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Abstract Six Lightning Mapping Array (LMA) stations were deployed in April 2010 around Eyjafjallajökull
volcano in southern Iceland. Single-station LMA observations were made during the first explosive period
(14–18 April), and three-dimensional LMA observations were made during the second explosive period
(5–22 May). The single-station observations revealed that continuous RF electrical activity caused by high
rates of small vent discharges occurred during the first explosive period, but not the second, indicating
that the strength of vent charging varied between the first and second explosive periods. During the
second explosive period, very little lightning was detected between 5 and 10 May, while moderate rates of
lightning were detected between 11 and 21 May, signaling that another change occurred on 11 May that
affected plume electrification. The data do not make clear if it was changing eruptive activity or changing
meteorological activity that resulted in the sudden onset of lightning. The plume charge structure during
the second explosive period was inferred from the three-dimensional lightning data, showing that the
dominant charge structure varied between a positive monopole and a negative-over-positive dipole. The
predominance of a low-altitude region of positive charge and the observation that electrical activity was
concentrated near the vent indicate that net positive vent charging was dominating the electrification.

1. Introduction

Charging of volcanic plumes can be caused by several mechanisms that occur either proximally to the vent
or at altitude in the plume. The proximal mechanisms are those that generate charge as an immediate
consequence of the eruption of magma, such as fracture charging of silicate particles, contact electrifi-
cation of silicate particles, and boiling of fresh or salt water upon contact with magma. Mechanisms that
occur secondary to the eruption within the plume include contact electrification of silicate particles and
thunderstorm-style plume-based ice-contact charging. A thorough review of the various mechanisms is
provided by James et al. [2008].

Of interest in volcanic lightning studies is the degree to which the various charging mechanisms electrify
volcanic plumes and produce lightning in the plumes. It has been shown that the proximal, silicate-based
mechanisms (collectively referred to herein as vent charging) can produce intense lightning at the vent of a
volcano [Thomas et al., 2007, 2010], while thunderstorm-style plume-based ice-contact charging contributes
to the extensive amounts of lightning that have been observed higher up in the plumes both above and
downwind of the vent following an explosive eruption [Behnke et al., 2013]. Three-dimensional lightning
mapping observations can be used to infer the dominant charge structure in the plume, utilizing meth-
ods previously developed for thunderstorms [e.g., Thomas et al., 2002; Marshall et al., 2005; Rust et al., 2005;
Krehbiel et al., 2008], which can provide insight into the charging mechanisms.

Use of the charge identification method to investigate charge structure and its evolution has been done
many times on thunderstorms [e.g., Wiens et al., 2005; Tessendorf et al., 2007a; Bruning et al., 2010] and is
now, for the first time, applied to volcanic plumes. This study presents lightning observations from the
2010 eruption of Eyjafjallajökull, with an emphasis on three-dimensional data obtained during the latter
part of the eruption (1–22 May) to determine both the dominant charge structure and the relative roles of
the various charging mechanisms in producing and affecting the electrification. Regions of positive and
negative charge are identified showing that the charge structure varied between monopolar and dipolar
structures throughout the eruption. Overall, the observations indicate that silicate-based vent charging was
the dominant mechanism.
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Figure 1. Map showing the locations and names of the six lightning mapping stations in southern Iceland (squares) and the
approximate location of the summit crater of Eyjafjallajökull (triangle). The location of the Keflavík radar is shown in the inset.

2. Data and Methods
2.1. Lightning Mapping Array Data
The Lightning Mapping Array (LMA) is a network of very high frequency (VHF) receiving stations that locate
radiation sources produced by lightning [Rison et al., 1999; Thomas et al., 2004]. Each station records impul-
sive VHF emissions generated by lightning as it develops. Global Positioning System (GPS) timing is used
to record the arrival time of the peak power of the VHF signal in successive 10 or 80 μs time windows when
the signal exceeds a local noise threshold. Time-of-arrival methods are used to determine the locations and
times of the radiation sources.

A six-station Lightning Mapping Array (LMA) was deployed in southern Iceland in April 2010 (Figure 1)
shortly after the onset of the explosive eruption of Eyjafjallajökull on 14 April. All six stations were oper-
ational by 1 May, though individual station observations were obtained starting on 15 April. In this
deployment, five stations operated in the 60–66 MHz band and the sixth station operated at 54–60 MHz due
to local interference in the 60–66 MHz band. Data were collected in 10 μs mode for maximum detection of
the lightning activity.

The data were processed by requiring a minimum of five of the six stations to participate in the solutions
of the location and origin time of the radiation sources. The RMS uncertainties in the x, y, and z positions
of the non-noise contaminated source locations were calculated to be on the order of 10, 20, and 200 m,
respectively [see Thomas et al., 2004]. To limit the influence of random noise (chance correlations of the data
that tend to be poorly located with respect to the actual lightning sources) and noise-affected solutions
in the subsequent analysis of the processed data, each processed data set was pared down by limiting the
extent of the data in latitude, longitude, and altitude and by additionally restricting the goodness of fit (𝜒 2

𝜈
)

values of the located sources. This filtering of the located data is described in Appendix A.

Flash rates and locations of flash initiation were determined using the flash algorithm included in XLMA, the
LMA data visualization software utilized in the analyses [Thomas et al., 2003]. The algorithm groups individ-
ual sources with other sources if the temporal and spatial separation between them is within specified limits.
The flash algorithm considers only the horizontal separation between sources; the altitude of the sources
is not used because of the larger uncertainties associated with altitude. In this study, values of 3000 m and
150 ms were used for the maximum spatial and temporal separation allowed between individual sources in
a flash. Only groupings of three or more sources were considered to be flashes. From these groupings, clus-
ters of 10 or more sources were classified as “regular” discharges and clusters of three to nine sources were
classified as “small” discharges. Single-source and two-source clusters were ignored to avoid inclusion of
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isolated noise solutions (even after filtering the data as described in Appendix A, there was still a significant
number of noise solutions in the data). The decision to use 10 sources as the dividing line between regu-
lar and small discharges was arbitrary, though the 10-source threshold is commonly used in thunderstorm
studies for calculating flash rates [e.g., Wiens et al., 2005; Tessendorf et al., 2007a, 2007b]. Thunderstorm stud-
ies typically ignore clusters with fewer than 10 sources to limit the influence of noise solutions on the flash
rate; however, in this study clusters of three to nine sources have been included because manual inspection
of the data has shown that there were many well-located small clusters of VHF sources in addition to the
larger clusters. Wiens et al. [2005] compared the sensitivity of a 10-, 50-, and 100-source threshold on flash
rate and found that using higher thresholds still preserved the trends in the flash rate, though the flash rates
themselves were severely diminished. A 10-source threshold for regular discharges was used in this study to
allow the flash rates to be comparable to other LMA studies.

In this article the terms “flash” and “discharge” are used interchangeably to mean a lightning discharge of
any size. The terms “small discharge” and “regular discharge” are used to specifically describe the two types
of discharges identified by the flash algorithm, as explained above. Altitudes of flashes or VHF sources given
in this article correspond to altitude above mean sea level (msl).
2.1.1. Charge Structure Analysis
The process of identifying regions of net charge is entirely manual and relies on three insights: (i) the LMA
primarily detects negative polarity breakdown, (ii) negative and positive polarity breakdown differ in their
appearance and development, and (iii) lightning leaders propagate into and through regions of net charge.
These considerations, discussed in more detail below, were used to infer the dominant charge regions in the
plume of Eyjafjallajökull.

It has been found that negative polarity breakdown radiates more strongly than positive breakdown at VHF
[e.g., Shao and Krehbiel, 1996]. As a result, it can be assumed that most of the activity mapped by the LMA
comes from negative breakdown. Since positive breakdown is typically not detected directly, its location
is usually inferred from the occurrences of fast negative polarity leaders (also referred to as K-events, recoil
leaders, or retrograde negative breakdown), which propagate back along the positive leader channel toward
the negative end. The VHF emissions from these secondary negative leaders reveal the paths of positive
leader channels. It is possible, however, for the LMA to detect positive breakdown of virgin air in the absence
of negative polarity breakdown [Edens et al., 2012].

The located VHF sources can be used to infer regions of net positive or negative charge due to the character-
istic appearance that positive and negative polarity leaders display when mapped with the LMA [e.g., Rust
et al., 2005; Bruning et al., 2010]. Negative breakdown mapped by the LMA due to the initial breakdown of
virgin air has a somewhat “noisy” appearance compared to positive breakdown mapped by the LMA due to
secondary negative breakdown, which has a more filamentary appearance. In addition, the amplitude of the
source power can be used to confirm inferences made based on channel appearance. Typically, the radiation
events with the highest source powers come from the negative end of the bidirectional channels, though
low source power events exist along both leader polarities [Thomas et al., 2001].

The identification of positive or negative breakdown due to the characteristics described above generally
leads to the inference of a charge region of the opposite polarity, as lightning tends to propagate into and
through regions of net charge [Coleman et al., 2003; Riosset, 2007; Williams et al., 1985]. For example, in a
typical intracloud discharge occurring in a dipole or tripole charge structure, the negative end of the bipolar
leader will first propagate vertically toward a positive charge layer and then horizontally within the positive
layer, while the positive end does the opposite. The horizontal parts of the leader channels typically indicate
that a region of net charge exists there, while the vertical parts may indicate the presence of a neutral region
or a region with a sufficiently strong vertical electric field that would suppress horizontal branching. This
method locates the charge regions in a cloud or plume that lightning is propagating in, giving an overall
picture of the charge structure.

2.2. ATDnet Data
The UK Met Office operates a very low frequency lightning location network called ATDnet, which is opti-
mized to detect lightning in Europe [Bennett et al., 2010]. At the time of the eruption, there was one ATDnet
station in Iceland. The network stations primarily detect sferics from cloud-to-ground discharges. Intra-
cloud discharges may also be detected, but sensitivity is limited, especially at long ranges. ATDnet does
not attempt to distinguish between cloud-to-ground and intracloud discharges, and the polarity of the
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discharges is not determined. The typical location uncertainty is 3 km, and the network detects an estimated
60% of discharges in Iceland with peak current higher than 15 kA. ATDnet detected 790 discharges near
Eyjafjallajökull during the entire eruption [Bennett et al., 2010].

ATDnet data were used in this study to help determine if a discharge mapped by the LMA was a cloud-
to-ground discharge. Though ATDnet does not discriminate between intracloud and cloud-to-ground dis-
charges, in this analysis it has been assumed that most of the sferics detected by ATDnet were from return
strokes of cloud-to-ground flashes. This was also assumed by Bennett et al. [2010]. The relative timing
between ATDnet detection and the VHF sources detected by the LMA was used in some circumstances to
help infer the polarity of a cloud-to-ground discharge, which was useful for understanding the nature of
the electrical activity as a whole. In particular, if an ATDnet event was detected before the LMA detected
any radiation sources, it was assumed that ATDnet detected the return stroke of a positive cloud-to-ground
discharge since the LMA would likely not have detected radiation from its weakly radiating positive leader
to ground.

2.3. Plume Height Data
Plume height measurements were obtained throughout the eruption by a C-band weather radar located at
the Keflavík International Airport, approximately 155 km from the volcano [Arason et al., 2011a]. Full volume
reflectivity scans (a total of 12 elevation angles out to 240 km range) were made in 5 min intervals during
the eruption, except at 5 and 35 min past each hour when Doppler scans with a range of 120 km were made.
An echo top algorithm was used to determine the plume top altitude, reported in this article as altitude
above mean sea level (msl). The lowest detectable cloud height over Eyjafjallajökull was 2.9 km due to block-
age of the lowest beam by an intervening mountain range; however, if the plume was detectable only by
the lowest beam, the plume altitude was reported as 2.8 km, corresponding to the center of the beam. The
5 min data were averaged over time periods of 1, 3, 6, 12, and 24 h. The 1 h averaged time series of the
plume height from 14 April to 22 May is presented in Figure 2b [Arason et al., 2011b]. Gaps in the time series
were the result of missing data or because the plume was either below the detectable limit (2.9 km) or
obscured by meteorological clouds.

The beamwidth, range, and scanning strategy contributed to the plume height uncertainties. As range
increases, so does the vertical distance between elevation angles. The five lowest scan angles were 0.5, 0.9,
1.3, 2.4, and 3.5◦, corresponding to beam midpoint altitudes of 2.8, 3.9, 4.9, 7.9, and 10.9 km at the distance
of the volcano. The half-power beamwidth was 0.9◦, corresponding to a width of 2.4 km at the range of
Eyjafjallajökull. The beams overlap only for the three lowest elevation angles.

2.4. Meteorological Data
The variation of local winds and the atmospheric temperature structure around Eyjafjallajökull during the
eruption were obtained from Arason et al. [2011c], who procured the data from the UK Met Office’s Uni-
fied Model. As described by Arason et al. [2011c], the Unified Model (UM) is a numerical modeling software
package used by the Met Office for forecasting. The Numerical Atmospheric-dispersion Modeling Environ-
ment (NAME) package, which was also developed by the UK Met Office, was used to linearly interpolate
the meteorological data from the UM to the location of Eyjafjallajökull between altitudes of 1667 m (the
assumed summit altitude) and 10,167 m at 100 m intervals. The wind and temperature data are reproduced
in Figures 2b–2d.

3. Volcanic Plume Charging Mechanisms

Previous lightning mapping observations of electrical activity during explosive volcanic eruptions have
demonstrated that volcanic ejecta are charged upon exiting the volcano. Lightning mapping observa-
tions obtained during explosive eruptions of Mount St. Augustine (Alaska, 2006) showed that vigorous
small electrical discharges called vent discharges occurred at the vent of the volcano as ash and gas were
being erupted from the vent, indicating that the ejecta were charged upon eruption [Thomas et al., 2007,
2010]. The vent discharges were so intense that the radiation they produced looked continuous to the LMA
(the rate of recorded VHF events was greater than 1 per millisecond typically over periods of 30 s or more).
The unique VHF signature of this activity is referred to as continuous RF radiation. Continuous RF was also
observed during the explosive eruptions of Redoubt Volcano (Alaska, 2009), corroborating the Augustine
results that the ejecta from explosive volcanic eruptions are charged [Behnke et al., 2013].
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Figure 2. Overview of lightning rates, radar-derived plume heights, and the meteorological conditions present during the four phases
of eruptive activity (arrows at top of figure) inferred by Gudmundsson et al. [2012] during the 2010 eruption of Eyjafjallajökull. (a) Hourly
rates of regular discharges (black line) and small discharges (red line) determined from the three-dimensional data shown on a loga-
rithmic scale. Hourly rates of discharges determined from two-station data during the effusive phase are indicated by the black dotted
line. Pink and blue shaded areas indicate times when either a monopolar or dipolar charge structure was observed. White areas indicate
times when either no lightning occurred or the charge structure was indeterminable. (b) One hour averages and standard deviations of
the radar-derived plume heights and altitudes of the −10, −15, −20, −25, and −30◦C isotherms. (c) Wind speed and (d) direction at
Eyjafjallajökull at 3 (blue line), 5 (green line), and 7 km (red line) altitudes. The isotherm (Figure 2b) and wind plots (Figures 2c and 2d)
were adapted from Arason et al. [2011c]. Copyright 2011 American Geophysical Union. Reproduced/modified by permission of American
Geophysical Union.

The observational evidence of charged volcanic ejecta is supported by laboratory studies, which have
shown that silicate particles are imparted with a net charge when they are subjected to brittle fracture
[James et al., 2000]. During eruption, magma is fractured into tephra by the expansion of volcanic gas.
Charging due to fracture is believed to be caused by fractoemission, a process in which charged particles
(electrons and ions) are ejected as a result of material fracture [Dickinson et al., 1988]. Laboratory investiga-
tion of the fracture charging mechanism has shown that the silicate particles produced through fracture
carry a net charge with a magnitude similar to what had been previously measured on charged ashfall
[James et al., 2000]. In the experiments, both positively and negatively charged particles were produced, but
a small imbalance of charge existed. Most sample types produced particles with net negative charge, except
for the most silica-poor sample, which produced particles with net positive charge. The emitted charge is
believed to be carried on ions escaping from the fractured surfaces. A metal mesh was placed above the
fracturing apparatus during the experiments, which detected a charge opposite to that detected on the
silicate particles. During an eruption, ions released from fractured surfaces would be expected to quickly
attach to larger particles, such as other silicate particles, cloud particles, and the vent of the volcano. Some
researchers, who have inferred dipolar and tripolar charge structures in small plumes from ground-based

BEHNKE ET AL. ©2013. American Geophysical Union. All Rights Reserved. 5

http://dx.doi.org/10.1002/2013JD020781


Journal of Geophysical Research: Atmospheres 10.1002/2013JD020781

potential gradient measurements, have suggested that charge separation in these plumes was due to sili-
cate particles carrying one net charge and gas (presumably cloud particles, as charged gas molecules would
quickly attach to larger particles) carrying the opposite net charge [Lane and Gilbert, 1992; Miura et al., 2002].

Charging during the eruption processes is also expected to result from contact electrification of silicate par-
ticles. Studies of contact charging on granular materials (for a full review, see Lacks and Sankaran [2011])
have shown that there is a size dependence on charge polarity. In particular, researchers have found that
larger particles tend to charge positively and smaller particles tend to charge negatively [Forward et al.,
2009]. Houghton et al. [2013] studied contact charging of volcanic ash using samples from the 2011 erup-
tion of Grímsvötn and found that the span of the particle size distribution affected the amount of charging.
Specifically, they found that larger particle distribution spans resulted in more charge separation. This mech-
anism would be expected to occur both in the vent and throughout the eruption column, as long as the
silicate particles remained dry.

Another proximal vent charging process to consider is that which occurs during boiling of fresh or salt water
[e.g., Blanchard, 1964]. Due to the polar nature of water molecules, charge separation occurs due to mechan-
ical disruption of water during vigorous boiling [James et al., 2008]. This process can occur during volcanic
eruptions where there is contact between magma and an external water source. Strong positive charging
leading to lightning due to contact between lava and salt water has been observed during the eruptions of
Surtsey and Heimaey in Iceland [Anderson et al., 1965; Brook et al., 1974].

In addition to the vent charging processes described above, lightning mapping observations of the 2006
Augustine Volcano and 2009 Redoubt Volcano eruptions showed that subsequent charging in the plume
likely played an important role in the production of intracloud lightning in eruption columns produced by
large explosive events. Following a relatively large explosive event during the Augustine eruption, lightning
was observed in the plume over a period of approximately 12 min as the plume drifted away from the vol-
cano. These discharges occurred after a delay of several minutes of inactivity following the main explosion
[Thomas et al., 2007, 2010]. The time delay and the repeated occurrence of lightning in the downwind plume
suggest that an in situ charging process was occurring, as opposed to charge advection from the vent.
Following the large explosive events of the Redoubt eruption, lightning often persisted for 20 to 70 min
within the plumes, which reached altitudes up to 19 km (msl) [Behnke et al., 2013]. Volcanic plumes typically
contain large amounts of water [Sparks et al., 1997] that may exceed amounts found in typical thunder-
storms [Williams and McNutt, 2005], and it was demonstrated that these high altitude plumes would have
contained ice or ice-coated silicate particles; thus, contact charging of ice particles, analogous to thun-
derstorm charging, was likely the dominant mechanism responsible for the prolific amounts of lightning
observed during Redoubt’s eruption [Behnke et al., 2013].

In summary, charging of volcanic plumes is expected to be caused by a combination of mechanisms. The
main goal of this study is to use lightning observations combined with radar and atmospheric data to
determine the relative importance of these mechanisms.

4. The Eruption of Eyjafjallajökull

The summit eruption of Eyjafjallajökull occurred between 14 April and 22 May following the small flank
eruption that occurred from 20 March to 12 April. The summit eruption consisted of two separate phases
of energetic explosive activity (14–18 April and 5–17 May), a period of effusive activity (18 April–5 May) and
a final phase of declining explosive activity (17–22 May) (for a complete description, see Gudmundsson et
al. [2012]). The timing of the four eruptive periods is indicated at the top of Figure 2. From 14 to 18 April,
phreatomagmatic explosive activity was observed, which is referred to as the “first explosive period” in the
rest of this article. A phreatomagmatic eruption results from the interaction between magma and ground or
surface water. After 18 April, eruptive activity decreased and switched to effusion of lava with very limited
explosive activity. On 5 May, explosive volcanic activity recommenced with magmatic style activity and is
referred to as the “second explosive period.” Generally speaking, a magmatic eruption results from expan-
sion and exsolution of volatiles within the magma during, for example, decompression of the magma as
it moves from higher to lower pressures. The eruption began to decline on 18 May and explosive activity
ended on 22 May.
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The 2010 Eyjafjallajökull eruption has been classified as a VEI (volcanic explosivity index) 3 event
[Gudmundsson et al., 2012]. VEI is a semiquantitative logarithmic scale ranging from 0 to 8 that is used as a
measure of the magnitude of an eruption [Newhall and Self, 1982]. The total volume of erupted products and
the eruption column height are the primary quantitative measures considered in the classification. Newhall
and Self, 1982] describe a VEI 3 event as moderate to large event that would be qualitatively described as
“explosive.” The maximum plume height during the eruption of Eyjafjallajökull was 10 km, and the estimated
total volume of erupted material was 0.18± 0.05 km3 (equivalent to 4.8± 1.2× 1011 kg) [Gudmundsson et al.,
2012]. Approximately 35% of the total material was erupted during the first explosive period alone, which
had a duration of 4 days.

Overall, the erupted tephra consisted of mostly fine ash particles with diameters of less than 1000 μm
[Gudmundsson et al., 2012]. Tephra is a general term for fragmented silicate particles; ash particles are tephra
particles with a diameter of less than 2 mm. According to [Gudmundsson et al., 2012], a complete grain size
analysis has not yet been completed for the entire eruption, but the available observations indicate that the
ash from the second explosive period (5–17 May) was less fine than the first explosive period (14–18 April),
though ash grain size from both periods are comparable. Dellino et al. [2012] showed that ash from the first
period was generally blocky and poorly vesiculated (vesicles are bubbles formed during exsolution of dis-
solved gases) due to the magma-water interaction, while ash from the second period was highly vesicular
and had either an angular or irregular shape.

5. Results and Discussion
5.1. Overview of Observations
Though the LMA was not fully operational until 1 May 2010, at least one station was recording data
throughout most of the eruption. Single-station observations began on 15 April, and by 19 April, at
least two stations were operating at all times. On 1 May, all six stations were operational, providing
three-dimensional data (Figure 2a). Though not enough stations were collecting data prior to 1 May to pro-
vide three-dimensional lightning locations, the unprocessed data were examined manually, both by visual
inspection and using two-station time correlations to determine when lightning occurred.

Single-station LMA observations revealed that both continuous RF and discrete electrical discharges
occurred during the first explosive period. Three examples of 10 min of unprocessed data from this period
are shown in Figure 3. Each plot in this figure shows a 2-D histogram of the peak VHF power. The colors indi-
cate event density, red being most number of events and purple being least number. The distinct vertical
lines in each plot were usually caused by discrete lightning discharges, though they can also be caused by
a strong, localized noise source. Typically, the relatively thick lines are produced by large-scale lightning
discharges, while the thin, purple-colored lines are from smaller discharges. The continuous-looking signal
that is visible in all three examples is caused by continual radio frequency (RF) impulses and is referred to as
“continuous” RF electrical activity. It is most prominent in Figure 3b, occurring from approximately 04:32:30
to 04:37:00. This type of electrical activity was previously observed during the 2006 eruption of Augustine
Volcano [Thomas et al., 2007, 2010] and the 2009 eruption of Redoubt Volcano [Behnke et al., 2013, 2012],
and is the result of high rates of very small “vent discharges” (∼ 10–100 m in length) occurring directly above
the vent of the volcano in the eruption column, due to charged volcanic ejecta (section 3). Both continuous
RF and discrete lightning discharges were frequently observed throughout the first explosive period during
the eruption of Eyjafjallajökull.

The three examples presented in Figure 3 show that the continuous RF activity observed during the first
explosive period often varied in intensity. Out of these examples, continuous RF was the strongest (had the
highest density of events) between 04:30 and 04:40 UTC, shown in Figure 3b, and was the weakest between
00:20 and 00:30 UTC, shown in Figure 3a. Because the discharges producing continuous RF are caused by
charge on volcanic ejecta, the variation in the intensity of the continuous RF suggests that there were vari-
ations in the eruptive activity affecting the charging of the ejecta. It is not possible to single out which vent
charging mechanisms were causing the continuous RF, but it is worth reiterating that the eruptive activ-
ity from the first explosive period was phreatomagmatic; thus, in addition to fracture charging and contact
electrification among silicate particles, charging due to boiling of water is also expected to have contributed
to the electrification.
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(c)

Continuous RF

Weak Continuous RF

Discrete Lightning Discharges

Discrete Lightning Discharges

Continuous RF

Figure 3. Three examples of unprocessed (raw) data collected by the “Bjarni” station on 17 April 2010. Arrows point to examples of continuous RF and discrete lightning discharges
(though many more discrete discharges are shown than indicated with arrows). (a) Weak continuous RF activity and frequent discrete discharges recorded on 17 April 2010 from
00:20 to 00:30 UTC. (b) Strong continuous RF activity and numerous discrete discharges recorded on 17 April 2010 from 04:30 to 04:40 UTC. (c) Intermittent continuous RF activity and
numerous discrete discharges recorded on 17 April 2010 from 15:20 to 15:30 UTC. Colors indicate density of events, red being most events and purple least.

In addition to variations in intensity, continuous RF often occurred intermittently, as was observed from
15:20 to 15:30 UTC on 17 April, shown in Figure 3c. The intermittent occurrence of continuous RF throughout
the entire first explosive period was likely the result of the eruptive activity being episodic, but it could also
have been an indication that the charging on the volcanic ejecta was not always strong enough to produce
continuous RF.

The first explosive period (14–18 April) was distinguished by vigorous eruptive activity, high wind speeds,
and variable plume heights. As described in section 4, 35% of the total volume of erupted magma was pro-
duced during the first explosive period [Gudmundsson et al., 2012]. During this period, the average plume
height varied between 2.7 and 8.5 km, as shown in Figure 2b. The large standard deviations of the average
plume height show that there was also significant variation in the 5 min radar data. Wind speeds, shown in
Figure 2c, were very high throughout most of the first explosive period; the highest wind speeds observed
during the entire eruption occurred between 15 and 17 April, ranging from approximately 25 m s−1 at 3 km
altitude to 55 m s−1 at 7 km altitude.

Some of the variability in the plume height data is likely due to poor radar resolution and changes in the
magma discharge rate, but changing wind speeds would also have been responsible for height variability.
High wind speeds will affect the plume height of low mass eruptions, such as the 2010 eruption of
Eyjafjallajökull, due to the entrainment of additional air into the plume and by shearing the vertical trajec-
tory of the plume. Woodhouse et al. [2013] demonstrated that for a plume in a windy environment (wind
speed of 30 m s−1) to rise to the same height as a plume in a quiescent environment, the source mass flux
would need to be approximately 1 order of magnitude higher than that of the quiescent environment [see
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Woodhouse et al., 2013, Figure 3]. For example, the peak average plume height on 17 April was several kilo-
meters higher than that on 16 April, and the average wind speed on 17 April was approximately 20 m s−1

lower than that on 16 April. Thus, though plume rise height is related to the source mass flux of an eruption
[Morton et al., 1956], the elevated plume heights on 17 April are not necessarily indicative of a more vigorous
eruption and could have resulted, at least partially, from the reduction in wind speed.

Following the decline of major explosive activity on 18 April, lightning was detected infrequently during
the effusive phase (18 April–5 May). During this 18 day period, a total of 38 discharges were detected by
the LMA. Two-station correlations showed that nine of these discharges occurred during a short 7 h time
interval between 19:00 UTC on 28 April and 01:40 UTC on 29 April, shown by the dotted line Figure 2a.
The number of correlated sources for each discharge ranged from 100 to 1000. ATDnet detected four of
these discharges. Additionally, the three-dimensional data showed that 17 small and 12 regular discharges
occurred over the 22 h interval between 13:00 UTC on 3 May and 11:00 UTC on 4 May, shown as red and
black lines in Figure 2a. None of these discharges were detected by ATDnet. The average plume height was
commonly lower than 3 km during the effusive phase, however, both of these periods of intermittent light-
ning activity corresponded to an increase in the plume height, shown by comparing Figures 2a and 2b on
28–29 April and 3–4 May.

The second explosive period and the declining phase of activity (5–22 May) can be divided into two
intervals—an initial interval where lightning occurred infrequently and a subsequent interval where light-
ning occurred frequently, as seen in Figure 2a. The first interval, when lightning was observed infrequently,
occurred from 5 to 10 May. The second interval, when relatively high rates of lightning were observed,
occurred between 11 and 21 May. This distinction was also observed by Bennett et al. [2010] and Arason et
al. [2011c] in the ATDnet data.

During the interval when low lightning rates (< 10 discharges per hour intermittently) were observed
(5–10 May), average plume heights were also relatively low, and the ambient atmospheric temperatures
were relatively high, as shown in Figure 2b. Between 5 and 8 May, average plume heights of 5 km with low
standard deviation were typical, except for a brief deviation to 8 km at the end of 5 May. From 8 to 10 May
the average plume height was still low but variable, ranging from 3 to 5 km. Throughout this entire period
(5–10 May), the plume top was almost always warmer than −20◦C. Additionally, wind speeds were high,
ranging from 10–20 m s−1 at 3 km altitude up to 40 m s−1 at 7 km altitude, shown in Figure 2c.

During the relatively high-rate lightning interval (11–21 May), a wide range of lightning rates was observed.
Rates of regular discharges ranged from ∼ 10 to ∼ 50 per hour, and rates of small discharges ranged from
∼ 10 to ∼ 150 per hour. By contrast, the peak lightning rate detected by ATDnet during the second explosive
period was 15 discharges per hour, less than the peak LMA-detected rates of ∼ 50 per hour. ATDnet located
a total of 790 discharges throughout the entire eruption, while the LMA detected approximately 7700 dis-
charges from 1 to 22 May. This difference in detection rates between ATDnet and the LMA is expected due
to the fundamental differences between the two systems, but ATDnet performed well in detecting the
electrical activity.

Though they are considered high for the eruption of Eyjafjallajökull, the peak flash rates detected from 11 to
22 May were relatively low compared to the 2009 eruption of Redoubt Volcano. During the Redoubt erup-
tion, the LMA-detected peak flash rates of regular discharges were on the order of 100 per minute [Behnke
et al., 2013], compared to roughly 1 per minute for Eyjafjallajökull. This is not surprising considering that
Redoubt’s largest eruptive events produced plumed heights up to 19 km, whereas the peak 1 h average
plume height from Eyjafjallajökull was 8 km.

During the interval when relatively high lightning rates were observed, the average plume height varied sig-
nificantly, and the ambient temperatures were lower than during the low-rate lightning interval, as shown
in Figure 2b. At the onset of lightning on 11 May, the average plume height was approximately 5 km, similar
to the 5–10 May period when little lightning was observed. On 13 May, the plume height increased signifi-
cantly; from the end of 13 May to 17 May, the average plume height frequently reached up to 8 km. At the
end of 17 May, plume heights declined and remained below 6 km for the remainder of the eruption. From
approximately 13 to 18 May, the plume top was consistently colder than −20◦C and was often colder than
−30◦C. At these temperatures, plume-based ice-contact charging would be expected to occur if ice particles
were to form in the plume.
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Figure 4. Scatter plot of the rate of (a) regular discharges and (b) small discharges per hour versus average plume height. In both plots,
the black line shows the rates averaged over half kilometer plume height bins (2.0–2.5, 2.5–3.0, 3.0–3.5, etc.), showing an increase in
average lightning rate with increasing plume height. Vertical bars show the standard deviation.

In addition to the variation in plume height, there was also a significant variation in wind speed from 11 to
21 May, shown in Figure 2c, which would have influenced the plume height. Wind speeds were high at the
onset of lightning on 11 May, just as they were from 5 to 10 May when very little lightning was observed
and plume heights of 5 km were typical. From 13 to 17 May, when plume heights up to 8 km were observed,
wind speeds were much lower than they were from 5 to 10 May. The subsequent decrease in plume height
on 17 May coincided with an increase in wind speed. As discussed earlier in this section, changes in wind
speed are expected to be anticorrelated with changes in plume height; in this case the decreasing wind
speeds on 13 May could have resulted in increasing plume height, and the decrease in the average plume
height on 17 May could have been caused in part by the increase in wind speed.

The relationship between plume height and lightning during the second explosive period is shown Figure 4.
Overall, there was a weak positive correlation between plume height and rates of both small and regular
discharges. The black lines in Figure 4 show the lightning rates when averaged over half kilometer plume
height bins, which shows that there was an increase in the average lightning rate with increasing plume
height for both small and regular discharges. The increase in average lightning rate was most significant
when the plume height was above 5 km (msl); however, the standard deviation of the average rates shows
that there was a large variation in the observed lightning rates. Above altitudes of 5 km rates of regular
discharges ranged from 0 to 65 discharges per hour, and rates of small discharges ranged from 0 to 130
discharges per hour. In addition, there was also a lot of variation at lower altitudes, particularly for small dis-
charges. Below 5 km, the rate of small discharges varied between 0 and 100 discharges per hour. Overall,
this plot shows that elevated plume heights did not always result in high lightning rates, and relatively high
lightning rates occurred over a wide range of plume height. Bennett et al. [2010] compared plume height to
ATDnet-detected lightning rates and also found that though lightning rate generally increased with plume
altitude, there were many instances when elevated plumes did not produce lightning.

A correlation between plume height and lightning rates is difficult to interpret because it can be attributed
to either plume-based ice-contact charging or vent charging mechanisms. For both mechanisms, an
increase in plume height can affect charging or be indicative of increased charging. In the case of vent
charging, an increase in plume height is indicative of an increase in source flux [Morton et al., 1956]; thus,
higher quantities of ash should correspond to an increase in charge in the plume. For the plume-based
mechanism, increased plume height would contribute to an increase in ice-contact charging because
the plume would be penetrating into lower atmospheric temperatures. The interpretation is further
complicated by the effect that changing wind speed has on plume height, as described above.

Unlike the first explosive period, no continuous RF was observed during the effusive phase, the second
explosive period, or the declining phase of explosive activity. The unprocessed data files were visually
inspected, showing no obvious indications of continuous RF throughout these periods. Likewise, there
were no correlated continuous RF events in the processed data. In the Redoubt Volcano data, correlated
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Figure 5. Fifteen minutes of processed LMA data from 16:39 to 16:54 UTC on 11 May 2010 colored by (a) time and (b) event density. Event density color scale is qualitative, red being
most events and blue least. During this time, discharges commonly extended from the vent (located at the approximate coordinates (0, 0)) to the southeast. ATDnet detected two
discharges during this period, indicated by the black triangles in Figures 5a and 5b. The event density (Figure 5b) shows the highest concentration of VHF sources located near the
vent. In both Figures 5a and 5b, the top plot shows the altitude of the sources versus time, the middle left plot shows the altitude of the sources versus east-west position, the middle
right plot shows an altitude histogram of the sources, the bottom left plot shows the plan position locations of the sources, and the bottom right plot shows the altitude of the sources
versus north-south position.

continuous RF events manifested as swarms of VHF sources within a small distance over the vent of the
volcano [Behnke et al., 2013], but this was not observed in the Eyjafjallajökull data. Single-sources and
two-source pairs were discarded from the Eyjafjallajökull data in the flash sorting process; however, these
sources were unlikely to be from continuous RF. The continuous RF sources in the processed Redoubt data
occurred so frequently that the XLMA flash algorithm had to be modified to avoid clumping these sources
into amorphous, multisecond long discharges. There were no such issues with the Eyjafjallajökull data.

The lack of continuous RF during the second explosive period was unexpected since moderate amounts
of lightning were observed during this period. The lack of continuous RF suggests that there was a reduc-
tion in the amount of vent charging compared to the first explosive period. One difference between the
two explosive periods is that unlike the first period, the second explosive period was not phreatomagmatic.
Thus, there would have been no charging due to boiling of water as there likely would have been during the
first explosive period. This could account for the lack of continuous RF during the second explosive period.
However, boiling of water is not necessary for continuous RF to occur. During the 2006 Augustine Volcano
eruption, continuous RF was observed frequently, and that volcano did not have any significant snow or ice
cover to cause substantial phreatomagmatic activity.

5.2. Three-Dimensional Lightning Mapping Observations
An example of processed, three-dimensional data from the second explosive period is shown in Figure 5.
This figure shows 15 min of data on 11 May from 16:39 to 16:54, which was about 5 h after the onset of
the relatively high-rate lightning period discussed above. During this 15 min interval, there were 19 regu-
lar discharges and 14 small discharges, corresponding to an average rate of roughly 1 discharge per minute
(60 per hour) for both small and regular discharges. ATDnet detected two of the regular discharges, as
indicated by the black triangles in Figure 5. The discharges extended from the vent of the volcano to the
southeast during this period due to the upper level winds. The plume height was approximately 5 km at this
time, and VHF sources extended from 2 to 5 km over the vent and from 2 to 4 km in the downwind plume.
The altitude at the top of the vent is approximately 1.67 km. Figure 5b shows the density of located events,
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Figure 6. Two hours of electrical activity during a period of high winds. (a) Total LMA data from 19:00 to 21:00 UTC on 11 May 2010, colored by event density. Event density color scale
is qualitative, red being most events and blue least. (b) Charge analyses of the larger discharges in Figure 6a, showing a dipolar charge structure consisting of positive charge centered
at 2.5–3.0 km altitude and negative charge at 4 km altitude. Colors indicate charge density; orange is positive charge density, and blue is negative charge density. The vent altitude is
1.67 km. The green square in the lower left plot of Figures 6a and 6b indicates the location of the “Snow” LMA station.

which reveals that the highest density of sources was located between 2 and 4 km altitude and within 2 km
horizontally of the vent. The importance of high densities of VHF sources near to the vent will be discussed
in more detail in section 5.2.5.

Individual discharges such as those from Figure 5 were examined using the charge analysis method
described in section 2.1.1. The charge analysis method was performed only on the discharges that exhibited
obvious channel structure, and discharges were chosen manually. Only about 10% of the regular discharges
from the entire second explosive period were suitable for the analyses, and no small discharges were used.
There were several extended periods of time when the charge analysis method could not be used due to
the compact size of the discharges.

The charge structure in the plume varied between an apparent positive monopole and a negative-
over-positive dipole throughout the second explosive period. The time periods during which
charge structures could be identified are indicated in Figure 2a by the shaded pink (monopole
structure) and blue (dipole structure) bars. The periods when no lightning occurred and
when the charge structure was indeterminable remain white. The positive monopole was
more common than the dipole. Dipolar structures were generally inferred only for brief peri-
ods of time. The results do not preclude the existence of other regions of charge in either the
dipole or monopole case; they simply show the charge regions where electrical breakdown
was detected.

Four examples of the inferred charge structures are presented below. Each example represents a period
when high rates of regular discharges were observed during the second explosive period and are presented
in chronological order. The first three examples show evidence of a dipolar electrical structure, and the
fourth example shows the more common monopolar structure.
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Figure 7. (a) LMA data for a long discharge on 11 May 2010 at 20:22:57.9 UTC extending from the vent of Eyjafjallajökull to the southeast, colored by time. (b) Same as Figure 7a,
but colored by charge polarity. Red indicates regions of positive charge, and green indicates undetermined charge polarity. This discharge showed evidence only of negative polarity
breakdown into a region of positive charge.

5.2.1. 11 May 19:00–21:00 UTC
About 8 h after the onset of high rate electrical activity during the second explosive period, a negative-over-
positive dipolar charge structure was inferred on 11 May from 19:00 to 21:00 UTC, shown in Figure 6. Over
this 2 h period, the charge structure consisted of a horizontally elongated positive charge region extend-
ing from the vent of the volcano approximately 23 km to the southeast, indicated by the orange region in
Figure 6b, and a negative charge region located above the positive region with a length of approximately
8 km, indicated by the blue region in Figure 6b. The positive region had a depth of 2 km and was situated
between 2 and 4 km altitude. The negative region was located between approximately 4 and 5 km altitude.
Flash rates were approximately 50 and 70 discharges per hour for regular and small discharges, respec-
tively. In comparison, ATDnet detected a total of six discharges during this 2 h period. Figure 6a shows the
event density for 19:00–21:00 UTC. The event density was highest near the vent of the volcano, in the lower
positive charge region. The elongated shape of the charge structure was likely due to high winds advect-
ing charge into the downwind plume. Winds were northwesterly with speeds ranging from approximately
15 m s−1 at 3 km altitude to 35 m s−1 at 7 km altitude. The average plume height was 5 km.

The individual lightning discharges observed during this time period were typically long and thin, extending
up to 23 km from the vent, presumably being confined within the plume. Of the 10 discharges selected for
charge analysis during this period, two discharges showed evidence of both positive and negative polarity
breakdown and eight showed evidence of negative polarity breakdown only. It is not clear if the discharges
that showed evidence only of negative polarity breakdown were truly monopolar, initiating from ground,
for example, and extending up and into the downwind plume, or if they were bilevel intracloud discharges
whose positive ends were simply undetected.

An example of one of the discharges that showed evidence only of negative polarity breakdown into posi-
tive charge is shown in Figure 7. This example shows a negative polarity leader extending from the vent to
approximately 23 km to the southeast. The discharge occurred on 11 May at 20:22:57 UTC. Figure 7a shows
the VHF sources colored by time, and Figure 7b shows the VHF sources colored by the inferred charge. In this
and other figures of individual discharges showing charge identification, color is used to convey the polarity
of the charge region into which the breakdown propagated. Red indicates negative breakdown into positive
charge, blue indicates positive breakdown into negative charge, and green indicates that the charge region
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Figure 8. (a) LMA data for a bilevel discharge on 11 May 2010 at approximately 20:36:58.3 UTC extending from the vent of Eyjafjallajökull to the southeast, colored by time. (b) Same
as Figure 8a, but colored by charge polarity. Red indicates regions of positive charge, blue indicates regions of negative charge, and green indicates undetermined charge polarity. This
flash showed clear evidence of both negative breakdown into positive charge and positive breakdown into negative charge.

was either undetermined or that the sources were noise or noise-affected solutions. In this case, there was
no indication of positive polarity breakdown into negative charge. The first several VHF sources in this dis-
charge were located at 2.5 km altitude, approximately 800 m above and 1 km downwind of the vent. This
discharge may have initiated at the ground near the vent of the volcano and propagated up as negative
polarity breakdown into positive charge in the downwind plume. In this case there would have been only
one polarity of breakdown to detect and the flash’s upward development would not have produced a high
current return stroke, consistent with it not being detected by ATDnet. It is also possible that the discharge
initiated above ground, and the positive breakdown was not detected by the LMA.
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Figure 9. Flash from Figure 8 broken into three shorter time intervals to show the flash’s three overlapping and extending channels, colored by time. (a) First channel, occurring
between approximately 20:36:58.3 and 20:36:58.38. (b) Second channel, occurring between approximately 20:36:58.4 and 20:36:58.59. (c) Third channel, occurring between approxi-
mately 20:36:58.6 and 20:36:58.83. Such bilevel breakdown is typical of thunderstorms, but this discharge initially began at low altitude above the vent and transitioned into a bilevel
discharge (see text).
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Event Density -- 13 May 2010
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(a) (b) Charge Structure -- 13 May 2010
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Figure 10. Two hours of electrical activity during a period of relatively low winds. (a) Total LMA data from 22:00 to 23:59 UTC on 13 May 2010, colored by event density. (b) Charge
analyses of the larger discharges in Figure 10a, showing a negative-over-positive dipolar charge structure. Colors indicate charge density; orange is positive charge density, and blue is
negative charge density.

An example of a discharge that showed evidence of both negative polarity breakdown into positive charge
and positive polarity breakdown into negative charge is shown in Figure 8. This discharge occurred on
11 May 2010 at 20:36:58.3 UTC. Unlike the previous example shown in Figure 7, the structure of this dis-
charge resembles an intracloud discharge occurring in a low-altitude positive charge region and negative
charge region located above the positive. The positive and negative ends of the leader were readily distin-
guishable, shown as the blue and red sources in Figure 8b. An interesting feature of this discharge is that it
propagated in repeated spurts, retracing a similar path each time.

Figure 9 shows the discharge of Figure 8 broken into three separate time intervals, showing that the dis-
charge initiated at low altitude and transitioned into a bilevel flash. The initial negative polarity breakdown,
shown in Figure 9a, propagated from (x, y) ≃ (0.5, 0.0) to (5.0,−3.0) km. The discharge appeared to initi-
ate at low altitude (approximately 2 km). After a lull of approximately 30 ms, negative polarity breakdown
resumed, again starting at (0.5, 0.0) and propagating slightly farther to (6.0,−4.0), following a very similar
path, but starting higher in altitude at approximately 3.5 km. During this second period, shown in Figure 9b,
positive breakdown into negative charge was also inferred, shown as the blue sources between 20:36:58.4
and 20:36:58.52 at 4 km altitude in Figure 8. At approximately 20:36:58.6, negative polarity breakdown
recommenced, this time at (0.5,−1.5) and 4 km altitude, as shown in Figure 9c. The breakdown began about
1.5 km south of the other two segments and extended farther to the southeast along a similar path as the
others. Subsequently, positive breakdown into negative charge was inferred again at 4 km altitude, shown
in Figure 9c.

5.2.2. 13 May 22:00–23:59 UTC
At the end of 13 May, the average plume height had increased from 5 to 8 km, which coincided with a
decrease in wind speed, as shown in Figures 2b and 2c. Prior to the increase in plume height, the inferred
charge structure was predominantly monopolar, but following the increase, a negative-over-positive dipolar
structure was inferred between 22:00 and 23:59 UTC on 13 May, as shown in Figure 10. Unlike the previous
example from 11 May, shown in Figure 6, the charge structure was not elongated, likely due to the lower
wind speeds, which had calmed to nearly 0 m s−1 at the 3 and 5 km levels and 5 m s−1 at 7 km altitude level
by this point in the eruption. In addition, a somewhat higher percentage of the discharges in this example
showed evidence of bipolar breakdown than in the previous example. Out of nine discharges selected for
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charge analysis during this period, four showed evidence of bipolar breakdown and five showed evidence
only of negative breakdown into positive charge. As shown in Figure 10, the structure consisted of a large
positive charge region between 2 and 5 km altitude and a negative charge region between 5.5 and 7.0 km
altitude. Similar to the previous example, the highest density of events was located low in altitude and near
to the vent, as shown in Figure 10a. Flash rates during this 2 h period were lower than the previous exam-
ple; approximately 15 discharges per hour were detected for regular discharges and 60 discharges per hour
were detected for small discharges. Only one discharge was detected by ATDnet during this period.

An example of one of the bipolar discharges is shown in Figure 11. This discharge occurred at 22:28:08.4 UTC
on 13 May. The discharge is different from the previous examples because it was also detected by ATDnet,
as indicated by the black triangles in Figures 11a–11c. Detection by ATDnet suggests that the discharge
was a cloud-to-ground flash. To better illustrate the morphology of the discharge, it has been divided into
two intervals, labeled “part 1” and “part 2” in Figure 11a. The first part of the discharge is shown colored by
source power in Figure 11c. This part of the discharge originated at 2 km altitude directly over the vent and
propagated up to 4 km altitude. The ATDnet detection then occurred, which was followed by subsequent
breakdown to the south-southeast at 3 km altitude. The polarity of the first part of the discharge is uncertain
and is thus colored green in Figure 11b. The relatively strong source powers shown in Figure 11c suggest
that the first part was negative polarity breakdown into positive charge. If it was indeed negative polarity
breakdown, and if what ATDnet detected was a return stroke, it would follow that the cloud-to-ground dis-
charge was positive (i.e., it lowered positive charge to ground). The second part of the discharge, shown
colored by source power in Figure 11d, involved negative breakdown between approximately 2 and 5 km
altitude and positive breakdown at 6 km altitude. The negative breakdown propagated in a circular fash-
ion, perhaps delineating the edge of the plume. Such circularity is not seen in meteorological storms. The
entire flash is shown colored by inferred charge polarity in Figure 11b. Though the polarity of the first part
of the flash may be uncertain, it is very clear that there was breakdown into an upper region of negative
charge and a lower region of positive charge during part 2 of the flash. Without more certain knowledge of
the return stroke polarity, it is difficult to offer any further interpretation of this discharge. The discharge was
complex and suggests that the charge structure was more complicated than a simple dipole, but without
better data, the finer structure remains unknown.

During the 2 h time period of Figure 10 and the succeeding 2 h time period of 00:00–02:00 on 14 May, sev-
eral other discharges occurred that exhibited a similar morphology, beginning with a presumed positive
cloud-to-ground discharge followed by a low-altitude intracloud component. The discharges are not fully
understood but may be some sort of hybrid cloud-to-ground/intracloud discharge. Regardless, this time
period showed the most consistent evidence of a dipolar structure of the entire eruption. This is probably
due to the low and unvarying wind speeds at the time and perhaps indicates that the eruption was in a
more or less steady state.

5.2.3. 16 May 14:00–16:00 UTC
On 16 May, wind speeds were again relatively low and the average plume height reached up to 8 km, simi-
lar to the conditions of the 13 May example discussed above, except there was more variability in the plume
height. As shown in Figure 2b, the average plume height on 16 May from 14:00 to 16:00 UTC varied between
6.5 and 8 km. During the 14:00–16:00 UTC period, winds were northwesterly with speeds ranging from
5 m s−1 or less at 3 km altitude to 10 m s−1 at 7 km altitude.

Throughout 16 May, the inferred charge structure was predominately monopolar; however, dipolar struc-
tures were also inferred for brief periods of time. One of these brief dipolar periods occurred during the
14:00–16:00 time period, which is shown in Figure 12. Twenty discharges from this time period were suitable
for charge analyses, only two of which showed evidence of bipolar breakdown. What is interesting about
this example is that the polarity of the upper charge region between 4 and 6 km altitude changed with time.
Between altitudes of 2 and 4 km, positive charge was consistently inferred throughout the entire period, but
between 4 and 6 km, the inferred charge was initially negative and then changed to positive, as discussed in
more detail below. As with the other charge structure examples, the greatest density of events was located
near the vent and low in altitude, as seen in Figure 12a. During this 2 h period, flash rates were 40 and 90
discharges per hour for regular and small discharges, of which 19 were detected by ATDnet.

Figure 13 shows the LMA data from 14:00 to 16:00 broken into shorter intervals, illustrating the temporal
variation of the polarity of the 4–6 km altitude region. From 14:00 to 14:30, the 4 to 6 km altitude region was
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Figure 11. (a) LMA data for the bipolar discharge on 13 May 2010 at 22:28:08.4 UTC, colored by time. (b) Same as Figure 11a, but colored by charge polarity. Red indicates regions of
positive charge, blue indicates regions of negative charge, and green indicates regions with undetermined charge polarity. (c) The part of the discharge shown in Figure 11a labeled as
“part 1.” (d) The part of the discharge shown in Figure 11a labeled as “part 2.” The colors of the sources in Figures 11c and 11d indicate the amplitude of the source power. A histogram
of the power distribution for Figures 11c and 11d is shown below and to the right of the upper time-height plot. The discharge was detected by ATDnet (black triangles).
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Event Density -- 16 May 2010
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(a) (b) Charge Structure -- 16 May 2010
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Figure 12. Electrical activity during a 2 h period on 16 May 2010. (a) Total LMA data from 14:00 to 16:00 UTC on 16 May 2010, colored by event density. (b) Charge analyses of
the larger discharges in Figure 12a, showing a variation from a dipolar to monopolar charge structure. Colors indicate charge density; orange is positive charge density, and blue is
negative charge density.

mostly devoid of electrical activity, except for a small region of positive charge approximately 1 km in diam-
eter, centered over the vent (Figure 13d). Between 14:30 and 15:37, negative charged was briefly inferred
between 4 and 6 km, extending 10 km southeast of the vent (Figure 13e). Between 15:37 and 16:00, positive
charge was inferred between 4 and 6 km altitude, in the region where negative charge was inferred approx-
imately 1 h earlier (Figure 13f ). Note that for about 15 min leading up to the time when positive charge was
inferred between 4 and 6 km (Figure 13c), there was no electrical activity in that region. The lull in upper
level activity and the subsequent change in polarity of the upper charge region indicates some sort of vari-
ation with the charging mechanisms occurred that resulted in strong positive charge overriding the dipolar
charge, possibly due to increased strength in the eruption that elevated the charge layers to the point that
no positive breakdown occurred or was detected in the upper negative layer. As a result, the apparent
monopolar structure inferred from 15:37 to 16:00 developed a bilevel distribution with respect to altitude,
a feature that has also been inferred in the 17 May example, presented below. This particular bilevel distri-
bution was not due to the discharges accessing one or the other of the lower and upper positive charge
regions alone; each discharge observed in this period propagated into both layers.
5.2.4. 17 May 12:00–14:00 UTC
The final charge analysis example to be presented is of a positive monopolar structure inferred on 17 May
from 12:00 to 14:00 UTC, shown in Figure 14. At this time, the average plume height was again approx-
imately 8 km, but, similar to 16 May, there was a lot of variability in the altitude. Between 12:00 and
14:00 UTC, wind speeds were less than 10 m s−1 at the 3 and 5 km altitude levels and approximately 20 m s−1

at the 7 km level, with the speed at all levels increasing throughout the day. The wind direction also varied
with altitude; at the 3 km altitude level, the wind was consistently easterly, but at the 5 and 7 km altitude
levels, the wind direction briefly deviated between easterly and westerly. All 17 discharges for which charge
analyses were made showed evidence only of negative polarity breakdown into positive charge. Figure 14a
shows the event density of the radiation sources during this time period, which again shows that the high-
est density of events was located right over the vent at low altitude. Rates of regular and small discharges
were 20 and 70 discharges per hour. ATDnet detected 17 discharges during this period.

The charge structure shown in Figure 14b is interesting because there were two distinct layers of positive
charge, one of them being downwardly slanted in altitude with distance from the vent. Similar to the other
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Figure 13. Data from Figure 12 broken into three shorter time intervals showing how the polarity of the upper charge region changed with time. LMA data colored by (a) time and
(d) charge density for the period between 14:00 and 14:30 UTC on 16 May. LMA data colored by (b) time and (e) charge density for the period between 14:30 and 15:37 UTC on
16 May. LMA data colored by (c) time and (f ) charge density for the period between 15:37 and 16:00 UTC on 16 May. Colors in Figures 13d–13f indicate charge density; orange is
positive charge density, and blue is negative charge density.

charge structure examples, there was a lower layer of positive charge between 2 and 4 km altitude, which
in this case extended from the vent to approximately 5 km east of the vent. In addition, there was also an
upper layer of positive charge that was tilted down from west to east. The western edge of this layer was
located over the vent and had a maximum altitude of 6 km, while the eastern edge extended out to 10 km
from the vent where it had a minimum altitude of 2 km. Though there was evidence only of positive charge
in this example, there may still have been an upper layer of negative charge like the other examples that
simply did not have any electrical activity detected within it. The strange shape to the overall charge struc-
ture may be due to the changing wind conditions. As mentioned above, the wind direction at the 5 and 7 km
altitude levels changed direction from easterly to westerly during this time period, while at the 3 km level
the wind direction was consistently westerly. The easterly winds may have temporarily sheared the upper
part of the plume toward the west and advected positive charge in that direction.

Many of the discharges observed between 12:00 and 14:00 UTC were similar to the example shown in
Figure 15. This discharge, which occurred at 12:06:41.02 on 17 May, showed evidence only of negative polar-
ity breakdown into positive charge. It initiated over the vent of the volcano at approximately 2 km altitude,
first propagating horizontally to 4 km east of the vent, then up and into the slanted positive charge layer
seen in Figure 14. The discharge produced two branches into the upper region of positive charge, one
that propagated up and to the west and another that propagated down and to the east. Figure 15b shows
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Event Density -- 17 May 2010
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(a) (b) Charge Structure -- 17 May 2010
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Figure 14. Electrical activity during a 2 h period on 17 May 2010. (a) Total LMA data from 12:00 to 14:00 UTC on 17 May 2010, colored by event density. (b) Charge analyses of the
larger discharges in Figure 14a, showing a monopolar charge structure. Colors indicate charge density; orange is positive charge density, and blue is negative charge density.

(a) (b)

-5 0 5 10 15
East-West distance (km)

-10

-5

0

5

10

N
or

th
-S

ou
th

 d
is

ta
nc

e 
(k

m
)

0

4

8

A
lti

tu
de

 (
km

)

-5 0 5 10 15

0 2 4 6 8
Altitude (km)

-10

-5

0

5

10

LMA Data -- 17 May 2010

12:06:41.02 12:06:41.04 12:06:41.06 12:06:41.08
0

4

8

A
lti

tu
de

 (
km

)

0

2

4

6

386 pts

alt-histogram

0

5

-5 0 5 10 15
East-West distance (km)

-10

-5

0

5

10

N
or

th
-S

ou
th

 d
is

ta
nc

e 
(k

m
)

0

4

8

A
lti

tu
de

 (
km

)

-5 0 5 10 15

0 2 4 6 8
Altitude (km)

-10

-5

0

5

10

Charge Polarity -- 17 May 2010

12:06:41.02 12:06:41.04 12:06:41.06 12:06:41.08
0

4

8

A
lti

tu
de

 (
km

)

0

2

4

6

386 pts

alt-histogram

Figure 15. (a) LMA data for a monopolar discharge on 17 May at approximately 12:06:41 UTC, colored by time. (b) Same as Figure 15a, but colored by charge polarity. Red indicates
regions of positive charge, and green indicates undetermined charge polarity.
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Figure 16. Lightning initiation locations of the three-dimensional data collected during May 2010. (a) Histogram of the average altitude
of the first three VHF sources of each regular discharge. (b) Histogram of the average horizontal distance from the vent of the first three
VHF sources of each regular discharge. Discharges typically initiated below altitudes of 4.5 km and within 2 km horizontally away from
the vent.

charge identification results for the discharge, which was entirely due to negative polarity breakdown into
positive charge. The other discharges that occurred during the 12:00 to 14:00 period followed very similar
paths, though not all propagated bidirectionally in the slanted charge layer. At the beginning of the time
period, the discharges propagated bidirectionally similar to the example shown in Figure 15, but toward the
end of the time period, the discharges mainly propagated down and into the eastern region of the layer,
perhaps due to the changes in wind speed and direction discussed above.
5.2.5. Location of High Densities of Electrical Activity
In each of the charge structure examples presented above, it was noted that the highest concentration of
VHF sources was consistently located over the vent at low altitude. As shown in Figures 6a, 10a, 12a, and 14a,
electrical activity was concentrated around the coordinates (0, 0) in east-west position and north-south
position, corresponding to the approximate location of the vent of the volcano, and extended in altitude
from 2 to 3 km. The altitude at the top of the vent is 1.67 km. The high concentration of VHF sources over the
vent indicates that it was a region with very active, ongoing charging.

In addition to the high concentration of VHF sources being located over the volcano, regular discharges
typically initiated in the same region, as documented by the histograms in Figure 16. The initiation points
were determined by taking the average of the locations of the first three VHF sources for each discharge.
Out of 3635 regular discharges detected during May, 55% initiated below 2.5 km altitude and 96% initi-
ated below 3.5 km altitude. In terms of horizontal distance, 91% initiated within 1 km of the vent and 99%
initiated within 2 km of the vent. For comparison, most of the lightning detected by ATDnet was located
within 3 km of the vent, comparable to the uncertainty of the ATDnet data. In general, the uncertainty of
the non-noise-contaminated LMA solutions was on the order of 20 m in horizontal position and 200 m in
altitude, but if noise-contaminated solutions happened to be one or more of the first three sources of a
discharge, then the error could be much greater. A noise solution of any altitude can be grouped with a
discharge by the flash algorithm if it was within 3000 m horizontally and 150 ms of another source in a dis-
charge, adding bias to the initiation altitude. Approximately one fourth of the discharges were inspected
manually, and it was found that many noise solutions were often grouped with individual discharges by the
flash algorithm, despite steps to limit the amount of noise in the post-processed data (Appendix A). Flashes
with initiation altitude higher than 4.5 km were visually inspected, and in each case the high initiation alti-
tude was due to the influence of high altitude noise solutions. Thus, most regular discharges initiated below
3.5 km altitude and all initiated below 4.5 km altitude. This roughly corresponds to the region where the
highest densities of VHF sources were located (2–3 km altitude) and indicates further that the most active
region of charging was near the vent at low altitude.

5.3. Charging Mechanisms
It is expected that both vent charging and subsequent plume-based charging can be involved in volcanic
plume electrification and that the specific eruptive and meteorological conditions are important in deter-
mining how the mechanisms combine to produce the overall electrification. In the case of Eyjafjallajökull,
the LMA data provide strong evidence that vent charging dominated, with most electrical activity occurring
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near the vent. There is also some evidence that plume-based ice-contact charging may have occurred due
to changing meteorological conditions, but the three-dimensional LMA observations do not indicate that
ice-contact charging played a substantial role in plume electrification.

The evidence showing that vent charging was influencing the electrification comes from the examination
of the three-dimensional lightning mapping data. The LMA data presented in section 5.2 show that the
most electrically active region in the plume was located low in altitude and near the vent of Eyjafjallajökull.
Figures 6a, 10a, 12a, and 14a show that the highest density of VHF sources was consistently located over
the vent, between altitudes of 2 and 3 km and Figure 16 shows that lightning typically initiated in the same
low-altitude, near-vent region. This electrically active region is so low in altitude that it would not have har-
bored the conditions necessary for plume-based ice-contact charging. Volcanic ejecta are initially very hot,
on the order of 1000◦C, but rapidly cool, reaching ambient temperature at the level of neutral buoyancy.
Results from an integral plume model show that during the first explosive period, the plume was warmer
than 0◦C below altitudes of 4 km [Woodhouse et al., 2013]. The model incorporates meteorological profiles
of temperature, water vapor, and wind to predict plume height and trajectory based on volcanic source con-
ditions including temperature, exit velocity, exit angle, gas fraction, vent radius, and vent altitude. Model
results of the plume during the first explosive period showed that at 3 km the plume temperature was
approximately 80◦C, 90◦ warmer than ambient, and at 4 km the plume was approximately 10◦C, 30◦ warmer
than ambient. The ambient temperatures during the time period modeled by Woodhouse et al. [2013] were
similar to the colder periods of the second explosive period. Thus, though the eruptive activity may have
been different during the second explosive period, the modeled temperatures given by Woodhouse et al.
[2013] give a reasonable estimate of the in-plume temperatures during the colder intervals of the second
explosive period. Therefore, it is expected that the plume was too warm for ice to exist below altitudes of
4 km and that ice-contact charging could not have been directly electrifying this region. Further, it is not
expected that charged particles separated at higher altitudes due to plume-based ice-contact charging
would settle down to the near-vent region due to the dynamics of the eruption. Thus, that so much electri-
cal activity was occurring so close to where volcanic ejecta were being erupted indicates that charged ejecta
were electrifying this region.

The predominance of a low-altitude region of positive charge indicates that the ejecta carried a net positive
charge as a result of vent charging mechanisms, leaving a net negative charge behind on the vent of the
volcano. Both fracture charging and silicate contact charging likely contributed to this result, but it is not
clear which mechanism was dominant. In the James et al. [2000] laboratory fracture charging experiments,
negative charge was typically imparted on fractured silicate particles, though the most silica-poor sample
(∼ 55%) produced particles with net positive charge. The silica content of ash produced during the second
explosive period increased from 62% to 67% over the course of the eruptive period, and samples with sim-
ilar silica content typically charged negatively in James et al.’s [2000] study, in disagreement with the LMA
evidence of net positive charge. Forward et al. [2009] found that in contact electrification experiments using
clear soda lime glass larger particles tend to charge positively, which is in line with the LMA observations.
This may suggest that contact electrification was the dominant mechanism, but further laboratory work is
needed to gain a better understanding of the roles of these charging mechanisms.

Though monopolar structures were most commonly inferred in the Eyjafjallajökull data, it is likely that there
was also an upper negative charge region that was simply undetectable in the lightning data or was not
always electrified enough to be involved in the electrical activity. Two or more charge regions have been
commonly inferred from other volcanic lightning/electrification studies (e.g., Lane and Gilbert [1992], pos-
itive over negative; Hoblitt [1994], positive over negative; McNutt and Davis [2000], positive over negative;
Miura et al. [2002], positive over negative over positive; Thomas et al. 2010], polarities not determined;
Behnke et al. [2013], polarities not determined), so, for multiple charge regions to be uncommon in the
Eyjafjallajökull data is somewhat surprising. Note that some of these studies used surface electric field mea-
surements, which does not provide a unique solution to the charge structure like the LMA; however, the
LMA does not show the complete charge structure. The LMA does not show weakly electrified regions
where electrical activity does not occur, though weakly electrified regions would also be difficult to infer
from surface electric field measurements. Regardless, the infrequent inference of an upper negative charge
region suggests that it was weakly electrified and was thus not having a large impact on the lightning
morphology. Multiple charge regions would be expected to form as a result of gravitational sedimenta-
tion of oppositely charged ejecta, as Lane and Gilbert [1992] and Miura et al. [2002] concluded, though a
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dipolar or tripolar structure would also form as a result of plume-based ice-contact charging as long as the
thermodynamic conditions in the plume were conducive to it.

The arguments in favor of vent charging explain why lightning was occurring low in altitude, but it does not
adequately explain why there was not very much lightning during the beginning of the second explosive
period (5–10 May), shown in Figure 2a. One could use plume height as a proxy for eruptive vigor and argue
that the overall lower plume heights observed from 5 to 10 May (Figure 2b) show that the eruption was not
as strong during this period and thus less vent charging would be expected, but this argument is not valid
for two reasons. First, there are many instances where the plume height from 11 to 21 May was comparable
to or lower than the plume height from 5 to 10 May, yet high rates of lightning occurred. Examples of this
are 11–13 May, 15 May, and 18–21 May. Second, high wind speeds from 5 to 10 May (Figure 2c) were likely to
have suppressed the plume height, making plume height a poor proxy for eruptive vigor. The plume height
data do not show convincing evidence that a change in the eruption strength caused the onset of lightning
on 11 May.

There is evidence that meteorological conditions changed during the second explosive period, which could
have caused plume-based ice-contact charging to sufficiently electrify the plume for high rates of lightning
to occur; however, as discussed above, the three-dimensional LMA observations do not support that conclu-
sion. Figures 2a and 2b show a temporal correlation between lightning rate and isotherm height. The figure
shows that it was significantly warmer during 5–10 May, when very little lightning was observed, than it was
from 11 to 21 May, when high rates of lightning were observed (with the exception of a brief increase in
temperature on 12 May). This correlation has already been described by Arason et al. [2011c], who compared
plume top temperatures (derived by comparing the radar data to the atmospheric data from the UM) to the
ATDnet-detected lightning rates and found that higher rates of lightning occurred with decreasing plume
top temperatures. This led Arason et al. [2011c] to conclude that plume-based ice-contact charging was
likely responsible for the lightning detected by ATDnet. They noted that ATDnet would have been detect-
ing primarily large-scale lightning discharges and that the smaller discharges that one can see near the vent
in photographs of the eruption were likely caused by a vent charging mechanism, which ATDnet was not
likely to have detected due to their small extent. However, the LMA observations indicate that even the
large-scale lightning discharges appear to have initiated near the vent where vent charging was occurring
(e.g., Figures 7, 8, 11, and 15).

If ice-contact charging was having a significant effect on the electrification, then one would expect to see
lightning initiating at higher altitudes in the plume, where it would be cold enough for ice-ice collisions
to occur. Because the threshold field for electrical breakdown decreases exponentially with decreasing air
density, lower electric fields and thus lower charge densities are required for lightning initiation at higher
altitudes. In effect, it is “easier” to initiate lightning at high altitudes than low altitudes. There is little to no
evidence of discharges initiating in a high field region between the negative and positive charge regions,
but, as noted earlier, not all of the discharges are well understood. Perhaps a full 12-station LMA network
would have revealed more details on the morphology of discharges, showing more complexity in the charge
structure and offer more clues about the role of ice-contact charging. Note that the lack of upper level ini-
tiations does not necessarily rule out the possibility of ice-contact charging, but it does suggest that it was
weak. It is also possible that the upper part of the positive charge region was being sufficiently discharged
by lightning to keep the upper level electric field below the threshold for initiation. Nevertheless, the exist-
ing data support the conclusion that vent charging was the dominant charging mechanism in the plume of
Eyjafjallajökull during the second explosive period but do not explain why lightning suddenly “turned on”
on 11 May 2010.

6. Conclusions

The six-station Lightning Mapping Array data obtained during the 2010 eruption of Eyjafjallajökull
show that moderate amounts of lightning occurred in the plume of Eyjafjallajökull during the latter part
(11–21 May) of the second explosive period (5–22 May). Peak flash rates of small and regular discharges were
150 and 50 discharges per hour, which is relatively low compared to previous LMA studies of lightning dur-
ing the 2009 eruption of Redoubt Volcano, where peak flash rates of regular discharges were on the order of
100 per minute.
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Figure A1. (a) Ten minutes of processed LMA data from 01:59 to 02:09 UTC on 17 May 2010, showing all solutions located by a minimum
of five stations. (b) Same as Figure A1a, but showing only the solutions located by all six stations.

Single-station observations revealed that in addition to discrete lightning discharges, continuous RF electri-
cal activity was observed during the first explosive period (14–18 April). No continuous RF electrical activity
was observed during the second explosive period, perhaps due to variations in the eruption strength or
type (magmatic as opposed to phreatomagmatic). Further study is needed to clarify the link between
eruptive processes and the occurrence of continuous RF.

The three-dimensional lightning mapping data obtained during the second explosive period clearly showed
a dominant, low-altitude region of positive charge in the plume. A negative-over-positive dipolar structure
was observed infrequently. The data showed that electrical activity was most concentrated near the vent
due to vent charging. The charge structure results indicate that the ejecta carried a net positive charge.
Further laboratory work is needed to understand the roles of the various vent charging mechanisms in
producing charged particles.

It is not clear why so little lightning was observed from 5 to 10 May yet relatively high-rates of lightning
were observed from 11 to 21 May, and this remains an open question for future research. The abrupt onset
of lightning on 11 May suggests that there might have been a corresponding abrupt change in a process
relating to the charging mechanisms, such as an increase in eruptive vigor leading to enhanced vent charg-
ing or a change in atmospheric conditions that would facilitate plume-based ice-contact charging. Plume
height measurements are the only available indicator of eruptive strength, and in this case they do not
offer clear evidence that there was a significant change in the eruption. The meteorological data show that
the 11–21 May period was approximately 10◦ colder than the 5–10 May period, but the morphology of the
lightning flashes does not show evidence that ice-contact charging was significantly contributing to the
electrification.

Appendix A: LMA Data-Filtering Methods

In order to maximize the number of solutions from the LMA measurements, the data were processed by
requiring a minimum of five of the six stations to participate in the solutions as opposed to the minimum
of six that is usually used. This requirement allows for solutions to be found from any combination of five of
the six stations as well as for solutions from all six stations. An unwanted side effect of requiring a minimum
of five stations instead of requiring all six is that it substantially increases the number of noise-contaminated
solutions. The large amount of noise in the processed data made it difficult to calculate reliable flash rates,
so the data were filtered by limiting the range of the five- and six-station solutions to reduce the noise.
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Figure A2. (a) Two hours of processed LMA data from 01:54 to 03:54 UTC on 17 May 2010, showing all solutions located by a minimum
of five stations. (b) Same as Figure A2a, but showing only the solutions located by all six stations.

The main reason to use the five-station solutions was to include the small, short duration discharges that
occurred over the vent frequently throughout the eruption that were commonly missed by one of the sta-
tions. An example of the difference between the five- and six-station data is shown in Figure A1. The data
shown in Figure A1a contain all of the five- and six-station solutions in the region shown. The data shown in
Figure A1b contain only the six-station solutions. There were 212 more solutions (about 5 times as many) in
the five-station data than the six-station data. The far eastern Hraun station was the one station that missed
most of these radiation sources, likely due to its distance from the volcano (80 km). In fact, of the 212 sources
in Figure A1 that were located by only five stations, Hraun participated in the solutions of only 16 of these
sources.

Though there are more well-located solutions in the five-station data, there is also much more noise.
Figure A2 compares 2 h of five- and six-station data over a 40 km by 40 km region, which is the region in
which all of the lightning in the entire data set occurred. No lightning was ever observed outside of this
region. Away from the vent, located at the coordinate origin (0, 0) in Figure A2, there was a significant
amount of scattered noise solutions in the five-station data (Figure A2a), which mostly disappear if only the
six-station data are displayed (Figure A2b). Thus, the six-station data are better for reducing noise, though
the five-station data have more well-located solutions.

In order to make a data set that had the benefits of both the five- and six-station solutions, a hybrid of the
five- and six-station data set was used. The advantage of the five-station data is that it retains the small
discharges that occurred over the vent, but its disadvantage is the larger amount of noise. The six-station
data have less noise, but it excludes most of the small, over-the-vent discharges. The data were hybridized
by excluding all five-station solutions that were outside a 3 km by 3 km region centered on the vent and
excluding all six-station solutions that were outside of a 40 km by 40 km region centered around the coor-
dinates (10,−10) in Figure A2. Further, in both cases the maximum 𝜒 2

𝜈
value was set to 5 assuming 30 ns

timing errors and sources were excluded if they had altitudes lower than 1.5 km or higher than 8 km. By lim-
iting the five-station solutions to a small range, well-located five-station solutions outside of the region were
excluded from the hybrid data set in addition to noise; however, this method is believed to offer the best
compromise.
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