each of these compiled data sets includes for each
km a.s.I. or roughly 3.5 km above the summit of the volcanotime step i) information on the availability of radar scans,
(Fig. 5). _ _ _ ii) mean, minimum and maximum plume-top altitude, iii)
From the web cameraimages a time series was constructeg,ndard deviation of the plume-top altitude and iv) megdian
consisti.ng _ofhourly plume altitu_de estimates. Figure 6810  |ower and upper quartile of the plume-top altitude. When
the availability of the hourly estimates. The cameftar@led  :ompiling these data sets the plume height is assumed to be
a clear view of the plume-top 16% of the time, and addi- 3 5 km a.s.I. when below the minimum detection level of the
tional 5% of the images show the plume penetrating abovgaqar put other observations, e.g. web camera images, seis-
the frame of the images. The view was obscured 74% of thgnjc measurements or pilot reports, confirm volcanic agtivit

. 0 . o
gg]sehan? 4/0 of the r;magt(;s alre mls{smg. In _to_tball thlered?jr-e Figure 8 shoy the time series of the plume-top altitudes
ourlyimages where the pilume-top was visibie. n a0dl-, g1y cted from the web camera data. Clearly, the reduced

tion during the periods when the plume was visible the da.taavailability of the web camera data means that the timeserie

setwas extended to include altitude estimates at5_ mintite Nis more sparse. However, the vertical resolution of the data
tervals. Thus the complete web camera data series contai

1821 altitude estimates. "8 better up to the image ceiling, 5.2 km a.s.l.

In estimating the plume-top altitudes from the camera im-
ages we have assumed that the plume-top seen on theii
is 34 km from the camera. During high winds this is obvi-

ously not true, and when the plume was blowing to the side, i _
the images show that the plume-top was up to 5 km down-T0 validate the data, the radar echo top heights were com-

wind of the summit. A movement 3.4 km away or towards pared to the web camera based time series from Hvolsvéllur.

the camera leads to 10% over- or underestimation of the al- Contrasting the availability of the radar and web camera
titude. Therefore, the uncertainity of the web camera plume altitude estimatgs we note that for the hourly values tharrad

top altitudes should be regarded to be on the order of 10%. gave information on the plume-top altitude 83% of the time,
i.e. 50% are actual height estimates and for further 33% of

the hourly values the echo top altitudes are below the detec-
tion height. The hourly web camera altitude estimates, on
the other hand, were only available 21% of the time, with the

A time series has been constructed from the radar detecte@lume top visible 16% of the time and an additional 5% of
echo tops. The upper panel in Fig. 7 shows the 5-min time S,ethg.estimates showed the plume extending above the image
ries of all available echo top altitudes of the eruption pum Ceiling.
The eruption started at 01 UTC on 14 April and the volcanic ~ Figure 9 shows a comparison of all 5 minute values for
plume was first detected by the radar at 0850 UTC. The lasthe radar (blue) and web camera (red). As noted above, the
radar observation of the plume was at 1020 UTC on 21 May.vailability of the radar data was far better than that of the
The time series show that there were large variations in echaveb camera data, but the vertical resolution in the web cam-
top height at any given time and semi-discrete jumps are apera data is better for the height range that it covers. In many
parent. The jumps are a consequence of the scanning strate§gses the radar echo top altitude is jumping between the 3.9
and increase with altitude as the vertical distance between and 4.9 km levels (e.g. from-2 and 713 May) e
elevation angles increases (see also Fig. 3). web camera time series show the plume height ing in
In order to get a better picture of the height variation of between these altitudes. On these days the discrete echo top
the plume, the lower panel in Fig. 7 shows the 6-hour meariévels nicely encapsulated the web camera altitudes.
plume altitude along with standard deviations. The figure To get a better understanding of théfeiences in height
gives a clear picture of the large variations in the eruptionestimates between the web camera and radar it is instructive
strength. During the first few days the plume altitude variedto consider each radar scanning angle separately (see)Fig. 3
mainly between 5 and 7 km followed by a period of weaker Table 2 shows a comparison of simultaneous measurements

S o
Cross-validation

4 The time series of plume-top altitudes during the
Eyjafjallajokull eruption 2010

www.earth-syst-sci-data.net Earth Syst. Sci. Data


anon
Highlight

anon
Sticky Note
I thought that some radar images showed the top of the plume to be located tens of kilometers downwind.

anon
Cross-Out

anon
Replacement Text
-

anon
Cross-Out

anon
Cross-Out

anon
Replacement Text
-

anon
Cross-Out

anon
Cross-Out

anon
Replacement Text
-

anon
Cross-Out

anon
Cross-Out

anon
Replacement Text
-

anon
Cross-Out

anon
Inserted Text
s

anon
Inserted Text
,

anon
Highlight

anon
Sticky Note
This is a good illustration.  By the way, it looks like some blue dots in that time period are not exactly at 3.9 or 4.9 km.  Why don't they all lie at 3.9 or 4.9 km, if that's the center of the pixel above the volcano?  Is it because some of the highest echo tops are not above the volcano?


4 Arason et. al:

by radar and the web camera classfied according to the radamitted. The agreement between the twiatent estimates
scanning angle. is excellent, and is a good argument for the validity of the

For the 0.8 beam, the radar altitudes are below 3.5 km. radar height estimates, with the caveat that jumps between
However, the web camera altitudes range from 3.4 to 4.4 kndiscrete radar levels will occur for 5 minute data.

with an average altitude of 3.95 km. Thisference is mainly To summarize, the radar and the web camera height esti-
due to the low bias caused by partial beam blockage of thenates compare fairly well. For the radar the biggest issue
0.5 radar scan, as discussed in section 2.1. with regard to uncertainty are the discrete scanning angles

For the 0.9 beam the radar altitudes range from 3.5 t0 and the resulting groups of echo top height levels. However
4.4 km. At the same time the average web camera heighiyithin the two levels where both the radar and web cam-
estimate was 4.13 km with a standard deviation of 0.3 km.era estimates are not seriouseated by either radar beam
The average height of simultaneous radar estimates was onlylockage or by the image frame ceiling, thefelience be-

0.2 km lower than than the web camera estimates, which isween simultaneous radar and web camera height estimates
within one standard deviation. It should be noted that thergs within the 10% uncertainty previously estimated for the

were no simultaneous cases of the radar estimating the plumgeb camera altitudes. For 6-hourly averages the influence
height to be below 4.8 km and the web camera showing they the discrete levels are much reduced and the agreement

plume extending above the image ceiIing at5.2 km. between the two datasets is excellent.
For the 1.3 radar beam the table shows that while the

radar values ranged from 4.5 to 5.4 km the web camera
values were somewhat !ower, ranging from 3.3 to 5.2 km.6 Conclusions
The average altitude estimated by the web camera, 4.65 km,

is 460 m below the average of radar esf—}es at the sa . e : . .
time. For this radar beam there were 29 es when a rar(;]frhe eruption of Eyjafjallajokull caused major disruptioh o
ir traffic in northern and western Europe as upper level

altitude estimate was obtained while at the same time the". ) ; N .

web camera showed the plume penetrating above the i inds advected fine-grained silicic ash rapidly southeastw

frame. If we assign some value over 5.2 km to the web car d later southward. During and after the eruption numerous
. ' V%cientific questions regarding medium-sized explosive-eru

the frame, the dierence between the radar and web cameraf'ons have surfaced. This paper presents data that will be

decreases drastically, it becomes 200 m if we use 5.3 km. used to answer some of those questions, especially qugstion

Finally, there are 10 cases where the radar estimates alrglatlng to the dispersion of the ash and volcanic aerosols,

above 5.4 km and the camera still shows the plume-top aMethods for tracking volcanic clouds and the interaction be

titude to lie below 5.2 km. However, there were 162 casesveen the eruption plume and the atmosphere (see e.g. Qarn
when the plume was clearly above the image frame ceiI-et al. (2008) , Tupper et al. (2009), Graf et al. (1999), Bursi
ing while at the same time, the radar gave a value aboyd2001) and Prata (2009_))' _ _ .
5.4 km. The mean of the 10 cases is therefore strongly bi- The paper has described two independent time series of the
ased. Further examination of the data shows that there ltitude of the volcanic plume of the Eyjafjallajokull etign
461 cases where the plume height exceeded the web CQ%HI—May 2010 as observed with a weather radar located
frame (plume height was greater than 5.2 km) and simultane}55 km from the volcano and a web camera located 34 km
ous height estimates from the radar are available. For thes&0m the volcano. The radar and camera observations were
cases, the range of plume-top altitudes estmated by radar w&"0SS validated and we have discussed the inaccuracies in th
4.8 - 8.2 km with an average of 5.55 km and standard devi-data. The results show that despite inaccuracies in the rada
ation of 1.0 km. In this regard, it should be noted that theredata due to the discrete levels at which it scans, the radar is
were no instances where the web camera showed the p|um~$gill a very useful device for monitoring the volcanic plume
rising above the image frame and the radar at the same time Although both time series contain vital information about
placed the plume top within the two lowest beams (0ds the plume height and the eruption plume altitude and varia-
0.9°). tions in time, the availability data shows that for monitayi
Figure 7 clearly shows the discrete levels that arise in thgourposes the radar is extremely useful. With regards to@lum
5 minute data due to the fiérent scanning angles. How- height the radar yielded valuable information about 80% of
ever, the figure also shows that this discreteness is not aghe time, whereas the web camera was only useful about 20%
parent in the 6-hourly averages. As was noted in the discusef the time.
sion of Fig. 9 during the period-713 May the radar heights
?lemated from 3.9 10 4.9 km while the \{veb camera rangedAcknowledgements. We would like to thank Arni Sigurdsson,
in between. Figure 10 shows a comparison of 6-hourly av-gojj paimason, Philippe Crochet, Sibylle von Léwis, Sigran Karls-
erages of simultaneous plume-top altitude estimates by th@ottir and Steinunn S. Jakobsdéttir for valuable discussions and as-
radar and web camera during this period. Six hour intervalssistance. Mila ehf. kindly supplied the web camera photographs for
where fewer than 10 simultaneous altitude estimates exdst a validation of the radar altitudes.
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Table 1. Specifications of the weather radar system in Keflavik,

southwest Iceland.

S

Type

Operational since
Doppler since

Location

Height of antenna
Peak transmitted power
Pulse duration
Wavelength

Pulse repetition rate
Maximum range
Actual gain of antenna
Half-power beam width

Elevation angles reflectivity scans

C-band Ericsson radar system (5.6 GHz)
January 1991
April 2010
64°01'35'N, 22°3809'W
47 m above sea level
245.2 kW
2.15us
5.4cm
250+2 Hz
480 km
44.9 dBZ
09
0.9.9,1.3,2.4,3.5,4.5,6.00, 8.0, 10.0, 15.0, 25.0 and 40.0

Altitude of 4 lowest level beam midpoints over the volcano 2.8, 3.9, 4d97a&km a.s.l.

Elevation angles doppler scans
Reflectivity threshold (echo top)
Data managing software

0.5.3,2.4,5.0,7.0°,10.0, 15.0, 20.0 and 30.0
-20dBZ

Rainb&
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Table 2. Comparison of simultaneous measurements by radar and
web camera. Separate lines show the radar scanning angle and
height range classes as estimated by radar, while the colums show
the range, average and standard deviation of web camera estimates
made at the same time. The last column shows the number of height
estimates used to calculate the average and standard deviation. All

height values are in kilometers above sea level.

Radar scanning Radar Web camera

elevation angle  height range Range mean
0.5 <35 3.4-4.4 3.95 0.24 48
0.9 35-44 23-51 4.13 0.31 268
1.3 45-54 3.3-5.2 4.65 0.33 520
2.4 >5.4 42-49 4.57 029 10
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Figure 2. An echo top image of the weather radar scan at 0950adar scans were missing (white). Note that after 29 April two 120
UTC 16 May 2010. km doppler scans per hour replaced reflectivity scans leading to an
increase in missing scans.
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Figure 5. Web camera image aquired on 10 May at 03:00 UTC.

The figure also shows the altitude levels above the volcano in kmFigure 7. Upper panel: The 5-min time series of the echo top radar

a.s.l. data of the eruption plume altitude (km a.s.l.). Lower panel: A
6-hour average of the echo top height of the eruption plume (km
a.s.l.). The bars represent one standard deviation.
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Figure 6. Availability of the hourly web camera data for each day
of the eruption, 14 April to 23 May 2010. The figure shows the frac-
tion of web camera photos where a) the plume height was observed
by the camera (darkest shading), b)the plume was visible but ex-

tended above the image frame, c) visibility was poor and the pIumeFigure 8. Asin Fig. 7 but for the web camera data. The image
was obscured and d) the images are missing. fram ceiling at 5.2 km a.s.. is shown.
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Figure 9. The time series of the 5-minute values of the weather
radar and web camera altitude estimates of the eruption plume (km
a.s.l.). In some cases the plume was below the minimum radar de-
tection height, and sometimes it extended above the web camera
frame ceiling.
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Figure 10. A comparison of altitude estimates from synchronous
radar and web camera data, 7-13 May. The graph excludes cases
when there were fewer than 10 synchronous observations during 6
hours.
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