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Abstract The 31 August 2014 to 27 February 2015 eruption at Holuhraun created the largest lava flow
field in Iceland since the 1783–1784 Laki eruption. Emplacement of a basaltic flow field of this magnitude
onto an effectively flat surface (<0.1°) is a rare occurrence. Lava discharge rate, a fundamental variable
that controls flow field emplacement, allows us to estimate the total volume of lava erupted when
integrated over time. Thus, discharge rate data are important for volcano monitoring and lava flow
modeling. Here we compare discharge rates estimated using data from National Aeronautics and Space
Administration’s MODerate Resolution Imaging Spectroradiometer (MODIS) and the method of Harris et al.
(1997a, https://doi.org/10.1029/96JB03388; 1997b, https://doi.org/10.1007/s004450050174; 2007,
https://doi.org/10.1007/s00445-007-0120-y), with estimates of discharge rates derived from comparing
intermittent ground-based measurements of flow field volume. The time-averaged discharge rates (TADR)
reveal a pulsed increase in the first few days of the eruption. Although the trends of the satellite- and
ground-based discharge rates are similar, the ground-based estimates are systematically higher than the
satellite-derived estimates (about 2 to 3 times higher) in the first 30 days of the eruption, and relatively
close (within 30%) for the next 20 days. Conversely, during the final 130 days, the satellite-based
estimates are systematically higher than the ground-based estimates (about 2 times higher). This
difference likely arises from the assumption of the lava flow surface temperature used in the space-based
calculation, which may not be entirely representative of this uniquely large and intense basaltic eruption.
However, the satellite-based technique yields a total erupted volume of about 1.21 km3 in good
agreement with the 1.2 km3 (84 km2) derived from field observations and mapping.

1. Introduction

Constraining lava discharge rate is important to understand the dynamics of effusive eruptions (Coppola &
Cigolini, 2013; Harris et al., 2000; Wadge, 1981) and is a critical input parameter for most lava flow modeling
(Harris & Rowland, 2001; Wright et al., 2008). The use of satellite thermal remote sensing to estimate discharge
rates is of great importance as it provides a near-real-time data acquisition and thus improves volcano
monitoring with a global view of the eruption site. The 2014–2015 eruption at Holuhraun on Dyngjusandur
in North Iceland produced a basaltic lava flow field, with a volume in excess of 1 km3 and covering 84 km2

(Pedersen et al., 2017), making it the largest lava-producing eruption in Iceland since the 1783–1784 Laki
event (volume, 15 km3; area, 600 km2; Thordarson & Self, 1993). To put this into perspective, the area covered
by the 2014–2015 eruption almost equals the size of Manhattan Island, New York (87.5 km2). As such, this
event provides a unique opportunity to the volcanological community to observe the formation of an areally
extensive and volumetrically substantial basaltic lava flow field emplaced on effectively flat ground (<0.1°
slope). To retrieve lava discharge rates from space, we chose themethod of Harris et al. defined in 1997 based
on the 1991–1993 eruption at Mount Etna. They found that satellite measurements of eruption rate and flow
volumewere in agreement with ground-based data. However, this eruptionwas amuch smaller eruption than
Holuhraun and was relying only on 10 field-based discharge rates over 1.5 years. Therefore, testing that this
method can also be applied to larger eruption, yields discharge rates and a final flow volume in agreement
with ground-based measurements, is a principal goal.
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The 2014–2015 lava-producing eruption at Holuhraun (Figure 1) was preceded by an increase in seismicity at
and north of the Bárðarbunga central volcano in mid-August. One of the seismic swarms propagated 7.5 km
to the southeast away from Bárðarbunga (Ágústsdóttir et al., 2016). Fifteen hours later a new seismic swarm
began 3 km to the east of the location where the southeast migrating seismic swarm ended. This new swarm
migrated to the north-northeast over a distance of 42 km (Gudmundsson et al., 2016; Sigmundsson et al.,
2015). Around 05:00 on 31 August 2014 lava began to pour from a 1.8-km-long fissure that had opened up
along the cone row of the 1797 CE Holuhraun eruption (=Holuhraun I event), coinciding with the northern
terminus of the north-northeast seismic swarm. The erupting fissure was located 18 km south of the Askja
central volcano and 40 km to the northeast of the Bárðarbunga central volcano. While the eruptive fissure
opened on the southern segment of Askja fissure swarm and magma composition (Sigmarsson &
Halldórsson, 2015) implying a Bárðarbunga system affinity, similar to its predecessors the Holuhraun I and
Holuhraun II (circa 1867 CE) events (Hartley & Thordarson, 2013). The Volcanology and Natural Hazard
Group of the Institute of Earth Sciences, the University of Iceland, and the Iceland Meteorological Office mon-
itored on a daily to weekly basis a number of eruption source parameters for the duration of the eruption (six
months). Monitoring of the eruptive activity included measurements of the flow field growth (i.e., area and
thickness) and mapping of lava types (e.g., Pedersen et al., 2017), nature of the volcanic tremor (Eibl et al.,
2017), seismicity and deformation (e.g., Gudmundsson et al., 2016; Sigmundsson et al., 2015), volcanic gas
emissions and their environmental impact, as well as comprehensive petrological investigations (e.g., Bali
et al., 2018; Gíslason et al., 2015; Hartley et al., 2018). However, in this study we are only concerned with
the flow field area and thickness (detailed in the next section), the most relevant parameters to estimate lava
discharge rates from the field. The eruption was also well monitored from space, by a variety of remote sen-
sing instruments such as MODerate Resolution Imaging Spectroradiometer (MODIS; approximately 4 times
per day), Landsat 8 (at least once a week), EO-1, and Synthetic Aperture Radar (Sentinel-1, RADARSAT-2,

Figure 1. Outlines of the Holuhraun lava flow field at the end of the eruption (enlarge) are represented in yellow. The
different volcanic vents are shown with triangles, and the main vents that were active the longest, which joined within one
crater-wall, are colored in red. Background based on a Landsat 8 satellite image from U.S. Geological Survey/National
Aeronautics and Space Administration and a base from the National Land Survey of Iceland (IS50V lmi.is). The inset shows
Iceland with the location of Bárðarbunga central volcano (B) and the eruption site.
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and COSMO-SkyMed) documenting the extent and spreading of the lava
as well as the amount of thermal energy it radiated (Table 1). In our case,
we focused on MODIS thermal infrared (TIR) data to measure and build a
time series of lava discharge rates. The high-latitude location of Iceland
allows acquiring more satellite images, which makes it complementary
to ground-based measurements. This large and intense basaltic eruption
is a valuable opportunity for case study due to the wide range of data
available acquired both remotely and in the field.

In this paper, we present results obtained from satellite thermal remote
sensing and measurements of the flow field geometry at particular times
during the eruption, each dictating how the magma discharge varied
during the 2014–2015 eruption at Holuhraun. These types of
measurements have been carried out successfully on smaller flow fields,
and therefore, a study of well-documented large volume effusive eruption
is a good test case for the robustness of the thermal remote sensing
method. The main objectives are to (i) estimate the time-varying discharge
rate, using satellite- and ground-based measurements; (ii) use this to
estimate the final volume of lava erupted; (iii) illustrate the
correspondence (and noncorrespondence) of time-averaged discharge
rate (TADR) made using these two different techniques and discuss their
origins; and (iv) identify the nature of the time versus discharge rate rela-
tionship to establish whether the temporal evolution of lava discharge
during this eruption matched that of similar large eruptions in the
recent past.

2. Data Description
2.1. Ground-Based Measurements: Flow Field Geometry

On site observations on the extent and thickness of lava flow field were obtained from accurate georefer-
enced positioning of the flow field margins along with systematic flow thickness measurements. For the first
two weeks of activity (until 15 September 2014), the Icelandic Coast Guard flew over the flow field, and both
LANDSAT-8 and EO-1 images were acquired, supporting the field observations and allowing the entire flow
field to be mapped. The position of the flow margins was determined by a Global Positioning System (GPS)
mounted on 4 × 4 vehicles that were driven along the flowmargins to outline the aerial growth of the lava on
a daily basis. When high-resolution satellite-derived visible, radar, and thermal images became more readily
available, they were used to determine the outlines of the flow field, its evolution in space and time, and ver-
ify the earlier on-site obtained flow margins (e.g., Pedersen et al., 2017). The on-site thickness measurements
were obtained in three ways: (a) by direct thickness measurements of the flow margins that were carried out
for the duration of the eruption, including several topographic profiles taken perpendicular to the flow
margins to a point where the lava surface became level; (b) by occasional theodolite-based thickness
measurements of the flow margins and the flow interior at specific locations; and (c) on one occasion using
shadow lengths on a satellite radar image in conjunction with simultaneous on-site measurements. During
the first 15 days of the eruption, the first lava flow was actively growing via inflation and did not manifestly
changed after that (Table 2). Therefore, we derived a sensible mean thickness for the lava flow field, which for
the bulk of the eruption was ~17m (=14mwhen calculated as dense rock equivalent, DRE). The obtained lava
flow area multiplied by the mean DRE flow thickness (14 m thick for all eruption except the 14 first days)
yields an estimate of the volume of erupted lava, and we have measurements at 33 occasions over the
6-monthlong eruption. The combination of thickness measurements, GPS tracking, and satellite and airplane
imagery allows for lava flow field geometry reconstitution and forms our ground-based measurements.

2.2. MODIS Thermal Infrared Satellite Data

Remote sensing observations are based on the MODIS instrument carried by National Aeronautics and Space
Administration (NASA)’s Terra (acquiring data since December 1999) and Aqua satellites (since May 2002).
MODIS makes measurements in 36 spectral bands from visible to TIR wavelengths (Table 1). For lava flow

Table 1
Detailed Data Information About the Satellite Images Used in Our Study

Radar images

Sentinel-1a 6, 8, 13, 23, 25, 27, and 30 October
6, 11, 18, 20, 23, and 30 November
5, 12, 17, 22, 24, and 29 December
3, 5, 7, 10, 15, 17, 22, 24, 29, and 31 January
3, 5, 10, 12, 15, 17, 22, and 27 February

RADARSAT-2b 1 January 2015 and 1 March 2015
COSMO-SkyMedc 30 September 2014 and 1 November 2014

MODIS Terra Aqua

Launched December 1999 May 2002
Altitude 705 km
Equatorial crossing time 10:30 descending

orbit
13:30 ascending orbit

Complete coverage Every 24 hr at the equator
Scan angle from nadir ±55°
Swath width 2,330 km
Pixel size in the TIR 1 × 1 km at nadir, 2 × 4.8 km at the edge of the

swath
Band 31 Saturation 130°C 70°C
Band 31 NEΔT 0.05°C

aImages freely available for download at the Sentinel Data Hub.
bImages ordered through KSAT in Tromso, Norway.
cImages from collaboration with the Institute of Earth Sciences group
(Freysteinn Sigmundsson-Iceland Super Site).
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studies, we are interested in the latter to make measurements of thermal
emission. At the equator, one satellite achieves complete coverage of
the Earth every 48 hr but this temporal resolution is improved by having
two near-identical sensors on two satellites in different orbits, yielding a
complete coverage of the Earth’s surface every 24 hr. At high latitudes
(>50°), adjacent swaths start having significant overlap, and in the case
of Iceland, it means that each MODIS instrument could acquire an image
of the lava flow field 4 to 5 times every 24 hr (Masuoka et al., 1998). This
implies that lava discharge rate could potentially be calculated between
8 and 10 times per day if highly radiant lava flow surfaces are detected.
We found that we had observations ranging from 1 to 8 times every
24 hr for this eruption. Although MODIS has a spatial resolution of
1 km2 at nadir (making it of limited value for mapping lava flows), its
temporal resolution makes it a good tool to estimate TADR, allowing
to track its temporal changes. MODIS also provides a synoptic view of
the entire flow field (instead of only a certain part of the flow, which
is usually the case with field measurements), thanks to its wide image
swath of 2,330 km. This is due to its large scan angle of ±55°, which
increases the size of one pixel (Apixel) from 1 km2 at nadir to almost
10 km2 at the edge of the swath (2 × 4.8 km), and this was accounted
for in our data processing.

The MODVOLC algorithm (Wright et al., 2002, 2004; Wright, 2016; http://
modis.higp.hawaii.edu) detects and quantifies thermal anomalies indicat-
ing high surface temperatures on Earth’s surface. This freely available
and downloadable database was used here to discern this Icelandic lava
flow and estimate lava discharge rate based on the measured spectral
radiance at a given wavelength λ (Lλ, W · m�2 · sr�1 · μm�1). For each
1 km2 patch of ground identified as containing active lava hereafter
called “anomalous” pixel, the emitted spectral radiance is recorded in
five bands (Bands 21, 22, 6, 31, and 32). The MODVOLC algorithm “flags”
a pixel to be anomalous if it exceeds a certain normalized thermal index
value, which is defined as the ratio of the radiance (L4 � L12)/(L4 + L12),
but more simply it detects surfaces that are anomalously hot (hotspot).

More information on the exact time and date of acquisition in UTC, the satellite geometry (satellite zenith
and azimuth), and geographic location of the pixel is also included in an ASCII text file on the
website platform.

3. Methods

In the case of remote-sensed measurements the discharge rate computed is representative of the effusion
rate that prevailed over some period of time prior to satellite overpass (Harris & Baloga, 2009; Wright et al.,
2001), called TADRs, and not the instantaneous effusion rate (Harris et al., 2007). Intermittent estimates from
field-based surveying techniques can also be used to deduce TADR, which is what we report here for the
ground-based data. Lava discharge rate changes during an eruption but a single value can be estimated at
the end of the eruption called the mean output rate where the final flow volume is divided by the entire
period of eruption. Such values are used to compare eruption intensities around the world.

3.1. Space-Based Lava Discharge Rate Retrievals, TADRMOD

Time-averaged discharge rates from satellite measurement, TADRMOD, are computed based on the spectral
radiance recorded by MODVOLC. We used the approach that was derived from Harris et al. (1997a, 1997b,
2007) with the work of Wright et al. (2001) and also referred to as the coefficient method. In Figure 2, a sche-
matic of the method used is shown as well as the streak of white pixels trending left to right that denotes the
2014–2015 lava flow field at Holuhraun (the bright pixels are those that contain active lava, the high tempera-
ture of which yields elevated spectral radiance for these ground targets). To replicate the method of Harris

Table 2
Summary of the Ground-Based Thickness Measurements During the Eruption
With the Time of Day When Available

Date Time (UTC) Thickness (m) DRE

31 August 14 5:15 0
1 September 14 6:18 4
1 September 14 14:00 5
2 September 14 14:00 7
3 September 14 14:53 9
4 September 14 18:22 11
5 September 14 15:00 11.5
6 September 14 17:38 12
7 September 14 13:00 12.75
7 September 14 19:40 13
11 September 14 18:00 14
15 September 14 7:31 14
17 September 14 18:40 14
20 September 14 14
26 September 14 14
30 September 14 14
7 October 14 14
10 October 14 14
17 October 14 14
19 October 14 14
23 October 14 14
31 October 14 14
9 November 14 14
15 November 14 14
20 November 14 14
26 November 14 14
30 November 14 14
11 December 14 14
12 December 14 14
18 December 14 14
29 December 14 14
4 January 15 14
27 February 15 14.34
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et al. (1997a, 1997b), we used MODIS Band 31 with central wavelength of
11 μm. Saturation in the TIR occurs when the presence of highly radiant
surfaces overwhelms the capacity of the detectors. Band 31 saturates at
an integrated temperature of about 130°C for Terra and 70°C for Aqua with
a small noise equivalent temperature variation (NEΔT = 0.05), and we
found that we reached these temperatures at Holuhraun with the Aqua
instrument (presence of saturated pixel) but not Terra. The measured
MODVOLC spectral radiance at a wavelength λ = 11 μm for each anomalous
pixel, L11MOD, is the at-satellite radiance. L11MOD needs to be corrected for
atmospheric effects, both from upwelling radiance Lu (λ) and transmittance
τ (λ) (Lu (λ) is 0.009 W · m�2 · sr�1 · μm�1 and τ (λ) is 0.87 taken from a
standard MODTRAN U.S. atmosphere following Harris, 2013), and for the
emissivity of the target ε (λ) (0.989 for basaltic lava; Harris et al., 1997a).

L11; cor ¼ L11MOD � Lu λð Þ
τ λð Þε λð Þ (1)

One 1 km2 MODIS pixel may not be completely filled by the active lava
flow but may also contain ground radiating at an ambient background
temperature. As a result, the spectral radiance detected from such a pixel
is a weighted average of the radiance emitted from the active lava and
that emitted from the adjacent ground. This mixed pixel spectral radiance
can be definedwhere one pixel is composed of two radiating components,
the active lava surface occupying a fraction f of the pixel and the colder
background occupying the corresponding (1� f) pixel fraction (Figure 2, inset):

L11; cor ¼ f L λ; T lavað Þ þ 1� fð Þ L λ; Tbackð Þ (2)

where f is the fraction of active lava surface in a single pixel, Tlava is the
temperature of the active lava surface, and Tback is the background tem-
perature. As a result, the fraction of active lava within each pixel can be
estimated by using

f ¼ L11; cor � L λ; Tbackð Þ
L λ; T lavað Þ � L λ; Tbackð Þ (3)

There are two unknowns, L(λ, Tback) and L(λ, Tlava). Tback is typically estimated by finding lava-free pixels adja-
cent to the flow in the remote sensing image. However, if such pixels are cloud contaminated (and subpixel
clouds are very difficult to identify), Tback can be too low, causing f to be too high. Thus, we adopt a different
approach for estimating Tback following Wright et al. (2015). The MODIS Land Surface Temperature (LST)
product (MOD11C3 and MYD11C3 for Terra and Aqua, respectively) provides monthly estimates of ground
surface temperature for every 0.05° latitude/longitude (a pixel is 5.6 × 5.6 km at the equator), by compositing
each individual MODIS image acquired by each MODIS sensor in each calendar month pixel by pixel. These
data are screened for cloud contamination. To derive a robust estimate of Tback (i.e., the ambient temperature
of the ground at Holuhraun in the absence of active lava), we used 10 years’ worth of these monthly LST
products to derive the decadal average background temperature at Dyngjusandur. Therefore, we compiled
a different Tback value for each calendar month, day and night, each instrument, and utilize the correspond-
ing value for our TADR calculation. In Table 3, we show the results for Terra instrument and we can see that
the surface temperatures vary only slightly over the 10 years period we looked at (the standard deviation is
smaller than the seasonal variation and makes this method reliable). For the second unknown Tlava, a large
number of studies (Harris et al., 1997a, 1997b, 1998, and 2000; Harris & Neri, 2002) looking at small basaltic
eruptions use a lava surface temperature of 100 and 500°C to represent the upper and lower average surface
temperatures. These assumed temperatures yield satellite-derived discharge rates that are consistent with
ground-based measurements. For a given pixel, when using Tlava as 100°C, hereafter referred as the “cold
case,” the estimate of active lava area will be higher than the area calculated assuming Tlava = 500°C,

Figure 2. MODIS Terra image band 31 (11 μm) of Bárðarbunga eruption on
12 September 2014 at 22:35 UTC. The bright pixels show the location of
anomalous pixels; in this case it corresponds to active lava flows, at the time
of acquisition coming from the Holuhraun fissure (flows from west to east).
We highlighted the presence of black opaque clouds in this image using dark
blue circles. The scheme below shows the two main sources of radiance
coming from a single anomalous pixel and summarizes the data used in each
case.
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hereafter referred as the “hot case.” This is because a larger area of “cool”
lava is required to generate the same at-satellite spectral radiance than a
smaller area of “hot” lava. Following Planck’s law, we converted this
temperature in radiance to use in our pixel-mixture model

L λ; Tð Þ ¼ c1λ�5 exp c2=λTð Þ � 1ð Þ½ ��1=106 (4)

inW ·m�2 ·μm�1 · sr�1where c1 and c2 are constants; c1=2hc
2=1.19×10�16

in W · sr�1 · m�2 and c2 = hc/k = 1.44 × 10�2 in m K, λ is the wavelength in
μm, T is the temperature in kelvin, h is the Planck’s constant, c is the speed
of light, and k is the Boltzmann gas constant.

The area of active lava (Alava) within each thermally anomalous MODIS
pixel can then be calculated using Alava = fApixel with Apixel being the pixel
size. Summing for each thermally anomalous pixel detected at each
unique observation time (i.e., within each image) yields an estimate of
the active lava area at that time. From the active lava area, and for each
anomalous pixel detected at each satellite acquisition, we can estimate
the lava discharge rates from the following linear relationship between
the area of active lava with a coefficient x (Harris, 2013; Wright et al., 2001).

TADRMOD ¼ x Alava (5)

where x ¼ εσ T4lava � T4back
� �þ hc T lava � Tbackð Þ� �

=ρ CpΔT þ ΦCL
� �

(6)

in which ε is the emissivity of the target surface, σ is the Stefan-Boltzmann constant, hc is the convective heat
coefficient, ρ is the lava density, Cp is the lava specific heat capacity, ΔT is the temperature difference between
the temperature at which lava erupted and the temperature at which the flow ceased to flow, Φ is the
average crystal fraction grown in cooling through ΔT, CL is the latent heat of crystallization, and Tback is the
background surface temperature. Coefficient values are hard to define, and Harris et al. (2007) presented
coefficient for a limited group of volcanoes covering the felsic to mafic compositional range. We thus decided
that the value for Etna and Krafla volcanoes was likely applicable to Bárðarbunga knowing that the flows
erupted at each are mafic (Harris et al., 2000; Hartley et al., 2018). The coefficient x we used here defined
for Etna and Krafla volcano is between 2.1 and 33 × 10�6 m/s. The lower coefficient value was used with
the larger area estimate (from the cold case) and the higher coefficient value with the smaller area estimate
(from the hot case). The hot case yields higher estimate of discharge rate than the cold case, even though the
area computed is smaller. We were able to make estimates of TADRMOD on 866 occasions during each day of
the eruption at Holuhraun (anomalous pixels were detected every day except on 10 occasions), from which
our time series is constructed, documenting the entire duration of the flow field formation.

The measurement of the spectral radiance Lλ recorded by MODVOLC is very precise; however, using satellite
data introduces some uncertainties in the retrieval of lava discharge rate. There are three main sources of
noise (in order of importance): (i) presence of clouds above the target, (ii) the satellite zenith angle, and (iii)
saturation of the band of interest. First, cloud contamination is known to be an inherent problem for infrared
time series using low spatial resolution data. However, visual examination does not allow identification of
subpixel clouds or transparent ash and gas plumes. Visual examination would allow identification of
completely cloud covered pixels above the lava flow field but we would still be unable to detect subpixel
clouds or transparent ash and gas plumes. MODIS has a cloud mask product that unfortunately does not per-
form well over bare rock surface such as lava flow field (Koeppen et al., 2011). The presence of clouds, above
all or a small part of an active lava flow, can be responsible for a “dip” in the spectral radiance measured from
space and therefore low TADR. We indeed notice that 90% of the very low values of TADR in our time series
(<1 m3/s) are contaminated by opaque clouds (black clouds in Figure 2). Second, the increase in satellite
zenith angle can also produce lower value of spectral radiance (Coppola et al., 2010; Harris et al., 1997a)
and affect the TADR time series with visible anomalously low values, although we minimize this by using
the area of the pixel corresponding to the satellite zenith angle. Both clouds and large satellite zenith

Table 3
Background Temperature Defined for Holuhraun in the Case of Terra
Instrument Averaged Over a 10-Year Period (2001–2010) in Degrees Celsius

Terra nighttime Terra daytime

Mean
Standard
deviation Mean

Standard
deviation

January �12.75 1.63 �12.45 2.18
February �13.05 3.4 �10.95 3.02
March �11.95 2.98 �8.75 3.47
April �9.55 2.05 �2.85 2.45
May �6.95 1.52 2.65 2.75
June �2.55 1.46 15.75 6.38
July �1.35 1.58 19.95 2.72
August �1.65 1.39 13.85 4.65
September �4.15 1.73 2.55 3.01
October �8.85 2.14 �6.25 1.48
November �11.55 1.9 �11.05 1.56
December �11.45 1.72 �11.45 1.47

Note. The results for the Aqua instrument are very similar, and we chose
not to show it here.
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angles are responsible for very low radiance values in part of our data set, and we therefore decided to only
use a subset of the data for the rest of this paper using the peak TADR (explained in more detail in the next
section). Finally, the saturation of the instrument at certain wavelength can also introduce some errors in the
estimation of lava discharge rate. Each wavelength saturates at different temperatures (as mentioned earlier),
and if the surface radiates energy that is higher than the limit of the detectors, the spectral radiance detected
reached its maximum possible value. Therefore, the calculated lava discharge rate is a minimum and under-
estimates the true value. In our case, the 11 μm radiance rarely saturates (only found with Aqua sensor due to
its lower saturation limit) and we use the maximum radiance value possible to estimate the lava discharge
rate knowing that it is an underestimate.

3.2. Flow Field Volume Determinations

The bulk volume of the 2014–2015 lava flow field is obtained by difference between preeruption and poster-
uption approximately 1-m-resolution digital elevationmodel (Höskuldsson et al., 2016; Jónsdóttir et al., 2016).
The daily to weekly ground-based data set (i.e., lava area and thickness) is used to calculate the flow field
volume at any given time during the eruption. However, pristine lava contains voids. In case of ’a’ā and rubbly
pāhoehoe dominated flow fields such as that of 2014–2015 at Holuhraun, the voids are both air-filled space
between clasts in the flow-top and basal rubble as well as in form of vesicle in the rubble clasts and very top
of the coherent lava. On-site field observations indicate that on average, up to a quarter to one third of the
flow thickness contains about 60% voids and vesicles, which implies that in bulk the flow field has between
15 and 20% of void space. Hence, the DRE volume for the 2014–2015 Holuhraun lava flow field is obtained by
multiplying the bulk volume by factors 0.8 and 0.85. The difference between two DRE volume estimates
divided by the time elapsed between them gives the ground-based time-averaged discharge rate (TADRg)
with an estimated error of 15% arising from both lava thickness and void space estimates.

The satellite-based volume of lava erupted can be obtained by integrating the area under the curve of lava
discharge rates against time (Figure 3). As mentioned in the previous section, clouds, which partially obscure
the active flow field from the sensor, can result in a reduction in spectral radiance Lλ below that which was actu-
ally by the lava surface. Integrating the area under the entire cloud-contaminated TADRMOD time series under-
estimates the lava volume. Therefore, we only used the peak values in the discharge rate time series to
compute lava volume. Peaks in our TADRMOD estimates were found by identifying the local maxima in the data
and then retain only those peaks that were n sigma (nsig) above the standard deviation of all peaks in the time
series. We found that one nsig usually identify correctly the most important peaks in the lava discharge rates
data, where the peaks identified are all above 46 and 75 m3/s for the cold and hot cases, respectively. Out of
the 866 scenes investigated in this study, a total of 46 peak values of TADRMOD were identified (red and green
symbols in Figure 3), and it is this subset of data that we used to estimate the final flow field volume. The
volume was then estimated by integrating the area under the peaks starting at the first MODIS acquisition
point (31 August at 12:30 UTC) and stopping at the last MODIS acquired point (21 February at 12:45 UTC) using
a trapezoidal summation ((t2� t1) × [(TADR2 + TADR1)/2]). The volume estimated from those discharge rates is
a DRE volume that corresponds to the total volume of lava produced without including void spaces.

4. Results

One can note that the onset of the eruption is detected at slightly different times with satellite- or ground-
based measurements. The first anomalous pixel recorded by MODIS is on 31 August at 12:30 UTC, but field
measurements estimated the start of effusion a few hours earlier that day (05:15 UTC). A gap in satellite acqui-
sition between ~5:00 and 12:00 UTCmight be responsible for this delay. The eruption was continuous until 27
February 2015; however, MODVOLC only detected hot spots up until 21 February 2015. The TADRMOD obser-
vations identified as “peaks” (red and green symbols in Figure 3) were used to calculate a total erupted
volume of 0.70 × 109 m3 to 1.21 × 109 m3 (cold and hot cases, respectively), which yields a mean output rate
of 46.5 and 80.5 m3/s (based on 174 days with MODIS). The total bulk volume for the flow field estimated
from the ground-based measurements is 1.44 km3 (Höskuldsson et al., 2016). The corresponding DRE
volume for the 2014–2015 Holuhraun lava flow field is 1.2 ± 0.1 km3 (assuming mean bulk lava void space
of 15 to 20%). The range in DRE volumes obtained here is in good agreement with the volume calculated
for the hot case using MODIS. This yield a mean output rate for the entire eruption of ~80 m3/s, which
compares well to the remote sensing retrieved value.
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Figure 3. (a) Satellite-based lava discharge rates from the 2014–2015 eruption at Holuhraun with the identified peaks. (b) TADR results from both satellite- and
ground-based data with the black box being the focus of the inset zooming in the first 50 days of the eruption (notice the different y-axis scale). We only
showed the peak TADR from both high and low coefficient to compare it better with the ground-based values. In both graphs the onset of the eruption is taken
on 31 August at 05:15 UTC as detected from the ground; the blue triangles are lava discharge rates from field measurements and were corrected to be DRE
discharge rates. The black arrows highlight pulses in TADR.

10.1029/2017JB015008Journal of Geophysical Research: Solid Earth

BONNY ET AL. 8



4.1. Comparison of the Performance of the Two Techniques
4.1.1. Time-Averaged Discharge Rates
In Figure 3, we see that TADR from both space- and ground-based measurements generally follow the same
pattern of increase and decrease although individual peaks and lows do not match perfectly. These slight dif-
ferences in their positions can happen for several reasons: (a) the temporal resolution is different between the
two methods, the satellite-based method having a higher resolution (maximum of eight observations per
24 hr) than field measurements; (b) the measurement frequency in both data series is variable, and therefore,
TADR can represent different time period. Weather and accessibility can hamper ground-based observations,
and hotspot satellite detection can fail if the scene is completely filled by clouds; (c) the space-based esti-
mates are easily underestimated due to partial cloud or plume cover as well as (d) saturation of the band
detectors over highly radiant surfaces.

Figure 3b focuses on the comparison with TADR from both methods, and we concentrated on the first 50 days
of the eruption in the inset. Wewill first look at TADRg and then describe the results from space (TADRMOD). This
is followed by a more comprehensive consideration of the different pulses over time (black arrows). The first
maximum in TADRg detected is 1.5 days after the eruption begins (270 ± 40m3/s) and is stable for a day before
rising to 405 ± 60 m3/s on day 3. It dropped to 375 ± 55 m3/s a day later before a new pulse (peak and low) is
visible on days 5 and 6 with 490 ± 75 m3/s and 370 ± 55m3/s, respectively. The maximum TADRg for the entire
eruption is reached on day 8 of the eruption, in the evening of 7 September when the discharge rate was
560 ± 85 m3/s. Then, the rate dropped over a period of a week to a new low of 30 ± 5 m3/s on day 15 of the
eruption, and at this point, the eruption almost stopped (http://www.vedur.is/skjalftar-og-eldgos/frodleikur/
greinar/nr/2996#sep12). This change is linked to termination of the flow 1 advance around 15 September
and onset of flow 2 in the days that followed (Pedersen et al., 2017). On day 20, the TADRg rose again to
440 ± 65 m3/s and then slowly decreased in the next 30 days to 130 ± 20 m3/s.

Concentrating now on the satellite-based peak TADRMOD estimates for the hot case (Tlava = 500°C values are
closer to the ground-based estimates early in the eruption), we notice that the first peak is reached on day 2
with 115 m3/s and slightly rises to 120 m3/s on day 5. It then decreases to about 100 m3/s a day later before
TADRMOD increased again to reach the maximum. This maximum TADRMOD was attained on 9 September
2014 at 03:00 UTC, about a day after what was detected in the field, with a value of 216 m3/s. A new pulse
is visible on days 11 and 12, with a peak up to 140 m3/s and again on days 16 to 20 (peak at 145 m3/s).
After that, the estimated TADRMOD stays relatively constant around 95m3/s until a new pulse appears on days
30–32 with a peak at about 150 m3/s. It then again slowly rises until a new high is attained on day 50 when
both ground and space TADR estimates are almost the same at ~130 m3/s.

We can now compare the different TADRs from both methods highlighting the key differences. Starting with
day 2, MODIS underestimates the initial peak in discharge from field observations (115 instead of 270 m3/s),
due to a storm-like cloud atop Iceland hiding the highly radiant lava flow. Second, we did not record a peak in
TADRMOD during the ground-based observations on days 3 and 4 because MODIS images are partly obscured
by the eruptive plume and clouds. Generally, it seems that they both follow the same step-like increase some-
what concurrently until it reached the maximum discharge rate on days 8–9, aside from an offset between
the two TADR. Third, the high ground-based discharge rate in day 20 was not detected by MODIS as well
as the earlier estimate on day 18 (440 and 205 m3/s, respectively) due to pixels’ saturation and very cloudy
conditions respectively. Five pixels in the 11 μm band were saturated, and this happens only in very rare
occasions resulting in a probably large underestimation of the TADRMOD on that date. For the first 30 days
of the eruption, we see that the TADRg values are 2 to 3 times higher than TADRMOD, except on day 15 when
TADRg is exceptionally low in this early stage and is only partly captured by the satellite observations
(Figure 3). Finally, from day 30 and on the correspondence in the ground-based data set and the space-based
hot case TADR improves and both estimates are relatively close (within ~30%).

Overall, it seems that the hot case TADRMOD estimates are closer to the ground-based measurements for the
first 50 days (although it still underestimates it in the first 30 days or so) and then it changes with the cold case
in better agreement with ground-based measurements for the rest of the eruption. Noticeable features are a
stepwise (or pulse-like) rather than smooth gradual changes in the discharge rate to reach a maximum in the
first 8–9 days of the eruption. The broad rise in the middle of the eruption as seen with a peak in TADRMOD on
19 November at 120 m3/s (hot case) is not captured by the ground-based measurements.
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4.1.2. Volume of Erupted Lava
Figure 4 shows the cumulative volume for the entire eruption from both ground-based measurements and
satellite TIR data (only from the identified peaks in red and green in Figure 3). For the entire eruption, the
ground-based estimates are higher than the ones from MODIS (typically 2–3 times higher for the hot case
estimates [Tlava = 500°C], and about 4 times higher in terms of the cold case for the first 50 days). It is only
at the last MODIS acquisition that the space-based estimate meets the ground-based measurements and
becomes slightly higher. The volume of the flow field detected from the ground exhibits a step on day 15,
which is not discernable in the satellite-based data, arising from the very low discharge rate on this day
(30 m3/s). The total volume for this eruption from ground-based measurements (1.1–1.2 km3 DRE) is almost
exactly the same as the total DRE volume calculated from space with the hot case (1.21 km3) but 40% higher
than the DRE volume based on the cold case (0.7 km3). The total DRE volume shows that the space-based
estimate calculated with the hot case is closer to that taken from the ground.

5. Discussion
5.1. Discrepancies Between the Two Methods Used to Retrieve TADR and Flow Volume

We found that the lava discharge rates retrieved using the satellite- and ground-based methods rarely agree
with each other for the first 50 days although the final flow volume is in good agreement. Then, where are these
differences in lava discharge rates coming from? In our detailed comparison of the TADR during the first 50 days
of the eruption, we saw that TADRg was 2–3 times higher than TADRMOD for the first 30 days. We visually
inspected some of these MODIS images from peaks in TADRMOD and found that some of them still seemed
to be cloud contaminated (an inherent source of error when using optical remote-sensing data). The presence
of clouds during the acquisition of aMODIS image clearly affects themeasured at-satellite spectral radiance and
can cause an underestimate of the true TADR. However, this large offset between the twomethods can not only
be explained by cloud contamination. The main assumption in the satellite method is the lava surface tempera-
ture. In the method we use here, we assume that the lava surface temperature ranges between 100° and 500°C
and the flow volume retrieved with the hot case is in better agreement with the ground-based measurements.
Interestingly, during the 1991–1993 Etna eruption, Harris et al. (1997a) found that the cold case estimate of dis-
charge rates was closer to field estimates than the ones obtained via the hot case. Presumably, because for that
eruption (for which discharge rates peaked at approximately 20 m3/s), the flow surface radiated little energy.
This intense 2014–2015 eruption at Holuhraun, covering a much larger area and with TADR an order of magni-
tude higher, is likely to produce amore radiant flow surface than the 1991–1993 Etna eruption. For this reason, a
high assumed Tlava is more appropriate for such an intense eruption. This most likely explains why the hot case
of TADRMOD yields estimates of discharge rate and flow volume that are closer to the values obtained from our
ground-based data set (although TADRMOD hot case significantly underestimates the lava discharge rate at the
beginning of the eruption). We also note a cross-over at about day 50 where the ground-based TADR became
closer to the cold case rather than the hot case. This is probably due to the decrease in the lava surface tempera-
ture through cooling and the drop in discharge rate, with a change of lava transport from open channel to lava
ponding and lava tube (leading to a reduction in the rate of thermal renewal of the flow surface, and hence
exposure of higher temperature material to the sensor from the flow interior).

Figure 4. Cumulative volume for the entire duration of the eruption from space- and ground-based measurements.
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This raised our interest on the influence of different lava surface temperature on the estimated TADR, we
decide to experiment with this, and we show the result in Figure 5. It is interesting to see that the maximum
TADRMOD can be forced to match the maximum ground-based TADR by changing the lava surface
temperature to 1000°C instead of 500°C. In summary, it seems that a lava surface temperature of 1000°C
would be more appropriate for the calculation of TADR for the first 30 days, then for the next 20 days, a tem-
perature of 500°C would be better, and finally, from day 50 to the end of the eruption, a temperature of 100°C
fits best the ground-based measurements. Therefore, we see here that early on, the incandescent part of the
flow field (vent plus open lava channels) was large and the thermal remote sensing TADR hot case is more
appropriate. After day 50, it seems that the cold case becomes more representative of the prevailing lava flow
surface temperature. Here we can hypothesize that it would be ideal to change the value of the assumed Tlava
at different time during the eruption to have the best correspondence with ground-based estimates.
However, this solution is not practical/realistic because it requires advance knowledge of when to change
the lava surface temperature and which value we should use, not feasible in near real time unless there is a
field team on site making observations of any changes in thermal emissions (or another remote sensing mis-
sion). In general, using the hot case thermal remote sensingmethod at 500°C still proves to be a good assump-
tion to estimate a final flow volume in agreement with ground-based data. However, we apparently
underestimated the value of TADR at the beginning of the eruption but then overestimated it toward the end.

The alternative solution to visual examination that we chose is to use a subset of data points that we trust to
be from a mostly clear satellite acquisition using the maximum TADR (peaks). Thus, eliminating most
anomalously value of TADR allows us to retrieve a final flow volume that corresponds to the ground-based
measurements. Considering the cumulative volume curves in Figure 4, we can see that both satellite- and
ground-based methods show different trends over time. It is almost linear for the cumulative volume
estimated from TADRMOD while the volume derived in the field has a more first-order exponential
distribution. We are more familiar with the latter for episodic effusive basaltic eruptions (Wadge, 1981) and
therefore believe that this more linear trend visible from the remote sensing method is an artifact from the
method used to subset our data set using only the main peaks in TADR.

5.2. Volcanological Interpretation

Wadge (1981) proposed that the time evolution of discharge rates during basaltic eruptions can be defined as
an asymmetric curve with a short waxing phase rising to an initial maximum and amuch longer waning phase
explained by the slow, somewhat exponential, release of elastic strain energy stored in the magma chamber
until reequilibration with lithostatic pressure. As seen in Figures 3a and 5, we found that the 2014–2015

Figure 5. TADR time series (peaks only) for different values of Tlava comparedwith the ground-based TADR in blue triangles.
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eruption at Holuhraun does not display the typical Wadge model curve for the reconstructed TADR. Instead,
we see a stepwise buildup of the lava discharge via a set of 2-3 distinct pulses until the maximum TADR is
reached on days 8–9. There is also a more subtle and gradual rise and fall in the space-based TADR during
the periodmid-October to mid-December and peaking inmid-November. Therefore, the 2014–2015 eruption
does not exhibit the simple waxing/waning behavior postulated by the Wadge model but followed a more
convoluted pattern. We know from Gudmundsson et al. (2016) that the simultaneous subsidence of the
Bárðarbunga caldera was not stepwise at least not on this timescale, and we can therefore rule it out as the
cause for the pulsating lava discharge during about the first 20 days of the eruption. Other possible
explanations for this pattern can be the following: (i) a number of fluid dynamic studies show that a steady
input of magma into a conduit can result in a pulsating discharge rate (Barmin et al., 2002; Melnik, 2000
and Melnik & Sparks, 1999); (ii) the nature of magma extraction from the storage zone—if, as the petrology
is suggesting (Guðfinnsson et al., 2015; Halldórsson et al., 2015), the magma produced in 2014–2015 is
erupted from a mushy storage zone with a melt fraction, the extraction of melt from such a zone can be
envisioned to become pulsating if the rate of extraction from the zone closest to the conduit feeding the
eruption is slightly higher than the recharge of melt into that zone; and (iii) irregularities and changes in
conduit geometry (James et al., 2006; Parcheta et al., 2015; Wilson & Head, 1981; Wylie et al., 1999). Any
constrictions in the conduit feeding the eruption or variation in shape and size could result in
pulsating discharge.

Although the first two points mentioned above provide viable mechanisms for producing pulsating lava dis-
charge as observed in the early stage of the eruption, they do not explain why it stopped. This stepwise
increase is only seen during about the first 20 days, which makes the third process more plausible, especially
because it coincides with the stepwise evolution of the vent system from full-scale linear vent (day 1), to a
fissure with several discrete vents distributed along the length of the fissure decreasing in number with time
(days 2–19), to eruption from a single source vent (day 20; e.g., Eibl et al., 2017). A detailed investigation on
the exact mechanism by which this happens is beyond the scope of this paper. With more data becoming
available for volcanoes around the world, we notice that the simple physical theory defined by Wadge does
not always apply in every case (Bonny &Wright, 2017). For example, in the case of Etna, Sicily, it is hard to find
a single pattern for each eruption (Harris et al., 2000 & 2011); it seems that about 50% have a fast increase of
discharge rates and slowly decrease over time, the rest having different shapes and patterns.

The broad secondary pulse in TADR that started on day 50 until about day 100 (centered on day 80 and high-
lighted by a black arrow in Figure 3b) is another point of interest although it does not appear on the ground-
based data. Pedersen et al. (2017) show that a large pool existed in the main lava distributary for the flow field
situated about 1 km down from the vents, frommid-October to end of November/early December (Figure 6b).
Hence, the presence of this pool coincides with the timing of the bulge in discharge. Therefore, we interro-
gated our data sets to try to decide whether this is a real increase in the lava discharge from the vents or
an artifact from the presence of the lava pool. We know that the TADR calculation is based on its proportion-
ality with the area of active flow. We do need to keep in mind that the method used here to estimate TADR
relies on the assumption of a range of lava surface temperatures. Using these assumed temperatures, an esti-
mation of the area can be calculated but we do not directly measure the area of active lava. A larger estimated
area would yield a higher TADR for a given surface temperature. However, the same TADR could be calculated
from a smaller area of active lava with a higher radiant surface (i.e., hotter temperature).

One way to test this hypothesis is to look at the number of saturated pixels. In Figure 6a, we can see that the
ratio of number of saturated pixels over the total number of anomalous pixels at 11 μm detected in each
MODIS acquisition is high in good correlation with high TADR. Especially during the bulge in lava discharge
during the middle of the eruption, the ratio is consistently high with values reaching up to 0.33, meaning that
33% of the pixels in that image were saturated. During this relative increase in TADRMOD, we also see that
TADRg is slowly decreasing, which suggests that the lava surface area measured in the field did not increase.
This indicates that the apparent high discharge rate detected from space is not produced by an increase in
area but an increase in lava temperature. Therefore, it seems that this small bulge in TADR can be explained
by the presence of a lava pool (its surface is hotter and its spectral radiance higher than the cooling preexist-
ing lava flow) and rules out the possibility of this being an event of magma recharge. We can illustrate this by
looking at pictures from that time, which highlights the presence of a large lava pond at the surface of the
flow field exposing fresher, hotter lava to the detector (Figure 6b).
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6. Conclusions

The estimation of lava discharge rate during an eruption is important to monitor and understand an eruption
and its dynamics. However, we know that it is a very difficult parameter to measure well. We focused here on
two methods, from satellite- and ground-based measurements, and both have uncertainties and assump-
tions associated with them. In terms of ground-based measurements, the estimation of the lava flow thick-
ness is the main source of error. For the thermal remote sensing method, noise in our result comes from
cloud contamination, satellite zenith angle, and saturation (which are all producing possible underestimation
of discharge rate), and the main assumption is the lava surface temperature. Despite all sources of errors, we
considered the ground-based measurements of lava discharge rates and final flow volume to be the true
value. For this eruption, we found that the ground-based DRE volume of 1.2 km3 is closer to the “hot case”
satellite DRE volume estimate of 1.21 km3. The good agreement between these two final flow volumes pro-
vides encouragement that the remote sensing method yields robust estimates of lava flow volume (Figure 4).
This almost certainly relies on the eruption being of sufficient duration that a large enough temporal sample
can be obtained, such that anomalously low, cloud-contaminated TADR can be excluded from the time series.
Although, we see discrepancies in the TADR time series from the two methods, we can reconcile them if we
consider changing the lava surface temperature for the early stages of the eruption considering that this was
a very large and intense eruption. We therefore consider that a higher lava surface temperature could be
used early in the eruption for such unusual effusive activity but the 100–500°C temperature range is a good
assumption for the overall eruption.
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