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OnAugust 29, 2014, a lava eruption commenced in theHoluhraun plain, north-east of the Bárðarbunga caldera in
Iceland. The eruption ended on February 27, 2015, thus lasting for a period of about 6 months. During these
months the magma chamber below the caldera gradually deflated, feeding the eruption and causing the rare
event of a slow caldera collapse. In this scenario, TanDEM-X remote sensing data are of particular interest. By pro-
ducing medium-high resolution and accurate elevation models of the caldera, it is possible to evaluate volume
losses and topographical changes to increase the knowledge about the ongoing activity. In particular, five
TanDEM-X bistatic acquisitions have been commanded between August 01, 2014 and November 08, 2014, two
of them before the volcanic eruption and three of them during the event. Additionally, to fully cover the volcanic
activity, the lava field 48 km north-east of the caldera has also been monitored. In the first part of the paper, the
expected elevation accuracy is studied on two levels. Absolute and relative height accuracies are analyzed by
inspecting the X-band signal propagation into snow and by investigating the impact of the main geometrical
system parameters and the local geomorphology. In the second part of the paper, the analysis is applied to the
Bárðarbunga volcanic system, including a validation performed using complementary altimeter data. The main
geophysical outcome is the accurate temporal height tracking of the entire caldera and the glacial volcanic
system. The measured volume loss at the caldera location is about 1 billion cubic meters in two months with
an average rate of subsidence of nearly 50 cm/day. These numbers confirm other independent sources and can
be compared to lava volume measurements. Finally, the last segment of the dyke that propagated from the
Bárðarbunga caldera to the Holuhraun lava field is mapped and a graben structure with a width of up to 1 km
and a sinking of a few meters is reported.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Volcanoes need the continuous monitoring of the environment in
which they are located in order to ensure safety in the event of volcanic
hazards. The main volcanic hazards in Iceland were reported by
Gudmundsson, Larsen, Höskuldsson, and Gylfason (2008). Jökulhlaups,
i.e. outburst meltwater floods, are common hazards (Björnsson, 2003).
For instance, the Katla jökulhlaup from the 1918 eruption caused an
inundation of about 800 km2, being one of the largest in Iceland
(Tómasson, 1996). Bárðarbunga is located underVatnajökull, the largest
glacier in Iceland. Floods forming on Vatnajökull ice cap arewell-known
and studied, especially from the Grímsvötn volcano (Gudmundsson,
Björnsson, & Palsson, 1995), nearly 30 km south-east of Bárðarbunga,
and the Skaftá ice cauldrons (Old, Lawler, & Snorrason, 2005),
approximately 17 km south of Bárðarbunga. Lava flows are potentially
dangerous for local populations when they occur close to inhabited
areas, or are exceptionally voluminous, such as those generated during
. This is an open access article under
the 1783–1784 Laki eruption (Thordarson & Self, 2003). Tephra fallout
is also a major hazard, e.g. Litla-Hérað was devastated by tephra fall
during the Öræfajökull eruption in 1362 (Larsen, Gudmundsson, &
Björnsson, 1998). The most recent 2010 Eyjafjallajökull eruption was
also remarkably hazardous, affecting north Atlantic flight tracks
(Gertisser, 2010) and depositing tephra over several European
countries (Stevenson et al., 2012). The primary hazard associated
with the recent Bárðarbunga/Holuhraun eruption was the emission
of gas (sulphur dioxide) from the lava field (Gíslason, Stefánsdóttir,
Pfeffer, Barsotti, & Jóhannsson, 2015), however throughout this
activity – and especially during the initial propagation of the dyke –
there was also the possibility of a major jökulhlaup if an additional
eruption site were to open up beneath the Vatnajökull ice-cap. The
eruption has been extensively and in near real-time studied by the
Institute of Earth Sciences at the University of Iceland and by the
Icelandic Met Office, who provided reports on an almost daily-basis
on their websites (Icelandic Met Office, 2014; Institute of Earth
Science, 2014).

Among remote sensing technologies, Synthetic Aperture Radar
(SAR) is of great help due to the ability of these systems to collect
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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imagery independent of solar illumination and cloud cover. A large
number of InSAR studies have been undertaken at volcanoes all
around the world. The primary techniques employed for volcano
monitoring are differential Interferometric SAR (dInSAR), aimed at
revealing surface displacements, e.g. Amelung, Jónsson, Zebker, &
Segall, 2000; Hooper, Prata, & Sigmundsson, 2012; Jónsson et al.,
1999; Sigmundsson et al., 2010; Sigmundsson et al., 2015,
andmulti-image InSAR techniques such as Persistent Scatterer Inter-
ferometry (PSI) and Small Baseline Interferometry (SBAS), to detect
temporal variations in ground displacements, e.g. (Colesanti,
Ferretti, Prati, & Rocca, 2003; Hooper, Segall, & Zebker, 2007;
Zhong & Dzurisin, 2014). InSAR is used in this paper as an instrument
to generate Digital Elevation Models (DEMs). A German mission has
been established in 2010 for this purpose and named TanDEM-X
(TerraSAR-X add-on for Digital Elevation Measurement) (Krieger
et al., 2007). The objective of the mission is to generate a global
DEM at 12 m posting with an absolute vertical error below 10 m.
As the mission name suggests, the basic operation was to add a
satellite to the existing TerraSAR-X satellite and, by flying in close
formation, to create a spaceborne bistatic interferometer. The
absence of temporal decorrelation, i.e. temporal changes yielding
inaccurate elevation models, permits the generation of DEMs with
high accuracy standards. The mission operation is rather flexible
and allows scientific acquisitions beyond the nominal ones required
for the global DEM generation (Hajnsek & Busche, 2014). With this
flexibility, stacks of bistatic acquisitions can be studied and temporal
DEM series can be generated.

The interest in temporal elevation maps is high. Every mapped
patch on Earth can be described in terms of elevation. Changes can be
investigated and difference maps produced. Various terrain types have
been already temporally investigated with TanDEM-X. For instance,
changes at glaciers (Rott et al., 2014), growth of agricultural fields
(Rossi & Erten, 2015; Erten, Rossi, & Yuzugullu, 2015), deforestation
(Schlund, von Poncet, Hoekman, Kuntz, & Schmullius, 2014) and
urban growth studies (Taubenböck et al., 2012) are among successful
examples of TanDEM-X temporal data usage. Volcano topographical
changes have been also reported with TanDEM-X. Lava discharge rates
at Kilauea Volcano in Hawai'i (USA), volumetric changes at the lava
dome of Merapi volcano in Indonesia and lava flow volumes at
Nyamulagira volcano in D.R. of Congo have been investigated in
Poland (2014); Kubanek et al. (2015), and Albino, Smets, d’Oreye, and
Kervyn (2015), respectively.
Fig. 1. Footprints of the TanDEM-X acquisitions over the Bárðarbunga caldera and the Holuhra
TanDEM-X DEM tiles. The reference TanDEM-X DEM tile, used for calibration purposes within
The application considered in this paper is the 2014–2015 eruption
within the Bárðarbunga volcanic system. A small fissure opened up in
the Holuhraun plain on August 29, 2014, and the eruption lasted a few
hours. The main fissure eruption commenced on August 31, 2014,
and lasted for 6 months. The unrest started mid-August 2014, with an
intense seismic swarm (Institute of Earth Science, 2014). This was
the largest lava forming eruption to occur in Iceland since Laki
(1783–1784). A total of 1.6 ± 0.3 km3 of lava was produced during
the Holuhraun eruption covering an area of 84.1 ± 0.6 km2

(Gíslason et al., 2015). Through the combined use of InSAR and GPS
measurements, the dyke propagation was also modelled and a
magma flow rate of 260 m3/s was reported (Sigmundsson et al.,
2015). During these months, the Bárðarbunga caldera slowly
collapsed, which is a rare event in Iceland (the previous caldera col-
lapse in Iceland is dated 1875) (Larsen, Gudmundsson, Einarsson,
Óladóttir, & Thordarson, 2015; Riel et al., 2015). The University of
Iceland acquired elevation data with a radar altimeter in C-band
(Guđmundsson, Höganadóttir, Kristinsson, & Guđbjörnsson, 2007)
for specific tracks over the caldera during and after the eruption
(Gudmundsson, Jónsdóttir, & Roberts, 2015).

TanDEM-X data are used in this paper as an instrument to reveal the
topographical changes that occurred to the volcanic system during the
eruption. A total of five acquisitions, two before the eruption started
and three during the event, are employed for the DEM generation. The
acquisitions fully cover the Bárðarbunga caldera and the southern part
of this volcanic system. The footprint of the data stack and the caldera
outline are presented in Fig. 1. This figure shows the topography of
Iceland and is generated by mosaicking TanDEM-X DEM tiles (Gruber
et al., 2015). In addition, the lavafield topographical changes are also in-
vestigated with two complementary TanDEM-X acquisitions over the
Holuhraun plain.

Before deriving volcanological parameters, the accuracy of the DEMs
is investigated. DEM accuracy depends on themapped environment. To
provide two opposite examples, a water surface cannot be accurately
mapped with TanDEM-X in standard configuration since water
decorrelates in a fraction of a second, whereas exposed rocks can be
mapped with a very high accuracy (Bamler & Hartl, 1998). Our test
site is rather particular since the Bárðarbunga caldera is composed of a
layer of 600–800 m thick ice above the caldera's surface (Larsen et al.,
2015). Here, the SAR wave penetration into materials can play a
big role since the measured height depends on the penetration depth
(Richards, 2009). The dielectric properties of the caldera ice cap
un lava field. This figure shows the topography of Iceland and is generated by mosaicking
this study, is also highlighted.



Table 1
Penetration depth in dry and wet snow for TanDEM-X and the radar altimeter employed
for validation. Dry snow penetration depth is computed for three different snow densities,
representing newly fallen snow (ρds=0.1), dense snowpack (ρds=0.3) and extremely
dense old snowpack (ρds=0.5). Wet snow penetration depth is computed at three
different water contents and fixed snow density of 0.3 g/cm 3. ΔhAlt−TDX represents the
difference between the altimeter and the TanDEM-X depths.

Snow type Property TanDEM-X [m] Altimeter [m] ΔhAlt−TDX [m]

dry snow ρds=0.1 69.4 208.8 145.4
ρds=0.3 21.8 65.4 43.6
ρds=0.5 11.6 35.0 23.4

wet snow Vw=1 0.17 0.5 0.33
Vw=2 0.07 0.21 0.14
Vw=3 0.04 0.12 0.08
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must then be taken into account, together with the various system
parameters, i.e. the signal bandwidth and the incidence angle. Details
on the overall impacts of snow and SAR system variations on DEM
uncertainty are presented in Section 2 and Section 3, respectively. The
description of the TanDEM-X dataset and its calibration is outlined in
Section 4 and the temporal analysis is presented in Section 5. The
radar altimeter elevation measurements are taken as reference for the
comparison in Section 6. The subglacial graben structure and the
lava path in the Holuhraun plain are analyzed in Section 7. Finally,
Section 8 summarizes and concludes the paper.

2. Snow impact on DEM uncertainty

Even though, with a human eye, a snow or ice cap looks like a quite
easy terrain tomap due to the absence of evident height discontinuities,
from themicrowave point of view it is quite complex due to themixture
of air and water. This mixture has a high impact on the mapped height.
Indeed, the wave propagates into the snow/ice to a depth that depends
on the material property. The measured height, i.e. the measured
scattering phase center, depends on this property and in particular on
the complex dielectric constant ϵr=ϵr′− jϵr″.

With more detail, the wave propagates as an electromagnetic field
(Richards, 2009):

E rð Þ ¼ E0 exp −Γrð Þ ¼ E0 exp −αar− jβrð Þ; ð1Þ

where E0 is the magnitude of the field, r is the wave direction and Γ=
αa+ jβ is the complex propagation constant, whose real partαa describes
the field losses caused by the medium. It is also called attenuation
constant and can be approximated as:

αa ¼ π
λ

ϵ″rffiffiffiffi
ϵ0r

p ; ð2Þ

where λ is the wavelength. The approximation is valid when ϵr″b bϵr′.
Thus, ϵr is the key parameter here, as it describes themediumproperties
in relationship to the electric field, i.e. how its power decreases in the
medium throughwhich it travels. The loss of power density is described
by the penetration depth:

δ ¼ λ
2π

ffiffiffiffi
ϵ0r

p
ϵ″r

; ð3Þ

i.e. the value of r for which its power is reduced to 1/e. Deeper
penetration ismeasured for low bandwidths and lowmoisture contents
(ϵ″ is proportional to moisture).

δ approximates the measured elevation from the radar system:

ĥ ¼ hsup − δ cos θð Þ; ð4Þ

where hsup is the terrain elevation and θ is the look angle.
A more in-depth description about the radio wave propagation can

be found in several dedicated books, e.g. Ishimaru (1978). A discussion
of the microwave theory relevant to the present study is given in the
following sections.

2.1. Dielectric constants of frozen environments

The penetration of the radar wave into ice and snow is a well-
studied topic. Empirical results in Rignot, Echelmeyer, and Krabill
(2001) showed small penetration over exposed ice (1–2 m in C-band)
and large penetration (up to 10 m in C-band) for dry firn. In the
following analysis, the penetration depth is quantified employing the
models of Hallikainen, Ulaby, and Abdelrazik (1986) for dry and wet
snow. Although the temperate Vatnajökull glacier has no dry snow
facies (Williams, Hall, & Benson, 1991), their dielectric modelling is
provided for completeness. This analysis serves to trace a line regarding
the absolute height accuracy of TanDEM-X DEMs and the radar altime-
ter used for comparison in Section 6. The system bandwidth of these
two systems is different: while altimeter works in C-band, TanDEM-X
data are acquired in X-band.

2.2. Dry snow

Dry snow consists of ice crystals and air. The parameter triggering
the dielectric constant, hence the penetration depth, is the snow
density. To provide an example, powder snow has a density of about
0.05 g/cm3 whereas an extremely dense old snowpack has a density of
about 0.5 g/cm3 (Cuffey & Paterson, 2010). To quantify the penetration
depth, the model of Hallikainen et al. (1986), valid for densities below
0.5 g/cm3, is considered:

ϵ0ds ¼ 1þ 1:9ρds

ϵ″ds ¼ 0:34Viϵ″i
1−0:417Við Þ2

Vi ¼ ρds

0:916
;

ð5Þ

where ρds is the dry snow density, Vi the volume fraction of ice in the
mixture and εi is the ice dielectric constant. The depth for three different
densities is given in Table 1.

2.3. Wet snow

Wet snow adds liquid water volume Vw [% vol] to the dry snow com-
position. A useful model for computation is the following (Hallikainen
et al., 1986):

A ¼ 1:0þ 1:83ρds þ 0:02V1:015
w

B ¼ C ¼ 0:073
f 0 ¼ 9:07

ϵ0ws ¼ Aþ BV1:31
w

1þ f = f 0ð Þ2

ϵ″ws ¼ C f = f 0ð ÞV1:31
w

1þ f = f 0ð Þ2
:

ð6Þ

Thepenetration depth for three differentwater volume contents and
a fixed snow density of 0.3 g/cm3 is given in Table 1. The wave penetra-
tion dependency on the water content is depicted in Fig. 2 for the two
systems under study. According to the International Classification for
Seasonal Snow on the Ground (ICSSG) (Fierz et al., 2009), the water
content x-axis in Fig. 2 is classified in three areas. Snow is moist when
the water is not visible even at 10× magnification. Wet snow implies
water visibility at 10× magnification, but water cannot be pressed out
by squeezing snow. Instead, this is possible for very wet snow. The SAR
wave penetration depth for the last two categories is limited to a few
decimeters. In contrast, for very low levels of moisture, the penetration
depth can also reach fewmeters. The snow density has a little impact in



Fig. 2. Penetration depth in wet snow terrain type for TanDEM-X and the radar altimeter
employed for validation. Two extreme snow densities are plotted for each system: newly
fallen powder snow (ρds=0.05) and extremely dense old snowpack (ρds=0.5).
Intermediate densities lie in between the two curves. Snow wetness is classified
according to the International Classification for Seasonal Snow on the Ground in three
categories: moist, wet and very wet.

Fig. 3. Height discrepancy between a TanDEM-X DEM and another DEM acquired at a
different frequency. In the x-axis, the frequency is spanning from L-band to X-band. Four
different terrain types are considered; dry snow is assumed with a fixed density of
0.3 g/cm3 andwet snow is assumedwith the same density and a volumetricwater content
of 1 [% vol].
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the penetration depth for wet snow cover. To be noticed, the wet
classification tag of the ICSSG can create some confusion since it
overlaps with the more general wet snow dielectric classification
name. The dielectric classification, as shown in Table 1, simply differen-
tiates the snow in presence of liquid water volume (wet snow) and
without it (Vw = 0, dry snow).

This analysis is relevant for the application presented in this paper
since the Vatnajökull glacier can be considered of wet snow dielectric
type with variable liquid water volume (Williams et al., 1991). Overall,
the elevation discrepancy between TanDEM-X and altimeter is expected
to be below onemeter, assuming the same snow conditions and a liquid
water volume higher than 0.5 [%vol].

2.4. Generalization to temporal InSAR DEMs

A temporal DEM series analysis is often used for scientific purposes
to analyze topographical changes (Albino et al., 2015; Kubanek et al.,
2015; Poland, 2014; Rott et al., 2014). A relevant issue, which occurs
in temporal studies, is the relative calibration of the DEMs. Indeed,
differently calibrated DEMs result in the misinterpretation of the
obtained results. For glacial environments, the calibration can be a
huge processing problem, since the terrain elevation is continuously
changing depending on the local Earth dynamics. A reasonable
approach consists in the DEM calibration using external references, as
explained in Section 4.

According to the equations in the previous section, the parameters
affecting the final elevations are the physical snow properties, the
sensor looking angle and sensor frequency.

Physical snowproperties strongly influence thefinal elevation value.
As shown in Table 1, the phase center variations can be very high (up to
tens of meters) due to different parameters, such as the water content
and the snow type. Thus, if the purpose is to track dynamical changes,
the data stack should be characterized by the same snow properties.
This is a very stringent constraint but should definitively be taken into
account in the analysis.

System wavelength enters in all the snow relative permittivity
models. Larger wavelengths yield larger penetrations. Fig. 3 shows the
height discrepancy between a TanDEM-X DEM and another DEM
acquired at a different frequency. In the figure, for completeness, also
the elevation discrepancy over pure water ice at two temperatures
is represented according to the Mätzler and Wegmüller (1987) per-
mittivity model. Additionally, the C-band SRTM (Rabus, Eineder,
Roth, & Bamler, 2003) and Tandem-L (Krieger et al., 2009) operating
frequencies are highlighted.
The other system parameter impacting on the scattering phase
center, as a weight to the penetration depth, is the radar look angle.
Limit cases areflat look angle (90 deg), yielding nopenetration, and ver-
tical look angle (0 deg), bringing maximum penetration. Radar scenes
acquired at different look angles thus yield different elevations.

A temporal analysis of frozen environment with InSAR DEMs is very
sensitive to the system parameters and to the snow status. The compar-
ison of DEMs over specific areas should be performed in the same time
of year (and even the same hour) to ensure similar snow dielectric pro-
prieties. Moreover, the sameweather conditions should also be assured.
Additionally, it makes no sense to use DEMs acquired at different bands
without their re-calibration for the different penetrations.

3. System parameters impact on DEM uncertainty

Systemparameters have a strong influence onDEMaccuracy. In con-
trast with Section 2, this section deals with the phase error related to
decorrelation and SAR geometry, impacting on the relative elevation
accuracy. In InSAR processors, random error is measured with the
coherence parameter. Coherence assesses the quantity of decorrelation
which occurs between the two SAR signals. It is defined as the cross-
correlation between the two complex SAR images x1 and x2 and can
be estimated as:

γ ¼
X

x1x�2 exp − jϕknownf gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x1j j2

X
x2j j2

q
�������

�������
: ð7Þ

In Eq. (7), ϕknown is a deterministic phase value representing
the topography and other known phase trends in the estimation
window. This factor must be compensated to accomplish stationarity
(Touzi, Lopes, Bruniquel, & Vachon, 1999). Given the coherence, the
marginal probability density function for the interferometric phase ϕ
is derived using gamma Γ and hypergeometric F functions (Just &
Bamler, 1994):

p ϕ;γ; Lð Þ ¼
Γ Lþ 1=2ð Þ 1− γ2

� �L���γj cos ϕ− ϕ0ð Þ
2

ffiffiffi
π

p
Γ Lð Þ 1− γ2 cos2 ϕ− ϕ0ð Þð ÞLþ1=2

þ 1−γ2
� �L

2π 2 F
2
1 L;1;

1
2
;ϕ2 cos2 ϕ− ϕ0ð Þ

� �
;

ð8Þ



Table 2

Geometrical and quality parameters of the TanDEM-X test site under study. B⊥, ha, θ,γ,herr
and qratio represent the perpendicular baseline, the height of ambiguity, the incidence
angle of center scene, the mean coherence of the entire scene, the mean standard height
error of the entire scene and the quality ratio, respectively.

Acquisition date B⊥ [m] ha [m] θ [deg] γ herr [m] qratio

01.08.2014 29.7 163.3 31.4 0.86 2.3 99.9
12.08.2014 31.1 156.2 31.4 0.80 2.8 99.9
17.10.2014 50.2 96.6 31.4 0.92 0.94 99.9
28.10.2014 38.2 126.8 31.4 0.92 1.2 99.9
08.11.2014 57.8 84.2 31.4 0.91 0.89 100.0
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where L is the independent number of looks and ϕ0 is the coherence ar-
gument. The standard deviation of the interferometric phase σϕ(x,y) is
derived by integrating Eq. (8). The DEM standard error for every range
and azimuth samples (r,a) is calculated as:

herr r; að Þ ¼ σϕ r; að Þ ha
2π

; ð9Þ

where ha is the height of ambiguity, i.e. the height difference generating
an interferometric phase change of 2π. The DEM standard error depends
then on the coherence and it is scaled by the height of ambiguity. Higher
heights of ambiguity yield higher errors. There is actually a limit for the
height of ambiguity, since lower ambiguities yield low standard errors,
but the unwrapping stage may be very complex, producing errors well
above the theoretical standard ones.

Coherence loss can be decomposed into several factors (Zebker &
Villasenor, 1992). Neglecting the temporal, the volume and the system
decorrelations, we focus here just on the topographical impact of the
mapped scene into the generated DEM, due to the mountainous
environment under study. For that, the spectral shift theory shall be
introduced. The basic concept is that the range spectra of a SAR image
is varying depending on the look angle. A look angle discrepancy, as in
the InSAR case, yields a shift in the range spectra, measured as (Gatelli
et al., 1994):

Δ f ¼ f
tan θ− αð ÞΔθ; ð10Þ

where θ is the master look angle, α the terrain slope and Δθ the look
angle difference between slave and master channels. Eq. (10) can be
rewritten with system parameters:

Δ f ¼ cB⊥

λR tan θ− αð Þ ; ð11Þ

where the speed of light c, the perpendicular baseline B⊥ and the
master reference range R are introduced. The shift produces spatial
decorrelation:

γspatial ¼ 1−
Δ f
Bw

����
����; ð12Þ

where Bw represents the system bandwidth. This decorrelation can be
then expressed as height error by computing the standard deviation of
the interferometric phase according to γspatial in Eq. (8) and solving for
Eq. (9). In the next section, the theoretical considerations described in
Section 2 and in this section are applied to the current dataset.

4. TanDEM-X dataset

The TanDEM-X dataset used for this study is composed of five bistatic
acquisitions covering the Bárðarbunga caldera and the northwestern
part of the Vatnajökull glacier. The main system parameters are given
in Table 2. The height of ambiguity is high enough to ensure a phase
unwrapping without errors.

4.1. DEM accuracy

The absolute TanDEM-X height error with respect to the superficial
ice cap height can be estimated given a ground truth. This was not avail-
able due to the ongoing hazard, but several profiles taken with a radar
altimeter were available and are analyzed in Section 6. Nevertheless,
for the caldera subsidence monitoring, a constant absolute error over
the stack is tolerated since the interest is on the relative height
differences. Thus, it is important to ensure a consistent phase center
location for all data in the stack. According to the electromagnetic
considerations in Section 2, uniform snow conditions and a constant
incidence angle are required. While the stack incidence angle is not
varying, a uniform snow condition is more difficult to assess, since
different periods of the year may have a strong impact. However, the
high elevation of the caldera, about 2000mabove sea level, the constant
SAR early acquisition time, 07:49 a.m., and the consequent low temper-
ature, always below zero degrees Celsius, prevent melting issues.
Assuming then the absence of freshwater ice, the discussion should
move to the wetness of the snow at the moment of the acquisition.
This investigation is performed in Section 5 through a temporal
backscatter analysis.

Regarding the system impact on the relative height accuracy, the
variation of the height error depending on the local coherence, as in
Eq. (9), is depicted in Fig. 4(a). The system heights of ambiguity yield
errors below 2 m for coherence values below 0.9. A total of 35 looks
are used in the processing (7 in range and 5 in azimuth), resulting in
an independent number of looks of about 25 (Krieger et al., 2007).
Fig. 5(a) shows the height error computed with the local coherence
for theOctober 17, 2014, acquisition.Height errors are strongly correlat-
ed with terrain slope, represented in Fig. 5(b). The theoretical height
error dependency with terrain slope is depicted in Fig. 4(b) for the
five acquisitions under study. These curves do not apply for shadow
and layover areas, where the measured elevation is not reliable (Deo,
Rossi, Eineder, Fritz, & Rao, 2015; Rossi & Eineder, 2015); the two
regions are marked in the plot. Layover is defined for slopes which are
larger than the system looking angle and corresponds to regions
where multiple terrain portions are mapped in a single resolution cell.
Shadow is defined for slopeswhich are smaller than the complementary
of the system looking angle and represents regions which are not seen
by the radar. Slopes are not expressed in absolute values since they
are considered in the SAR range direction: positive slopes are the ones
facing the radar, while negative slopes are the ones tilted away. The
height error tends toward infinite values at slopes close to the looking
angle, whereas it goes toward zero at tilted slopes close to the shadow
boundary. The flat slopes of the Bárðarbunga caldera yield errors of
about 10–20 cm for the TanDEM-X InSAR configuration under analysis.

The mean quality parameters over the entire scenes are given in
Table 2. The mean coherence γ is very high for all acquisitions, yielding
low height errors herr. The quality ratio qratio indicates the percentage of
the scene which is not affected by unwrapping errors (Rossi, Gonzalez,
Fritz, Yague-Martinez, & Eineder, 2012), revealing the absence of
unwrapping errors for all DEMs. It should be noted that themean height
error specified in the table is not absolute, i.e. the height discrepancy
between the top of the glacier and the phase center is not accounted for.
4.2. In-processing calibration

DEM calibration is probably the most important processing step of
any multi-temporal elevation study, since uncalibrated data provide
misinterpretations of the geophysical outcomes. The calibration can be
performed as an in-processing or as a post-processing step; both of
these techniques require a reference elevation model or ground control
points. An in-processing calibration has been proposed in Rossi et al.,
2012. The elevation reference is in this case the coarse but absolute



Fig. 4. Standard height error trends of the five acquisitions under study. (a) Error
dependency with the local coherence. (b) Error dependency with terrain slope. Shadow
and layover areas do not provide accurate results and the corresponding marked curves
are therefore not applicable. Slopes are measured in range direction: positive slopes are
the ones facing the radar, while negative slopes are the ones tilted away.

Fig. 5. (a) Height error map for the October 17, 2014, take computed with the local
coherence. (b) Terrain slope computed from the same take. The Bárðarbunga caldera
outline is highlighted.
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DEM generated by transforming the radargrammetric coregistration
shifts into an elevation model. This method is used in the Integrated
TanDEM-X Processor (ITP) to internally calibrate theDEMby estimating
the absolute phase offset.

Although the method in Rossi et al., 2012 is a feasible solution for a
single DEM calibration, it should be applied with precaution for a
temporal stack of DEMs over the same area. This is because every single
absolute phase offset estimation is independent and based on the
local InSAR geometry, and baseline inaccuracies may vary between ge-
ometries, thus producing absolute height differences between DEMs.
For this reason, the calibration using a common reference is a more
favorable solution. If the purpose is to check topographical changes
relative to one of the acquisitions in the data stack, then the quality of
the reference is not important and a simple ellipsoidalmodel at a certain
height can be employed. However, if DEMs acquired with different
techniques are employed, then a reliable source should be taken for
calibration, such as SRTM or TanDEM-X DEMs. Since complementary
altimetric data are used for validation, an accurate source must be
exploited for the TanDEM-X stack analyzed in the paper.

To calibrate the data stack, the operationally mosaicked TanDEM-X
DEM has been employed (Gruber, Wessel, Huber, & Roth, 2012).
A single DEM tile is spanning 1 square degree with a sampling of
12 m. The employed tile is highlighted in Fig. 1. This elevation
model can be taken as precise ground truth over land portions but



Fig. 6.Master channel calibrated amplitude (a), interferometric phase (b) and phase unwrapping control map (c) of the TanDEM-X acquisition on 08.11.2014.
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it should be taken with care over glacier surface (considering the
analysis in Section 2.2). Indeed, 25 separate acquisitions spanning
three years (2011–2014) have been mosaicked to produce this DEM.
Different seasons, yielding different scattering centers, may have been
combined depending on the local coherence (Gruber et al., 2015). The
resulting scattering center is then unknown and may not fit with
some temporal data. For this reason, this DEM should not be used as
absolute reference for the sole Bárðarbunga caldera. Nevertheless, the
single TanDEM-X scene is quite large (30 × 50 km), and includes land
portions, which exclusively have been used in the computation of the
absolute phase offset. In summary, this offset is a single value computed
by transforming the reference DEM in interferometric phase, which is
then compared with the unwrapped phase generated during process-
ing. The offset is added to the unwrapped phase for the generation of
a DEM which is consistent with the reference. Phase unwrapping is
not an issue here. Fringes are well separated even at steep topography
(Fig. 6(b)) and the control map (Rossi et al., 2012) reveals no
unwrapping errors (Fig. 6(c)).

5. Temporal analysis

To evaluate the topographical changes, the DEMs are generated over
a prearranged geographical grid with a spacing of about 6 m in latitude
and longitude. The interferogram horizontal resolution, computed
taking into account the independent number of looks and the SAR cell
resolution, is about 9 m.

The DEM differences between the first DEM in the stack (August 01,
2014) and all the others are displayed in Fig. 7. The Bárðarbunga caldera
contour is traced according to the outline sketched in Sigmundsson et al.
(2015). Fig. 7(a) shows the differential height on August 12, 2014. Here,
no relevant changes are noticeable since this topographical map
represents the elevation differences with a reference time lag of just
11 days and still before the main fissure opened up in the Holuhraun
plain. The small-scale topographical changes are mainly due to system
noise. Instead, the topographical maps in Fig. 7(b), (c) and (d) are
relevant since respectively showing the topographical changes 47, 58
and 69 days after the main eruption started. The most prominent
topographical change is the caldera subsidence, originated by the col-
lapse of part of the ground above themagma chamber. The considerable
depression left in the landscape, with subsidence peaks above 50 m for
the largest time lag in Fig. 7(d), is quite visible. The formation of icecap
cauldrons at the south-eastern rim of the caldera is also noticeable.
Moreover, these differential maps reveal the complete topographical
changes over the northwestern portion of the Vatnajökull glacier.
Among them, two accumulations at the eastern Skaftá cauldron
and at the Grímsötn volcanic system are conspicuous, considered to
result from uplift of the glacier surface due to water accumulation in
these well-known geothermal areas (e.g. Björnsson, 2003). They are
annotated in Fig. 7(b).

The result of a quantitative study on the caldera subsidence is
displayed in Table 3. SAR backscatter is measured by calibrating the
amplitude signal and compensating for the local incidence angle. The
reference DEM shown in Fig. 1 has been used for the computation of
the local incidence angle. The mean caldera backscatter is given in the
second column of Table 3. Summer acquisitions exhibit a low backscat-
ter, about −15 dB, whereas autumn acquisitions exhibit a higher one,
about −9 dB. The work of Stiles and Ulaby (1980) helps to clarify the
relationship between backscatter and snow properties. First of all, the
backscattering coefficient decreases with snow wetness. According
to the analysis in Stiles and Ulaby (1980), the measured summer
backscatter corresponds to a liquid water volume larger than 1 [%vol],
making the TanDEM-X height estimate very close to the surface top
(see Fig. 2). In contrary, autumn acquisitions exhibit a backscatter
which yields a lower liquid water volume, therefore prone to a larger
penetration into snow. An empirical analysis over the large glacier
area at the south-east of the caldera, chosen in order to avoid evident to-
pographical changes and marked in Fig. 7(d), reveals a mean difference
of 1.26 m. This difference, according to Fig. 2, corresponds to a liquid
water content for the autumn acquisitions which is smaller than 0.5
[%vol].

Themean coherence over the caldera given in the third column is in
general very high and the relative height error in the fourth column is
respectively low.

The caldera collapse is evaluated in terms of mean height and vol-
ume changes in the fifth and sixth column of Table 3, respectively.
These mean values represent the average change over the caldera
outline depicted in Fig. 7. For the last stack acquisition, thus 84 days
after the onset of the volcanic unrest and 69 days after the main fissure
opening, the caldera already sunk in average by 16 m, with peaks of
about 50 m in its north-eastern part (see next section), and with an
impressive volume loss of about 1 billion cubic meters. This yields an
average rate of change over the caldera of about one meter per week.

For subglacial volcanoes such as Bárðarbunga, the caldera subsi-
dence does not refer just to the ground volume loss related to the
eruption, but also to themelting of snow/ice because of heating flux re-
lease from the magma intrusion. A peculiar aspect of this eruption is



Fig. 7.DEMdifferences relative to the first DEM in the stack (01.08.2014). Bárðarbunga caldera is highlighted in all the differences. The dashed area at the south-east of the caldera in (d) is
the one used to evaluate the seasonal wave penetration difference.

Table 3
Mean value of relevant parameters computed over the Bárðarbunga caldera. The six
columns represent, from left to right, acquisition date, mean calibrated SAR backscatter
of the master acquisition, mean coherence, mean standard height error, mean DEM
difference between first stack acquisition and current data, mean volume difference
between first stack acquisition and current data.

Acquisition date σ0 [dB] γ herr [m] Δh1:8 [m] ΔV1.8 [m3]

01.08.2014 −15.23 ± 0.86 0.90 ± 0.03 1.34 – –
12.08.2014 −15.31 ± 0.75 0.90 ± 0.03 1.70 0.52 0.33e8
17.10.2014 −9.86 ± 0.74 0.96 ± 0.01 0.63 −13.85 −8.81e8
28.10.2014 −9.75 ± 0.76 0.96 ± 0.01 0.55 −15.13 −9.62e8
08.11.2014 −9.60 ± 0.77 0.94 ± 0.01 0.69 −16.39 −10.4e8
Reference – – 0.67 −4.53 −2.88e8
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that jökulhlaups related to the cauldrons formation at the caldera rim,
the south-east flank of the Bárðarbunga, or above the dike intrusion
north-west of Bárðarbunga, where minor subglacial eruptions probably
occurred, were never observed. The water location release is still un-
known, and possibly most of it is drained into the groundwater system
below the Vatnajökull glacier (Magnússon, 2015). A one-to-one
comparison of the derived volume loss, for validation purposes,with ex-
ternal lava volume measurements is therefore not possible since one of
the volume sources remains unknown. Nevertheless, it is meaningful
to compare our caldera volume loss estimation, 1.08 km3, with the
lava volume extent measured on November 04, 2014 (Institute of
Earth Science, 2014), 1.0 ± 0.3 km3, thus 4 days before our estimate.



Fig. 8. Altimeter tracks used for height profiling over the Bárðarbunga caldera.
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Considering the seasonal discrepancy of the phase scattering center, our
caldera loss estimate is corrected to a volume of 0.963 km3. The two
estimates are very similar, although the caldera loss originated by
the additional loss contribution created by the ice melting is not
compensated. It should be noted that a consistent role in the volume
comparison can arise from the newly formed cauldrons, which are not
considered in the caldera volume loss andwhose subsidencemay be as-
sociated to the lava volume. Other phenomena, such as glacial eruptions
and dykewidening,may also impact in the comparison, since they affect
the lava volumemeasure. In general, a ratio of one between the erupted
volume and the subsidence volume indicates that the crust deformation
is fully compensated by the compressibility of the magma (Johnson,
Sigmundsson, & Delaney, 2000).
Fig. 9. (left) Elevationmeasured for thefive TanDEM-X acquisitions and the altimeter over Track
difference between altimeter and TanDEM-X data interpolated at the date and time of the altim
6. Profile analysis

An extensive campaign has been performed by the University of
Iceland over the Bárðarbunga caldera and its surroundings. It consisted
of several flights on 16 days between September 09, 2014, and April 10,
2015, with an aircraft carrying a radar altimeter, that measures
every 15–20 m the height with an absolute accuracy of 2–3 m
(Guđmundsson et al., 2007). The altimeter operates in C-band at a
frequency of 4.3Ghz. Eight profiles acquired over the caldera onOctober
24, 2014, are displayed in Fig. 8. Among them, tracks 1, 3, 7 and 8 are
analyzed in detail in the following paragraphs.

Track 1. The first profile covers the eastern portion of the caldera and
one of the new cauldrons located at the intersection with Track 8. The
top-left plot in Fig. 9 shows the absolute heights of all temporal mea-
surements. To better evaluate the topographical changes, the center-
left plot displays the differences with the first data in the stack. Here,
the greater temporal change occurs over the cauldron,with an elevation
loss of about 15m (an average rate of 15 cm/daymeasured between Oc-
tober 17 and November 08),whereas the external part of the caldera in-
cluded in the profile shows a loss of about 5 m. Radar altimeter
elevations are matching with TanDEM-X measurements, excluding the
beginning and final portion of the profile, outside the caldera. To better
evaluate the discrepancies between TanDEM-X and radar altimeter, the
TanDEM-X elevation data have been interpolated to match the exact
time and date of the altimeter acquisitions. The result is displayed at
the bottom-left of Fig. 9. In principle, the different scattering center
yields an elevation difference among them (Eq. 3). With the same
snow conditions, the C-band altimeter elevation is lower than the X-
band TanDEM-X one (Section 2, Fig. 2). Here, one notices a lower scat-
tering center for the altimeter of 3–5 m in the proximity of the caldera,
and a lower scattering center of TanDEM-X data of about one meter in
the caldera position. The reason for this trend is the non-linearity of
the phase center in the course of the day (Stiles & Ulaby, 1980). Indeed,
all the TanDEM-X acquisitions were gathered at 07:49 a.m., in the early
morning. Atmidday, it is reasonable to assume that the snowwater con-
tent is higher than early in themorning, due to the increasing tempera-
ture, thus causing a higher phase center, even very close to the surface
top. However, it is interesting to notice that outside the caldera, the al-
timeter measures a lower height. Different snow dielectric properties
are a possible explanation for this.
1 (top-left), elevation differenceswith thefirst data in the stack (center-left) and elevation
eter acquisition. (right) Same plot structure but for Track 3.



Fig. 10. (left) Elevation measured for the five TanDEM-X acquisitions and the altimeter over Track 7 (top-left), elevation differences with the first data in the stack (center-left) and
elevation difference between altimeter and TanDEM-X data interpolated at the date and time of the altimeter acquisition. (right) Same plot structure but for Track 8.

195C. Rossi et al. / Remote Sensing of Environment 181 (2016) 186–197
Track 3. Profile 3 intersects the highest change in the caldera, with
changes of more than 40 m (right side of Fig. 9). The maximum rate of
subsidence at this location is 49 cm/day, in accordance with the
measurement of Riel et al. (2015), who reported a rate of 50 cm/day.
The caldera structure is not symmetric, and its lowest depression lies
at its north-east part. Morning phase center at X-band is always lower
than midday phase center at C-band, as shown in the bottom-right
plot of Fig. 9.

Track 7. Profile 7 covers the western rim of the caldera and reveals a
small cauldron at around aircraft position 600, as visible in the center-
left plot of Fig. 10. The elevation difference at the cauldron location
between October 17 and November 08 is with 13 m rather high,
Fig. 11. Graben structure and lava flow revealed by differentiating a post-ev
corresponding to a subsidence rate of about 60 cm/day. The phase
center difference at the caldera position is approximately one meter.

Track 8. Track 8 runs diagonally through the caldera and intersects
two cauldrons at the south-eastern rim. The Bárðarbunga caldera
reaches 40 m of subsidence with a maximum subsidence rate of
36 cm/day. The mass loss for the south-eastern cauldrons is smaller,
approximatively 30 m at maximum. They exhibit a double minima
structure, visible also from the differential maps in Fig. 7. Their maxi-
mum subsidence rate, equal to 18 cm/day, is about half of the
caldera's rate for this track.

Discussion. The analysis of the profiles increases the understanding
of the penetration depth of the X-band signal in the caldera during the
ent TanDEM-X raw DEM (09.09.14) and a pre-event DEM (11.11.11).
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volcanic activity. The combined analysis in Figs. 9-10 reveals a discrep-
ancy of up to 2 m between TanDEM-X and altimeter data. Considering
that the altimeter is also an active system and thus subjected to wave
propagation issues, it is not possible to draw a self-assured evaluation
of the penetration depth, and, for instance, invert the models in
Eq. (5) to derive snow properties. Nevertheless, it has been shown
how the X-band signal during the morning has a lower extinction
than C-band signal atmidday. In other words, the changes of snowwet-
ness strongly impact on the phase centers and the result interpretations.
Results provided by TanDEM-X overestimate – though very slightly –
the subsidence rate of the caldera. Nonetheless, the cross-comparison
with the study performed in Riel et al. (2015) with Cosmo Sky-Med
data actually revealed a very good accordance with the TanDEM-X re-
sults presented in this study.

7. Graben and lava path

For the sake of completeness, and being relevant for further geo-
physical interpretations, we briefly discuss the changes in the eruptive
location, near the northern tip of Vatnajökull glacier in the Holuhraun
plain (see Fig. 1). A TanDEM-X image pair acquired on September 09,
2014, serves as a complement to a nominal acquisition acquired at the
same incidence angle on November 11, 2011. Also in this case, DEM
differencing is the technique used to reveal the dynamical changes of
the volcanic system. In particular, the effects of the eruption and the
connected processes on the glacier and its foreland are measured in
the Holuhraun area. The Holuhraun lava field is clearly visible in the
northern part of the image shown in Fig. 11, giving the extent and also
the different heights of the lava field on September, 09, 2014. The
dyke propagation from the Bárðarbunga caldera to the Holuhraun lava
field also had several effects on the surface of the glacier and the fore-
land. Subsidence of several meters within the graben structure, having
a width of up to 1 km, is visible in both, the glaciated area and also
north of the glacial rim. Along the path of the dyke propagation over
the glacier, several cauldrons with a diameter of hundreds of meters
and a subsidence of tens of meters indicate stationary phases in propa-
gation with possible small subglacial effusive events. In addition to the
volcanic activity, the end of the glacial tongue shows ablation of several
meters along the whole monitored extent.

8. Conclusions

The TanDEM-X mission is a useful system in tracking Earth dynam-
ics. In this paper, the focus has been on the particular case of a caldera
monitoring, in the Bárðarbunga volcanic system in Iceland, during an
ongoing eruptive event. A peculiarity of this caldera is the glacial
environment. A study on the DEM accuracy expectations based on the
terrain to map, i.e. snow, and the system geometry has been presented.
Various physical snow properties have a large impact on the phase
center location, measured through the signal penetration depth. For
instance, in the analyzed data stack, composed by two summer takes
and three autumn ones, the difference in snow wetness brings a dis-
crepancy of some meter in the phase center location, with an elevation
value closer to the surface top for summer takes. As a consequence, the
results become biased, when not properly taking into consideration the
local environment and the system used. For the time periods analyzed,
the measured maximum rate of subsidence at the caldera location is
about 50 cm/day, in agreementwith other independentmeasurements.
The caldera volume loss 69 days after the main eruption started is
approximatively one cubic kilometer. This value is very close to
measurements of the lava volumeduring the same period. An additional
validation has been performed with the help of altimeter elevation
profiling over the caldera.

Generally, the topographical mapping with temporal elevation data
at a medium-high horizontal resolution of about 10 m provides the
opportunity to have a broad view of the imaged test site and to locate
small structures. For instance, structural changes at the northwestern
part of the Vatnajökull glacier, such as new cauldron formations and
accumulations, are clearly identified, as well as changes in the growth
of the lava field and changes along the last segment of the dyke propa-
gation from the caldera. All these quantitative measurements derived
with spaceborne bistatic interferometry are particularly relevant for
monitoring/civil protection agencies and researchers since they are
not easily retrieved with on-site instruments.
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