Journal of Volcanology and Geothermal Research 344 (2017) 106-120

Contents lists available at ScienceDirect

\ND GEQTHERMAL RESEARCH

Journal of Volcanology and Geothermal Research

journal homepage: www.elsevier.com/locate/jvolgeores

Assessing the reliability and consistency of InNSAR and GNSS data for
retrieving 3D-displacement rapid changes, the example of the 2015 Piton
de la Fournaise eruptions

CrossMark

Aline Peltier **, Jean-Luc Froger °, Nicolas Villeneuve ?, Thibault Catry

2 Observatoire Volcanologique du Piton de la Fournaise, Institut de Physique du Globe de Paris, Sorbonne Paris Cité, Univ. Paris Diderot, CNRS, F-97418 La Plaine des Cafres, La Réunion, France
b Université Clermont Auvergne - CNRS - IRD, OPGC, Laboratoire Magmas et Volcans, F-63000 Clermont-Ferrand France
€ ESPACE-DEV, UMR 228 IRD/UM/UR/UG/UA, Institut de Recherche pour le Développement (IRD), Maison de la Télédétection, 500 rue Jean-Frangois Breton, F-34093 Montpellier Cedex 5, France

ARTICLE INFO ABSTRACT
Article history: InSAR and GNSS are now the best and most developed techniques in the Earth sciences to track deformation, es-
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suring 3-D ground displacements - and not only the displacement in the direction of the InSAR Line of Sight - on
volcanoes during rapid changes. The use of a large amount of satellite data (X, C, L-band as well as right and left-
looking acquisitions) made it possible to retrieve the 3-D displacement components with an unprecedented ac-
curacy. We carry out this evaluation on the Piton de la Fournaise volcano, where four eruptions occurred in 2015.
The comparison between GNSS and InSAR allows us: (i) to describe the deformation pattern associated with
these eruptions, (ii) to quantify the discrepancies between InSAR and GNSS, and (iii) to discuss the limits and
the complementarities of InNSAR and GNSS. The ground deformation patterns associated with the four eruptions
of Piton de la Fournaise in 2015 are typical of this volcano, with decimeter ground displacements asymmetrically
distributed along the dike path, evidencing a preferential eastward motion, particularly visible thanks to the
broad spatial coverage of InSAR. Except for the NS component, InSAR and GNSS data are in overall agreement,
with most of the GNSS-InSAR residuals <2.5 cm and <5 cm on the EW and vertical component, respectively,
i.e. within the error bar of the two methods. Most of the discrepancies on the terminal cone can be attributed
to uncorrected atmospheric effects in InSAR. Our study confirms the consistency and the complementarity of
the two methods to characterize (i) the 3-D ground deformation distribution in high spatial resolution
(InSAR), and (ii) the dynamism (GNSS) associated with eruptive activity.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ground deformation monitoring in volcanic areas covers a broad
range of techniques, with field (e.g., tiltmeters, extensometers,
strainmeters, leveling), airborne (Structure from Motion photogram-
metry), and spaceborne (Interferometric Synthetic Aperture Radar:
InSAR) observations. The Global Navigation Satellite System (GNSS) is
a hybrid method, based on both receivers in the field (ground segment)
and on satellite constellations in space (satellite segment).

The first volcano ground deformation networks were implemented
in the field (initially with leveling and tilt surveys, then with the instal-
lation of permanent stations; e.g. Jaggar and Finch, 1929; Wilson, 1935;
Dzurisin et al., 2012). GNSS is now one of the most powerful tools
installed in the field to detect subtle ground deformation and it is used
worldwide to monitor volcanoes, especially on accessible and very
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active edifices such as Etna (Italy), Kilauea (Hawai'i), and Piton de La
Fournaise (La Réunion) for which continuous long time series are avail-
able (e.g. Owen et al., 2000; Houlié et al., 2006; Peltier et al., 2008; Aloisi
et al, 2011; Poland et al., 2012; Staudacher and Peltier, 2016). Perma-
nent GNSS stations allow continuous and real or near-real time moni-
toring, with precision and accuracy of a few mm, at defined and
specific locations. By contrast, ground deformation measurements pro-
vided by space technology via InSAR are punctual in time (e.g. revisit
period of 24 days for RADARSAT-2, 8 days for Cosmoskymed, 11 days
for TerraSAR-X and 6 days for the Sentinel-1 constellations) but provide
dense information on a large spatial scale (1 to tens or so of km?), with
centimeter/millimeter-level accuracy. Following the technological ad-
vances and the major efforts made over the past few decades on pro-
cessing chains, InSAR has become an essential tool to track
deformation changes on active volcanoes (e.g. Massonnet et al., 1993;
Massonnet and Feigl, 1998; Jonsson et al., 1999; Dzurisin, 2000; Froger
et al., 2001, 2004; Yun et al., 2006; Wauthier et al., 2009; Pinel et al.,
2011, 2014; Brunori et al,, 2012; Catry et al,, 2015).
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All these methods - in the field and from space - thus appear to be
highly complementary in detecting and characterizing (i) the ground
deformation distribution, and (ii) the dynamism associated with unrest
and eruptive activity. With technological advancements, and the pro-
gressive development of these new techniques since the end of the
20" century, more and more data are now available. A lot of deforma-
tion studies performed on volcanoes are based on the joint studies
and/or inversion of InSAR and GNSS data (e.g. Fernandez et al., 2003;
Palano et al., 2008; Jonsson, 2009; Sudhaus and Jonsson, 2009; Biggs
et al., 2010; Peltier et al., 2010; Sigmundsson et al., 2010; Chadwick
et al., 2011; Feigl et al., 2014; Parks et al., 2015; Sigmundsson et al.,
2015). Only a few are focused on the cross evaluation (validity and lim-
itations) of the methods in relation to each other to retrieve 3-D ground
displacements (EW, NS, UP), as the comparison is usually performed in
the InSAR Line of Sight direction. Indeed, retrieving 3-D ground dis-
placements from InSAR requires the use of a large amount of SAR data
acquired under various independent acquisition geometries, a condition
rarely achieved.

Piton de la Fournaise (basaltic shield volcano, La Réunion Island,
Indian Ocean), often considered as a volcano-laboratory, is an ideal
target to develop such cross evaluation of 3-D displacement mapping
thanks to: i) its high level of activity (mean of 1 eruption every
9 months over the last few decades; e.g. Peltier et al., 2009; Roult
et al., 2012); ii) its large and dense in-situ monitoring network
maintained by the volcanological observatory (Observatoire
Volcanologique du Piton de la Fournaise; OVPF-IPGP); iii) its large
cover by SAR satellite data (since the end of the 1990s, Piton de la
Fournaise has been regularly imaged by RADARSAT-1 & -2, JERS-1,
ENVISAT-ASAR, ALOS-PALSAR-1 & -2, TerraSAR-X and TanDEM-X,
the four satellites of CSK constellation and Sentinel-1A and 1B); iv)
the vegetation-free nature of surface material in the summit area of
Piton de la Fournaise (Enclos Fouqué caldera and terminal cone, see
location on Fig. 1), which ensures a good interferometric coherence
and has allowed InSAR to be successfully developed since 1998
(e.g. Sigmundsson et al., 1999; Froger et al., 2004, 2015; Fukushima
et al., 2005; Bato et al., 2016).

The specificity of this work is the comparison of the 3-D ground dis-
placement results -and not only the displacement in the direction of the
InSAR Line of Sight- coming from the InSAR and GNSS methods during
rapid changes in volcanic area. This has been made possible by using a
large amount of satellite data (X, C, L-band as well as right and left-
looking acquisitions). We carried out this multi-sensor evaluation by
assessing the rapid volcano deformation linked to the four eruptions
that occurred in 2015 at Piton de la Fournaise (February 4-15; May
17-30; July 31-August 2; August 24-October 31, see locations on
Fig. 1). These four eruptions, like 97% of the recent eruptive activity
(Villeneuve & Bachélery, 2006), were located inside the Enclos Fouqué
caldera (Fig. 1). This study gives us a general overview of the reliability
and consistency of these two methods for measuring 3-D ground dis-
placements in volcanic areas during rapid changes.

2. Methods
2.1. InSAR

2.1.1. InSAR acquisition at Piton de la Fournaise

More than 1100 radar images have been acquired for Piton de la
Fournaise by various Space Agencies since 1996, mainly at the request
of the Indian Ocean InSAR Observatory Service (0I2) since 2003. OI2 is
part of the National Service for Volcanological Observation of the French
National Research Council Institute for Earth Sciences and Astronomy
(CNRS/INSU). It is currently operated jointly by the Observatoire de
Physique du Globe de Clermont-Ferrand and the Volcanological Obser-
vatory of Piton de la Fournaise. OI2's main tasks include ensuring that
radar images are regularly taken over Piton de la Fournaise, producing
interferograms from these images and making these interferograms
available to the community through a dedicated web site (https://
wwwobs.univ-bpclermont.fr/casoar). In > 13 years of InNSAR monitoring
of Piton de la Fournaise carried out by OI2, 2015 was a particularly fruit-
ful year, not only in terms of volcanic activity, but also in terms of
amount and diversity of radar data acquired. Thus, all the four eruptions
of 2015 were imaged with Cosmo-Skymed (X-band), Sentinel-1 (C-
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Fig. 1. Piton de la Fournaise setting. (a) Location of Piton de la Fournaise on La Réunion Island. (b) Shaded relief of the Piton de la Fournaise volcano with locations of the rift zones and the
lava flows of February 4-15, 2015 (in red), May 17-30, 2015 (in yellow), July 31-August 2, 2015 (in green), and August 24-October 31,2015 (in blue). Diamonds represent the locations of
the OVPF permanent GNSS stations inside and close to the Enclos Fouqué caldera. The circled diamonds are the GNSS stations used in this study. “B” and “D” refer to the Bory and Dolomieu
craters, respectively. The white square shows the area covered by this study. Coordinates in kilometers (WGS84, UTM 40S).
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band) and ALOS-2 (L-band) data (with both right-looking and left-
looking ALOS-2 data for the last three eruptions). In addition, the Febru-
ary and May eruptions were also imaged by TerraSAR-X/TanDEM-X (X-
band) and RADARSAT-2 (C-band) data.

From these data, we were able to calculate, for each eruption, be-
tween 8 and 12 interferograms (Table 1; Fig. 2). The number of

Table 1

interferogams covering a particular eruption is not only determined
by the availability of SAR images acquired by the Space Agencies on
the volcano during the eruption (more precisely, in the days or weeks
preceding and following the eruption) but also by the lapse of time be-
tween two successive eruptions. For instance, the end of the July erup-
tion and the beginning of the August eruption were separated by only

Summary of the InSAR data available for the computation of displacement maps associated with the four dike injections of February, May, July and August 2015. Data
in italic were not used in the displacement inversion procedure. Light gray highlights data that are redundant, in terms of acquisition geometry, and that were aver-
aged before being used in the displacement component inversion procedure. Maximum and minimum extreme dates are highlighted in bold. *CSK = Cosmo-Skymed;
TSX/TDX = TerraSAR-X/TanDEM-X; RS2 = RADARSAT-2; S1A = Sentinel-1A. PAcquisition Mode: SM = Stripmap; IW = Interferometric Wide Swath; SM1
= Stripmap 1 for ALOS2; SPT = Spotlight. ‘R = Range; A = Azimuth. LD = Looking Direction; A = Ascending; D = Descending; R = right; L = Left. ®Radarlook
is determined for the Piton de la Fournaise summit. It does not change significantly on the whole area affected by the displacement pattern of the four 2015 eruptions.

LOS unit vector®

Satellite? Band Acq.b Resolcution Beam Pasds Date master Date slave Vari_gn(;e
mode R/A%(m) LD NS Th) yyyy/mm/dd  yyyy/mm/dd (10°m*®)
February Eruption, 2015/02/04 — 2015/02/15
CSK X SM 1.63/2.25 HI_15 AR -0.73 -0.18 0.66 2014/12/24 2015/02/10 6.6
CSK X SM 1.74/2.10 HI_18 DR 0.77  -0.20 0.61 2014/12/24 2015/03/30 2.1
CSK X SM 1.74/2.10 HI_18 DR 0.77  -0.20 0.61 2015/01/17 2015/02/10 2.1
CSK X SM 1.18/2.10 HI_05 DR 0.56 -0.13 0.82 2015/01/23 2015/02/09 1.4
TSX/TDX X SM 1.36/1.87 008 AR -0.54 -0.12 0.83 2015/01/20 2015/02/11 55
TSX/TDX X SM 1.36/1.87 010 DR 0.59 -0.13 0.80 2014/10/06 2015/03/09 2.1
RS2 C SM 4.73/4.80 Q27 AR -0.69 -0.19 0.70 2014/10/08 2015/02/05 7.7
RS2 o] SM 4.73/4.80 Q28 DR 0.71 -0.19 0.68 2014/10/10 2015/02/07 14.7
S1A C w 2.33/14.07 151 DR 0.58 -0.14  0.80 2015/01/20 2015/03/09
S1A C w 2.33/14.07 151 DR 0.58 -0.14 0.80 2015/02/01 2015/03/21
ALOS2 L SPT 1.43/0.97 168 AR -0.79 -0.21 0.58 2015/01/23 2015/02/06 8.6
ALOS2 L SM1 1.43/1.95 59 DR 0.67 -0.16 0.73 2015/01/24 2015/03/07 7.2
May Eruption, 2015/05/17 — 2015/05/30
CSK X SM 1.63/2.25 HI_15 AR -0.73 -0.18 0.66 2015/05/17 2015/05/25 5.1
CSK X SM 1.74/2.10 HI_18 DR 0.77  -0.20 0.61 2015/02/10 2015/05/17 34
CSK X SM 1.74/2.10 HI_18 DR 0.77  -0.20 0.61 2015/03/30 2015/05/25 34
TSX/TDX X SM 1.36/1.87 008 AR -0.54 -0.12 0.83 2015/05/10 2015/06/01 14.5
TSX/TDX X SM 1.36/1.87 010 DR 0.59 -0.13 0.80 2015/05/14 2015/06/05 8.2
RS2 C SM 4.73/4.80 Q8 AR -0.46 -0.11 0.88 2015/05/09 2015/06/02 13.4
S1A C SM 3.19/4.11 144 AR -0.66 -0.17 0.73 2015/05/07 2015/05/19 3.3
S1A C SM 2.66/4.15 151 DR 0.58 -0.14 0.80 2015/05/08 2015/05/20 35
ALOS2 L SPT 1.43/0.97 170 AR -0.88 -0.25 0.40 2015/04/27 2015/05/25 241.8
ALOS2 L SPT 1.43/0.97 162 AL 0.46 0.09 0.89 2015/04/29 2015/06/10 54.2
ALOS2 L SPT 1.43/0.97 158 AL 0.89 0.14 0.44 2015/05/07 2015/06/04 51.8
July Eruption, 2015/07/31 — 2015/08/02
CSK X SM 1.63/2.25 HI_15 AR -0.73 -0.18 0.66 2015/07/28 2015/08/13 2.9
S1A C SM 2.33/14.07 144 AR -0.66 -0.17 0.73 2015/07/06 2015/08/11 5.2
S1A C SM 2.33/14.07 151 DR 0.58 -0.14 0.80 2015/06/25 2015/08/12 128.6
ALOS2 L SMA1 1.43/1.95 59 DR 0.67 -0.16 0.73 2015/07/11 2015/08/22 16.4
ALOS2 L SPT 1.43/0.97 170 AR -0.88 -0.25 0.40 2015/05/25 2015/08/03 226
ALOS2 L SPT 1.43/0.97 160 AL 0.76 0.13 0.64 2015/07/12 2015/08/23 14.9
ALOS2 L SPT 1.43/0.97 158 AL 0.89 0.14 0.44 2015/06/18 2015/08/13 19.3
ALOS2 L SPT 1.43/0.97 66 DL -0.78 0.14 0.61 2015/07/15 2015/08/15 15.0
August Eruption, 2015/08/24 — 2015/10/31
CSK X SM 1.63/2.25 HI_15 AR -0.73 -0.18 0.66 2015/08/13 2015/09/02 6.7
CSK X SM 1.63/2.25 HI_15 AR -0.73 -0.18 0.66 2015/08/13 2015/09/14 6.7
S1A C SM 2.33/14.07 144 AR -0.66 -0.17 0.73 2015/08/23 2015/09/28 11.3
S1A C SM 2.33/14.07 151 DR 0.58 -0.14 0.80 2015/08/12 2015/11/16 3.2
ALOS2 L SMA1 1.43/1.95 59 DR 0.67 -0.16 0.73 2015/08/22 2015/10/03 8.7
ALOS2 L SMA1 1.43/1.95 60 DR 0.52 -0.12 0.83 2015/08/13 2015/09/24 18.8
ALOS2 L SPT 1.43/0.97 159 AL 0.84 0.14 0.53 2015/08/04 2015/10/13 33.2
ALOS2 L SPT 1.43/0.97 66 DL -0.78 0.14 0.61 2015/08/15 2015/08/29 28.6
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Fig. 2. Chronogram of the static-rapid GNSS field campaigns (in blue, Table 2), and the satellite data used in this study as master image (in red) or slave image (in green, see Table 3 for more

details). Gray shaded areas represent eruptive periods.

22 days. During this short period, only a few radar images were acquired
that could be used as slave images for interferograms covering the July
eruption and/or as master image for interferograms covering the August
eruption. Nevertheless, the amount and diversity of radar data available
for each eruption make it possible to retrieve the 3-D displacement
components with an unprecedented accuracy, as discussed later in the
paper.

2.1.2. Interferograms and 3-D displacement computations

2.1.2.1. Interferogram computation. Our interferograms were produced
with the DIAPASON® software (CNES/Altamira-Information, 1996)
using the two-pass method described by Massonnet and Feigl (1998).
The contribution of the orbital trajectories to the interferograms was
modeled and removed using the precise orbit state vectors provided
by Space Agencies. A 5 m Lidar DEM, produced by the French Geograph-
ic Institute (IGN) in 2008-2009, has been used to model and remove the
topographic contribution. The IGN Lidar DEM was also used to provide a
common geographic frame (UTM-WGS84) for the interferometric
products so that all interferograms have exactly the same spatial
coverage.

2.1.2.2. 3-D displacement computation. Full 3-D displacement vectors can
be retrieved by inverting at least three independent interferograms
spanning the same event and produced from data acquired under differ-
ent acquisition geometries (Wright et al., 2004). The east-west (EW)
component can be resolved with a high degree of accuracy by combin-
ing interferograms produced from data acquired during both ascending
and descending passes. The Up-Down (UD) component can be obtained
by combining both low incidence angle and high incidence angle
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interferograms. The accuracy of the UD component, however, is always
lower than that of the EW component; the ground surface being only
viewable from above. The low heading angles of past and current
radar satellites make the north-south (NS) component difficult to deter-
mine with reasonable accuracy. Wright et al. (2004) mentioned the pos-
sibility of resolving the NS component by combining InSAR data
produced from image couples acquired both by right-looking and left-
looking radars. This possibility has been made possible in the late
2000s, when the Cosmo-Skymed, RADARSAT-2 and ALOS-2 satellites
started to acquire some left-looking radar images.

The prerequisite steps to determinate the 3-D displacement compo-
nents are unwrapping, de-trending and interferograms scaling.
Unwrapping of the interferograms (i.e. conversion from ambiguous to
absolute phase) was carried out using the Snaphu algorithm (Chen
and Zebker, 2002). Most of the X-band and C-band interferograms
show good coherence for the arid Enclos Fouqué caldera but are poorly
coherent on the vegetated external flanks of the volcano (see examples
on Fig. 3 and Appendix A). As a consequence, the unwrapping algorithm
generally fails to properly unwrap these external flanks; they were thus
masked for all the subsequent steps of data processing. High spatial dis-
placement rates near the eruptive fissures (in the range of ~1 to
10 mm-m~ ) can also result in unwrapping errors on most of the X-
band and C-band interferograms. Due to their low resolution in the az-
imuth (~14 m), the two Interferometric Wide Swath (IW) Sentinel-1 in-
terferograms, spanning the February eruption, are significantly less
coherent than the other interferograms (Appendix A), we therefore de-
cided not to use them for the 3-D displacement component inversion.
By contrast, the ALOS-2 interferograms show an excellent coherence ev-
erywhere, even on the vegetated external flanks of the volcano and the
areas of high displacement rates (see examples on Fig. 3 and Appendix
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Fig. 3. Example of interferograms imaging displacement related to the February 2015 eruption. (a) TSX (X-band) descending interferogram spanning October 6, 2014 - March 9, 2015.
Note the low coherence outside the Enclos Fouqué caldera as well as for the displacement near-field and for the February lava flows (enlarged view at the top right). (b) ALOS-2
Spotlight (L-band) ascending interferogram spanning January 23, 2015 - February 6, 2015. The displacement near field is clearly visible on the enlarged view whereas the February
lava flows and the western part of the Dolomieu crater are not coherent. A complete phase cycle (red-blue-yellow) represents an increase in the Earth-satellite distance of 1.5 cm in

(a) and 11.8 cm in (b). Coordinates in kilometers (WGS84, UTM 40S).
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A), and can provide (in particular the ALOS-2 Spotlight interferograms)
an exceptional view of the near-field displacement.

The objective of the de-trending step is to reduce the possible contri-
butions of unwanted large wavelength interferometric signals, such as
atmospheric artifacts or residual orbital ramps in order to reference
the interferograms to a common zero phase origin. We de-trended
each interferogram by removing a three-degree regression polynomial
surface across the whole region of interest after masking the area affect-
ed by co-eruptive displacements and the low coherence areas. This sur-
face is assumed to account for the large wavelength phase variation as a
function of easting and northing. Removing or, at least, characterizing as
accurately as possible atmospheric artifacts in interferograms still re-
mains challenging on InSAR data analysis. Most of the approaches
(Zebker et al., 1997; Beauducel et al., 2000; Hanssen, 2001; Remy
et al.,, 2003, 2015; Li et al., 2006; Pavez et al., 2006; Puysségur et al.,
2007; Doin et al., 2009; Fournier et al., 2011; Pinel et al., 2011, 2014)
cannot be considered as universal solution, as they rely on specific geo-
graphic conditions or external data availability. At Piton de la Fournaise,
the main difficulty comes from the strongly turbulent character of the
atmosphere that makes inefficient the approaches based on the
phase-elevation relation. In absence of a better usable approach, we as-
sumed that both the interferograms de-trending and the use of a large
amount of independent interferograms for the 3-D displacement com-
ponents inversion contribute to the reduction of the atmospheric arti-
facts. A particular care was taken to accurately assess final
displacements uncertainty assuming that it reflects, among other fac-
tors, the uncorrected atmospheric artifacts.

The final scaling step converts phases to LOS displacement by multi-
plying by N/(4m), where \ is the wavelength of the radar wave (i.e. Ncsk
= 3.12 cm, Arsx = 3.10 cm, Ags2 = 5.55 cm, N\g; = 5.55 cm, Najos2 =
23.84 cm).

We then inverted maps of displacement components (EW, NS, and
vertical) for each eruption from the independent co-eruptive interfero-
grams using the following formulation (Wright et al., 2004):

-1
= —[P"x VT xP| <P x VT xR (1)

where {i is the column vector containing the EW, NS and vertical com-
ponents of displacement, P is the matrix containing the LOS unit vector
for the independent co-eruptive interferograms, R is the column vector
containing the LOS displacements measured from the independent co-
eruptive interferograms and V is the m x m full variance-covariance
matrix of the unwrapped, de-trended and scaled interferograms,
where m is the total number of independent interferograms for a partic-
ular eruption. The estimated variances range between 1.4 x 107> m?
and 2.4 x 103 m? with a mean value of 2.3 x 10~4 m? (Table 1) and
the covariances range between 7.8 x 10~ m? and 2.9 x 107> m2 V is
calculated on the same areas as for the polynomial surface calculation
at the de-trending step. It is used to weight the inversion. It also allows
producing an associated standard error map for each displacement map,
as estimated from the square root of the diagonal elements of the poste-
rior covariance matrix (Appendix B; Strang, 1986).

For each map, the displacement components were inverted on a
pixel-by-pixel basis, after eliminating, for each interferogram, pixels
whose coherence was below a fixed threshold and, for each whole inter-
ferometric dataset, pixels whose coherence standard deviation was
above a fixed threshold. This coherence standard deviation is also calcu-
lated on a pixel-by-pixel basis for each interferogram dataset. The
thresholds are fixed empirically (with coherence threshold = 0.33
and coherence standard deviation threshold in the range of 0.25 to
0.35). As a result, the number of independent LOS displacement data
retained for the 3-D component inversion can differ between adjacent
pixels. In order to limit this difference, all pixels with less than m—2
data available for inversion after thresholding were eliminated (i.e. m
= 9 for the February eruption, m = 10 for the May eruption, m = 8

for the July and m = 7 for the August eruption; Table 1; Fig. 2; Appendix
C). Finally, the missing areas, whose sizes do not exceed 2 pixels, were
interpolated by computing the median of nearest neighbors in a 5
x 5 pixel window.

2.2. GNSS

The GNSS (Global Navigation Satellite System) receiver network is
now the most developed deformation field network on Piton de la
Fournaise with 24 permanent stations, as 1) modern receivers can re-
cord data from multiple types of GNSS satellites, which increases the
overall accuracy of the calculated positions, and 2) accurate post-
processing increases the reliability of the method.

The OVPF receivers comprise 15 Topcon GB1000, 3 Trimble NetRS,
and 6 Trimble NetR9; 10 are installed on the terminal cone, 6 on the
eastern flank, and 8 outside the Enclos Fouqué caldera (for this study
we used only the ones located inside the coherent zones covered by
InSAR, see Fig. 1). Each receiver has a sampling rate of 30 s, and the
NetR9 receivers have a second session with a sampling rate of 1 s.
Data are automatically transmitted to the OVPF by WI-FI and post-
processed with the GAMIT/GLOBK software package (Herring et al.,
2010) to give daily mm-precision solutions. For these calculations,
GAMIIT uses i) the precise ephemerides of the international GNSS Ser-
vice (IGS); (ii) a stable support network of 20 IGS stations off La Réunion
Island scattered around the Indian Ocean islands and coasts; (iii) a test-
ed parameterization of the troposphere; and (iv) models of ocean load-
ing, Earth and lunar tides. Data are corrected from plate motion,
deduced from the REUN IGS station located 15 km to the west of the
summit and assumed not to be affected by any volcano deformation.

To complete and increase the density of GNSS measurements during
eruptions, a network of stainless steel benchmarks (75 in 2015) has
been established on the terminal cone. These benchmarks are measured
during GNSS static-rapid field campaigns after each magma intrusion
(Fig. 2; Table 2). The receivers used during the 2015 surveys were the
multi-frequency, multi-constellation ProMark 800 GNSS Surveying Sys-
tem from Ashtech. Due to the large number of benchmarks the acquisi-
tion time at each point is now limited to 3 min with a rate of 1
measurement per second. These data are post-processed with the Spec-
tra Precision Survey Office software and referenced to the permanent
GITG station located just outside of the north-western part of the Enclos
Fouqué caldera (~4 km from the summit; Fig. 1). Data precision mea-
sured by this rapid-static mode is about 2.5 cm horizontally and 4 cm
vertically (versus a few mm horizontally and 1-2 cm vertically on the
permanent recordings), which is good enough to study the large defor-
mation linked to dike injections.

3. Results

Deformation at Piton de la Fournaise occurred on two time scales,
with long-term low rates (the days or weeks preceding an eruption),
and short-term high rates (the minutes or hours preceding an eruption;
e.g. Peltier et al., 2009). In 2015, a low and nearly continuous long-term

Table 2
Dates (yyyy/mm/dd) of the static-rapid GNSS field campaigns, whose data are
used in this study.

Date (yyyy/mm/dd)
GNSS survey 2014/06/24 and 06/25
Start of the eruption 2015/02/04
GNSS survey 2015/02/09 and 02/16
Start of the eruption 2015/05/17
GNSS survey 2015/05/27
Start of the eruption 2015/07/31
GNSS survey 2015/08/10 and 08/11
Start of the eruption 2015/08/24
GNSS survey 2015/08/28 and 09/01
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Fig. 4. Time series plots showing (a) east-west, (b) north-south, (c) and vertical displacements recorded on the SNEG (in red) and FERG (in black) permanent GNSS stations (see the inset
for location) in 2015. Data are corrected for the plate motion. Gray shaded areas represent eruptive periods.

edifice inflation was recorded between each eruption by continuous
GNSS data (Fig. 4), and was inferred to be a sign of deep fluid transfer
that began in June 2014 (Peltier et al., 2016). Because of its low rate
(0.03-0.1 mm/day before February 2015 and up to 0.5-2.5 mm/day in
August 2015), this inter-eruptive edifice inflation was not well evi-
denced by InSAR. By contrast, the rapid strong deformation preceding
the eruption by a few minutes/hours is well captured by InSAR. We
thus focus below on the deformation linked to the eruptive periods.

3.1. Deformation pattern linked to the four 2015 eruptions

3-D displacements computed from interferograms provide east-
west, north-south and vertical displacement maps associated with the
four eruptions (Figs. 5, 6, 7, 8). For comparison, GNSS displacements
covering the same eruptions are plotted together as colored filled cir-
cles. Note that for the February eruption, we did not take into consider-
ation the data in the near-field of the low coherence areas located close

365

366 367 368
Easting (WGS84, UTM 405, km) Easting

366 367
(WGS84, UTM 405, km!

to the lava flows and eruptive vents (high standard error values in
InSAR, see Section 3.3 for more details).

Overall, for each eruption, the amplitude of the associated horizontal
and vertical displacements is decimetric and mostly distributed around
the eruptive fissures, and extending from the summit zone. Displace-
ments are well confined around the dike paths and do not extend very
far beyond their extremities. Instead, the deformation spreads laterally
to the dikes over a larger area (Figs. 5, 6, 7, 8), especially to the east.
This leads to a typical and systematic pattern of lateral dike-associated
ground deformation at Piton de la Fournaise: i.e. a clear asymmetry of
the displacements on either side of the dikes, with a preferential
eastward-seaward motion (e.g. Toutain et al., 1992; Sigmundsson
et al,, 1999; Froger et al., 2004; Fukushima et al., 2005, 2010; Peltier
et al,, 2007, 2008, 2009).

The February and August eruptions present roughly similar displace-
ment patterns, typical of displacement induced by intrusion of a ~NS
dike within the terminal cone, i.e. an asymmetric pattern with respect
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Fig. 5. Map of (a) east-west (b) north-south and (c) vertical displacements (in m) computed with InSAR data, covering the February 4, 2015 dike injection. The filled circles represent
(a) east-west (b) north-south and (c) vertical displacements, covering the same dike injection, recorded at the permanent GNSS stations (large filled circles) and during the static-
rapid GNSS field surveys (small filled circles). See Tables 1 and 2 for the precise dates of the satellite acquisitions and static-rapid GNSS field campaigns, respectively. For the
permanent GNSS, the displacements have been calculated for the mean period covered by the interferograms. The lava field emplaced during this eruption is outlined in red. Low-
coherence areas outside the Enclos Fouqué caldera are masked. Coordinates in kilometers (WGS84, UTM 40S).
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Fig. 6. Map of (a) east-west (b) north-south and (c) vertical displacements (in m) computed with InSAR data, covering the May 17, 2015 dike injection. The filled circles represent (a) east-
west (b) north-south and (c) vertical displacements, covering the same dike injection, recorded at the permanent GNSS stations (large filled circles) and during the static-rapid GNSS field
surveys (small filled circles). See Tables 1 and 2 for the precise dates of the satellite acquisitions and static-rapid GNSS field campaigns, respectively. For the permanent GNSS, the
displacements have been calculated for the mean period covered by the interferograms. The lava field emplaced during this eruption is outlined in red, and the previous 2015 one is
outlined in white. Low-coherence areas outside the Enclos Fouqué caldera are masked. Coordinates in kilometers (WGS84, UTM 40S).

to the ~NS eruptive fissures, with strong eastward and upward displace-
ments to the east of the eruptive fissure and low westward and vertical
displacements to the west. The May and July eruptions are more distal,
and regarding their displacement patterns they involve dikes oriented ~
N140°E and ~N30°E, respectively. However, the associated displace-
ments show the same general characteristics that were observed in Feb-
ruary and August: a clear asymmetric pattern with strong eastward and
upward displacement to the east of the fissures. In the case of the May
eruption, this general scheme is duplicated due to the activity of two
parallel eruptive fissures (signs of two en-echelon dike terminations
or the intrusion of two parallel dikes); the displacements associated
with the eastern fissure are significantly stronger and wider than
those of the western one, an observation consistent with the difference
of lava volume emitted by each fissure (Fig. 6).

For all events, amplitudes of horizontal displacements are greater
than vertical ones, and the EW displacements are greater that the NS
ones. The 3-D ground displacements do not exceeded 65 cm, the maxi-
mum (64 cm) being recorded in July 2015, ~800 m east of the eruptive
fissure (Fig. 7).
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3.2. Consistency between the GNSS and InSAR methods

To evaluate the consistency between the GNSS and InSAR datasets,
we retrieved the 3-D displacements derived from InSAR at the exact lo-
cation of each GNSS stations or benchmarks by interpolating InSAR data
with a Kriging regression.

We plotted the GNSS-InSAR residual values of the EW, NS and verti-
cal displacements associated with the four 2015 eruptions on Fig. 9. The
best results are found for the EW component, where, depending of the
event, 79 to 100% of the data have GNSS-InSAR residual values
<2.5 cm, and 96 to 100% of the data have GNSS-InSAR residual values
<5 cm (Fig. 9; Table 3). By contrast, the largest discrepancies for all
events are observed on the NS component, with 6% to 51% (depending
of the events) of the data showing GNSS-InSAR residual values
<2.5 cm (Fig. 9; Table 3). The worst results of the comparison are ob-
served for the NS component of the August 2015 dike injection, with a
mean discrepancy of 6.4 and 9.7 cm between displacements deduced
from InSAR and permanent and re-iterated GNSS data (i.e. static-rapid
GNSS surveys), respectively. For the vertical component, the mean
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Fig. 7. Map of (a) east-west (b) north-south and (c) vertical displacements (in m) computed with InSAR data, covering the July 31, 2015 dike injection. The filled circles represent (a) east-
west (b) north-south and (c) vertical displacements, covering the same dike injection, recorded at the permanent GNSS stations (large filled circles) and during the static-rapid GNSS field
surveys (small filled circles). See Tables 1 and 2 for the precise dates of the satellite acquisitions and static-rapid GNSS field campaigns, respectively. For the permanent GNSS, the
displacements have been calculated for the mean period covered by the interferograms. The lava field emplaced during this eruption is outlined in red, and the previous 2015 ones are
outlined in white. Low-coherence areas outside the Enclos Fouqué caldera are masked. Coordinates in kilometers (WGS84, UTM 40S).
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Fig. 8. Map of (a) east-west (b) north-south and (c) vertical displacements (in m) computed with InSAR data, covering the August 24, 2015 dike injection. The filled circles represent
(a) east-west (b) north-south and (c) vertical displacements, covering the same dike injection, recorded at the permanent GNSS stations (large filled circles) and during the static-
rapid GNSS field surveys). See Tables 1 and 2 for the precise dates of the satellite acquisitions and static-rapid GNSS field campaigns, respectively. For the permanent GNSS, the
displacements have been calculated for the mean period covered by the interferograms. The lava field emplaced during this eruption is outlined in red, and the previous 2015 ones are
outlined in white. Low-coherence areas outside the Enclos Fouqué caldera are masked. Coordinates in kilometers (WGS84, UTM 40S).

discrepancies between the two methods ranged between 1.7 and 4.3 cm
for the February and May 2015 events, and between 0.9 and 2.1 cm for
the July and August 2015 events. As for the two other components, the
comparison results for the vertical component are better with the per-
manent GNSS data than with the rapid-static GNSS data, with a mean
discrepancy of 0.9-2.9 cm and 2.1-4.3 cm, respectively.

Furthermore, a systematic shift between the InSAR data and the per-
manent GNSS data for February, May and August is observed, i.e. a west-
ward (InSAR < GNSS EW displacements) and upward shift (InSAR
> GNSS NS displacements; Fig. 9). This is not as clear on the static-
rapid GNSS data. For August, a clear southward shift between the
InSAR data and the static-rapid GNSS data is also observed (InSAR
< GNSS vertical displacements).

For the points located on the terminal cone, the GNSS-InSAR residual
values seem to correlate with elevation (Fig. D1 in Appendix D).

Such discrepancies between the two datasets could be attributed to
the errors associated with each method.

Contrary to GNSS, there is no standard procedure for InSAR uncer-
tainty mitigation since the uncertainties have various origins and are
specific to each case. We present below, in more detail, the derived-
InSAR displacement uncertainty obtained for our 3D displacement
calculation.

3.3. Derived-InSAR displacement uncertainty

3.3.1. InSAR displacement standard error maps

The InSAR displacement standard error maps, obtained as output of
the 3-D component inversion procedure (Appendix B), provide an esti-
mation of the displacement uncertainty derived from InSAR. They re-
flect all the inconsistencies between the interferograms used for each
eruption, weighted by the data variance-covariance matrix. The EW dis-
placement standard error maps are shown, for each eruption, in Fig. 10.
The NS and UD standard error maps are linearly proportional to the EW
ones and will not be described further here. The largest standard errors
occur in areas covered by recent lava flows. For instance, the lava field
emplaced in May 2015 is especially well visible on the July 2015 EW dis-
placement standard error map (Fig. 10c), and even remains visible on
the August 2015 one (Fig. 10d). For the February and May 2005 dis-
placement standard error maps, areas of strong standard error affect
the upper part of their corresponding lava flows (Fig. 10a, b).

For all four eruptions, the displacement standard error is always
larger on the Piton de la Fournaise terminal cone, suggesting some cor-
relation with elevation (Fig. D2 in Appendix D). A clear correlation also

exists between displacement standard error and the slope (Fig. D3 in
Appendix D).

For each eruption, we have analyzed the standard error in more de-
tail, considering both the entire Enclos Fouqué area and the area affect-
ed by co-eruptive displacements (i.e. the area inside the white contours
in Fig. 10). The mean standard error calculated for the EW, NS and UD
components on the entire Enclos Fouqué area ranges between 4.7 and
6.2 mm, 28.7 and 40.7 mm, and 5.9 and 9.5 mm, respectively
(Table 4), whereas the mean standard error calculated on the areas af-
fected by co-eruptive displacements is slightly higher (6.5 mm < Ogw
< 8.5 mm, 32.8 < Oys < 65 mm, and 7.4 mm < Oyp < 15 mm, respective-
ly); a result we attribute mainly to the fact that these areas include the
terminal cone. These standard errors can be regarded as estimators of
the InSAR 3-D displacement precision. However, in the case where in-
terferograms used for a particular eruption are biased in exactly the
same way by certain artifacts (e.g. some atmospheric components),
the corresponding standard error will be null. So, to obtain a view
as complete as possible of the InSAR displacement uncertainties we
also carried out a statistical analysis of the 3-D displacement compo-
nents far-field, where the co-eruptive displacements are supposed to
be null (i.e. the areas outside the white contours in Fig. 10). Thus, we
obtained both an estimator of the InSAR displacement accuracy and a
second estimator of the displacement precision (i.e. the mean and
the standard deviation of the displacement far field, Table 4). The
two precision estimations are generally very close (mean difference
of ~3 mm). The accuracy estimate is very good with a mean displace-
ment for the area supposedly unaffected by co-eruptive displace-
ment ranging between 0 mm and 0.8 mm, apart from the NS
displacements of the July 2015 eruption, which present a systematic
bias of about 5.6 mm.

3.3.2. Geometric dilution of precision

In order to quantify the influence of the InSAR dataset geometry on
the precision of the inverted 3-D displacement components, we also cal-
culated, for each eruption, the geometric dilution of precision (GDOP)
for different configurations of the dataset using the following formula-
tion (Strang and Borre, 1997; Wright et al., 2004; Table 4; Table E1 in
Appendix E):

Y=o PP )

where the GDOP values for the EW, NS and UD components are given by
the square root of the diagonal terms of 3, when o is set to 1. g is the
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Fig. 9. GNSS-InSAR residual values (in m) of the east-west, north-south and vertical displacements associated with the four 2015 eruptions, and the associated histogram distribution (in
red: permanent GNSS data, in black: static-rapid GNSS data). For a better comparison, the scale of the color bar is the same for each inset, leading to some color saturation, especially for the

NS component. Coordinates in kilometers (WGS84, UTM 40S).

standard deviation of errors in the independent co-eruptive interfero-
grams. P is the matrix containing the LOS unit vector for the indepen-
dent co-eruptive interferograms.

Not surprisingly, the precision of the inverted 3-D displacement
components correlates approximately with the GDOP values (i.e.
the lowest the GDOP, the highest the precision of the inverted 3-D
displacement components). The three last eruptions of 2015 have
significantly lower GDOP than that of the February eruption
(Table C1 in Appendix E). These differences in GDOP are linked to
the presence of ALOS-2 data, acquired with left-looking radar
antenna, in the three datasets used for the inversion of the May,
July and August 3-D displacement components, while all the data
used for February were only acquired with right-looking radar
antennas.

4. Discussion

4.1. Ground displacement pattern associated with the 2015 eruptions at Pi-
ton de la Fournaise

The ground deformation pattern associated with the dike emplace-
ments feeding the four eruptions of 2015 at Piton de la Fournaise are
typical of this volcano. Dikes always initiate from the shallow magma
feeding system located below the summit of the volcano (e.g. Peltier
etal., 2009), and the associated ground displacements thus always radi-
ate from the summit borders (Figs. 5, 6, 7, 8). During their opening and
migration, dikes can be caught by one of the rift zones (Fig. 1) and can
propagate laterally, generating flank displacements, as observed during
the four eruptions of 2015; over a very short distance in February (to the
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Table 3
Discrepancy between GNSS and InSAR data. For each eruption and each component (east-west: E, north-south: N, vertical: U) the percentage of data with a residual <2.5 cm and 5 cm
between GNSS and InSAR methods is reported. The mean discrepancy (in cm) between the two methods is also reported.

Res<2.5cm Res <2.5 cm Res < 2.5 cm Res<5cm Res<5cm Res<5cm Mean discrepancy
E comp. N comp. U comp. E comp. N comp. U comp. ENU (in cm)
(in %) (in %) (in %) (in %) (in %). (in %)
February 2015
GNSS survey 86 19 27 97 32 59 157142
Permanent GNSS 100 36 36 100 64 91 115229
May 2015
GNSS survey 79 51 34 96 72 70 1.73.843
Permanent GNSS 100 50 75 100 83 100 053217
July 2015
GNSS survey 93 44 69 100 73 96 114221
Permanent GNSS 83 25 83 100 58 100 144413
August 2015
GNSS survey 100 6 66 100 17 93 0.89.72.1
Permanent GNSS 92 25 92 100 50 100 1.06.40.9
<
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Fig. 10. Displacement standard error maps, for the EW component, as estimated from the square root of the diagonal elements of the posterior covariance matrix (Appendix B, Strang,
1986). (a) February 2015 eruption; (b) May 2015 eruption; (c) July 2015 eruption; (d) August 2015 eruption. White contour delineates outer and inner zones considered for
calculation of mean standard errors and mean displacement reported in Table 4. Dark blue corresponds to low-coherence masked areas. Coordinates in kilometers (WGS84, UTM 40S).
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Table 4
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Mean standard errors and mean displacements in meters for each 2015 eruption and each component. All standard errors are given for 1 0. &4 &4 & are the geometric dilution of precision
of the EW, NS and UD components estimated for o = 1, o being the standard error on the unwrapped, de-trended and scaled interferograms.

February 2015

May 2015

July 2015

August 2015

Mean EW standard error, entire zone

Mean EW standard error, inner zone

Mean EW displacement and StD, outer zone
Ex

Mean NS standard error, entire zone

Mean NS standard error, inner zone

Mean NS displacement, and StD outer zone
gy

Mean UD standard error, entire zone

Mean UD standard error, inner zone

Mean UD displacement and StD, outer zone

0.0047 + 0.0032
0.0074 + 0.0053
—0.0001 + 0.0045
0.5

0.0407 + 0.0300
0.0650 + 0.0500
—0.0001 + 0.0400
6.66

0.0095 + 0.0068
0.0150 £+ 0.0112
0.0002 + 0.0094

0.0053 + 0.0034
0.0065 + 0.0050
0.0000 + 0.0058
0.56

0.0304 + 0.0199
0.0378 + 0.0300
0.0006 + 0.0342
3.04

0.0059 + 0.0038
0.0074 + 0.0057
0.0002 + 0.0063
0.61

0.0060 =+ 0.0038
0.0068 + 0.0042
—0.0003 + 0.0073
0.52

0.0287 4+ 0.0191
0.0328 + 0.0216
0.0056 + 0.0368
2.54

0.0069 =+ 0.0042
0.0079 + 0.0047
0.0008 + 0.0088
0.62

0.0062 + 0.0058
0.0085 + 0.0080
—0.0004 + 0.0068
0.55

0.0306 =+ 0.0488
0.0433 £+ 0.0715
—0.0006 + 0.0445
3.03

0.0090 + 0.0116
0.0126 + 0.0168
—0.0004 + 0.0120
0.65

€ 1.59

S), and longer ones in May (to the SE), July (to the N) and August (to the
S).

The asymmetric displacement pattern observed for the 2015 erup-
tion is also recurrent at Piton de la Fournaise. Inversion modeling of
GNSS or InSAR data linked to these eruptions or previous ones in a pure-
ly elastic medium reveals the involvement of dikes with a low dip to the
east (e.g. Froger et al., 2004; Fukushima et al., 2005, 2010; Peltier et al.,
2007,2009; Samsonov et al., 2017). But this shape is not necessarily rep-
resentative of the reality. Indeed, the eastern flank, opened toward the
seq, is known to be unstable, and to undergo continuous sliding even
during rest periods (e.g. Brenguier et al., 2012; Peltier et al., 2015;
Staudacher and Peltier, 2016). Got et al. (2013) used elasto-plastic
modeling to explain this pattern, due to the effect of the rock rheology
and strength. During dike injections, stress accumulated up to the plas-
tic threshold of the medium, leading to large eastern seaward flank mo-
tion. This strain weakening can also arise from shearing along a planar
structure (e.g. Chaput et al., 2014). This pattern seems to have been
present for a long time, at least for 1950-2015, a period during which
a total of 9.2 + 2.5 m eastward seaward displacement has been record-
ed to the east of the summit compared to a total of 1.3 4 2.5 m to the
west (Derrien et al., 2015).

In 2015, maximum ground displacements were observed during the
July dike injection. This eruption was the most distant of the four 2015
events (~2600 m from the Dolomieu crater northern rim), and recorded
the highest mean output rates at the surface (~7.7 m>/s versus 1.4-
6 m>/s for the three other events; Peltier et al., 2016). This reveals that
a higher overpressure was involved in the dike injection toward the sur-
face, which was likely at the origin of the greater ground displacements
at the surface.

4.2. Agreements and disagreements between the methods

The comparison we made between ground displacements derived
from InSAR and GNSS field receivers are in overall good agreement
(with most of the residuals <2.5 cm for the EW component and <5 cm
for the vertical component, thus within the error bar of each method;
Table 3), except for the NS component. The north-south component is
the least sensitive to ground displacement for near-polar orbiting satel-
lites. As described in the “Methods” section, the low heading angles of
radar satellites make the NS component difficult to determine with a
high degree of accuracy. This leads to large discrepancies on this compo-
nent, generally of >5 cm (Fig. 9, Table 3) although the use of left-looking
images has made it possible to improve significantly the NS component
precision.

4.2.1. Influence of the distinct periods considered for each datasets
Various sources of errors can explain the discrepancy between GNSS
and derived-InSAR data. The most obvious is the distinct periods

covered by each dataset (Fig. 2; Tables 1, 2). Combining interferograms
covering different periods is already an intrinsic source of uncertainty in
InSAR measurements. Inter-eruptive displacements in 2015 were low
(often <2 cm of cumulated displacement in the month preceding an
eruption; Peltier et al., 2016) compared to the co-intrusive ones, so
most of the displacements mapped on Figs. 5, 6, 7, 8 were generated
during the dike injection toward the surface, that preceded the eruption
by a few minutes/hours. However, we used the permanent GNSS sta-
tions to test the influence of the different periods on the results by com-
paring InSAR-derived data with different periods of GNSS data
(minimum extreme dates, maximum extreme dates, mean dates of
the InSAR dataset used to process the displacement maps, Table 1).
Our results confirm that the integration of a few days/weeks of inter-
eruptive period does not affect the quality of our comparison (see Ap-
pendix F). Note that the GNSS-InSAR residual values are most often
lower for the GNSS permanent data than for the GNSS survey data
(Table 3). Our test shows that this is most probably linked to differences
in precision rather than to the distinct periods covered by the two
datasets; because of the short time acquisitions of the measurements
during the static-rapid GNSS surveys (only 3 min compared to continu-
ous acquisition for daily solutions from the permanent stations), the
precision is lower (a few cm) than that for the GNSS permanent station
measurements (a few mm).

Thus, having excluded the hypothesis on the distinct periods cov-
ered by the two datasets, the error sources must be attributed to the
methods themselves. This concerns mainly uncorrected atmospheric ef-
fects in InSAR (see below) and larger errors on the vertical GNSS compo-
nent (most of the GNSS-InSAR residuals are <5 cm on the vertical
component, whereas most are <2.5 cm on the EW component;
Table 3). Due to the limited perspective of the satellites from which
the height is measured, the vertical component of GNSS data is often
two to five times less accurate than the horizontal one. In the same
way, the accuracy of the vertical component deduced from InSAR is al-
ways lower because the ground surface is only viewed from above.

4.2.2. Origins of InSAR displacement uncertainty

For a given eruption, the interferograms can cover different time pe-
riods resulting in at least two possible sources of inconsistency:
(i) inter-eruptive displacement recorded over different time periods
(even if inter-eruptive displacement was low during the considered pe-
riods, Fig. 4), and (ii) different uncorrected atmospheric artifacts. In ad-
dition, the interferograms can have different sensitivity to topography,
depending on their perpendicular baseline (Massonnet and Feigl,
1998). This effect induces inconsistencies between interferograms in
the same dataset and thus a strong standard error on the 3-D displace-
ment components. As a result, any topographic error in the DEM will in-
duce an inconsistency in the interferometric dataset. The correlation
between InSAR displacement standard errors and the local slope
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(Fig. D3 in Appendix D) could be explained by a possible mismatch in
the georeferencing of some interferograms, inducing topographic resid-
uals, which are particularly marked where the slopes are locally steep.
Other inconsistencies can come from unwrapping errors or from poorly
coherent areas that have not been properly masked.

The high standard errors observed in the near-field of the eruptive
vents, lava flows or inside the Dolomieu crater are directly linked to
unwrapping problems due to incoherence; either because of phase
aliasing where the displacement gradient is too strong, or new lava
flow emplacements, landslides or rockfalls inside the Dolomieu crater
(Fig. 10). This explains the discrepancy observed close to the eruptive
vents and lava flows in May 2015 (Figs. 6, 9). For the specific case of re-
cent lava flows, the high standard errors result from both (i) contraction
and subsidence of lava flows imaged at different stages by each interfer-
ogram and (ii) loss of coherence due to lava flow emplacement that, in
some places, has not been properly masked.

The increase in standard error on the terminal cone correlated with
the relief - especially above an altitude of 2100-2200 m (Fig. 10; Appen-
dix D) - could be explained by the effect of possible residual atmospher-
ic artifacts that have not been properly corrected for in some
interferograms. Indeed, (i) the atmospheric component is often partially
correlated with elevation for volcanic edifices (Beauducel et al., 2000;
Remy et al., 2015), (ii) our de-trending procedure only allows the larg-
est artifacts to be removed, and (iii) the terminal cone zone is always
masked during the de-trending procedure. Another explanation would
be the effect of a negative gradient of the interferometric coherence ver-
sus elevation on the terminal cone. We observed a coarse negative cor-
relation between coherence and elevation between 2200 m and 2600 m
(~elevation of the terminal cone) for the last three eruptions of 2015
(Appendix D). It is less marked for the February 2015 eruption. Such a
negative correlation could be explained by changes in the geometric
or dielectric properties of the scatterers on the ground surface that
could be dependent on the elevation and/or the distance to the summit
craters. For example, the changes in soil moisture can be influenced
both by the precipitation regime and the proportion of cinder and scori-
aceous material constituting the soil, two factors that can vary as a func-
tion of both elevation and distance from the summit.

Such residual atmospheric artifacts and negative gradients of the in-
terferometric coherence versus elevation would be at the origin of the
systematic shifts observed between the InSAR and the permanent
GNSS data on the terminal cone (Fig. 9).

4.3. Possible improvements

The use of InSAR data with multiple acquisition geometries, and in
particular left-looking data, allowed us to obtain precision on the NS
component close to that of the rapid-static GNSS data (standard error
of between 2 and 4 cm for the NS displacements calculated with the
dataset including left-looking data, compared to between 4 and 6 cm
without this additional data, Table 4). However, the precision on the
NS InSAR component remains about 4 to 6 times lower than that on
the EW and UD components, respectively. The pixel offset tracking
method, by SAR amplitude image correlation, has been demonstrated
to be efficacious in the determination of the NS component in the case
of large displacements (Wright et al., 2006; Grandin et al., 2009). In
our case, however, where the maximum NS displacements are about a
few tens of cm, the theoretical accuracy of this technique - in the
order of one tenth of the spatial resolution, i.e., here about half a
meter - is clearly inadequate. The Multiple-Aperture Interferometry
(MAI) provides an alternative approach for the characterization of the
NS component. This method is based on the formation of one
forward-looking and one backward-looking image from one SAR
image by sub-aperture processing techniques (Bechor and Zebker,
2006; Jung et al., 2009). By calculating the phase difference between a
forward-looking and a backward-looking interferogram, it is then possi-
ble to image the displacement in the along-track direction (i.e. a

direction much more sensitive to NS displacement than the across-
track direction) with a theoretical accuracy about three times better
than that of the pixel offset tracking method (Pinel et al.,, 2014). In our
case, the MAI approach is a particularly attractive alternative due to
the availability, for all the 2015 eruptions, of ALOS-2 spotlight data. In
this acquisition mode, the antenna is steered, as the satellite moves, in
order to illuminate the same target on the ground, so that the first half
of the acquisition is made forward-looking and the second half
backward-looking. With an azimuth resolution of about 1 m, one
could theoretically expect a final accuracy on the NS displacement com-
ponent in the order of a few cm.

Grandin et al. (2016) have recently demonstrated the possibility to
retrieve the full 3-D displacement field associated with the 2015
M,,8.3 Illapel earthquake (Chile) from IW Sentinel-1 data, combining
both classical across-track interferometry and burst overlap interferom-
etry. Burst overlap interferometry consists in determining the along-
track component of ground displacement from the double-difference
between backward- and forward-looking interferograms within regions
of burst overlap in IW Sentinel-1 data. As overlap regions represent
about 10% of the burst length, Grandin et al. (2016) had to interpolate
between successive burst overlaps to obtain a continuous along-track
displacement field. This approach only characterizes the largest wave-
lengths of the displacement field. In our case, since Piton de la Fournaise
is entirely covered by only one to two Sentinel-1 bursts (depending the
pass), burst overlap interferometry is clearly not adapted to measure co-
eruptive displacement, which the spatial distribution typically ranges
from few hundred of meters to some kilometers.

The ALOS-2 data could also be used more optimally than we have
done here to determine the near-field displacement. In our current pro-
cessing chain, we have used a unique coherence mask for all the inter-
ferograms in each dataset. This leads to loss of the near-field
displacement, an area in which the ALOS-2 data provides exceptional
information, but the X-band and C-band data are generally poorly co-
herent or at least difficult to unwrap properly. One solution could be
to perform a more adaptive masking of the data and/or to use the infor-
mation provided by ALOS-2 data to improve the unwrapping of X-band
and C-band interferogams in the near-field.

Another way to improve determination of the 3-D displacement
components is obviously by trying to reduce the atmospheric compo-
nent in InSAR data, especially on the terminal cone. The usual approach,
consisting of removing the correlated part of the atmospheric compo-
nent using an empirical relation between phase and elevation (Remy
et al,, 2003; Lin et al., 2010; Shirzaei and Burgmann, 2012), is not useful
here since there is no other relief on Piton de la Fournaise with the same
elevation range as that of the terminal cone that could be used to adjust
the empirical phase-elevation relation. An alternative solution is to ex-
ploit the data provided by the dense GNSS permanent network to per-
form 3-D tomography of the atmospheric phase delay (e.g. Wadge
et al., 2002; Webley et al., 2002). Although this solution is an obvious
way of making the best synergistic use of the GNSS and InSAR data at
Piton de la Fournaise, it has not yet been implemented into a fully oper-
ational procedure. It appears as particularly promising to assess atmo-
spheric artifact on the terminal cone, where the GNSS network is
relatively dense with a mean distance of about 2 km between stations.
In contrast, at the scale of the whole Piton de la Fournaise edifice, the
mean distance between GNSS stations is ~7.3 km, so that one may ex-
pect to be able to correct by this way only the largest wavelengths of
the atmospheric component.

Finally, the InSAR displacements can also be corrected for possible
systematic bias by using the permanent GNSS data as a reference.

4.4. Complementarity of the InSAR and GNSS methods
In spite of its limitations discussed above and the future improve-

ments needed, InSAR is a powerful tool to map ground deformation in
volcanic areas, as has already been shown in many cases in the past at
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Piton de la Fournaise, and elsewhere (e.g. Massonnet et al., 1993;
Massonnet and Feigl, 1998; Jonsson et al., 1999; Dzurisin, 2000; Froger
et al,, 2001, 2004; Yun et al., 2006; Wauthier et al., 2009; Pinel et al.,
2011, 2014; Brunori et al,, 2012; Catry et al., 2015).

InSAR is especially well suited when ground displacement gradients
are in the range of ~1 x 1072 to 1 mm-m~ ! and display a progressive
pattern, as observed during dike injections in basaltic volcano areas.

InSAR offers clear advantages in the absence of a dense monitoring
network, whether on the eccentric areas of field networks or on volca-
noes not monitored by ground instruments. For instance, in May
2015 at Piton de la Fournaise most of the permanent stations and re-
iterated benchmarks were outside the deformation pattern, except the
SE quarter of the terminal cone (Fig. 6). Such a pattern of huge deforma-
tion outside the field networks was already observed in April 2007,
when an eastward motion of up to 1.4 m was detected by InSAR on
the eastern flank, which was not equipped at that time with permanent
GNSS receivers (Clarke et al.,, 2013; Froger et al.,, 2015).

The high spatial resolution of InSAR data is particularly useful to cre-
ate a reliable numerical model of the displacement source. However,
InSAR data generally provides a final view of the displacement that
does not offer the possibility to assess how the source grew and propa-
gated to the surface. By contrast, thanks to their high and continuous ac-
quisition frequency, the permanent GNSS data provide clues as to the
dynamics of magma transfer to the surface. So the two methods are
very complementary. An efficient synergy between the two methods
is to firstly use the InSAR data in order to fix, by a numerical modeling
approach, the final geometry of the displacement source, and then in-
corporate the GNSS data to determine, for each time step, which part
of this final geometry was subject to overpressure.

5. Conclusions

This paper is one of the first detailed studies to assess the reliability
and consistency of the InSAR and GNSS techniques for measuring 3-D
ground displacements on volcanoes during rapid changes. Our study
confirms the consistency and the complementarity of the two methods
to characterize (i) the ground deformation distribution at high spatial
resolution (InSAR), and (ii) the dynamism (GNSS) associated with erup-
tive activity. Our evaluation carried out on the Piton de la Fournaise vol-
cano allows us:

- to improve the precision of the InSAR-resulting 3-D data by the use
of InSAR data with multiple acquisition geometries, and in particular
left-looking data;

to describe in detail the deformation pattern associated with the four
2015 eruptions, i.e. decimeter ground displacements asymmetrically
distributed along the dike path, evidencing a preferential eastward
motion;

to quantify the discrepancies between InSAR and GNSS: apart from
the NS component, InSAR and GNSS data are in overall agreement
(most of the GNSS-InSAR residuals are <2.5 cm and <5 cm on the
EW and vertical component, respectively, i.e. within the error bar
of each method). Most of the discrepancies on the terminal cone
would be attributed to uncorrected atmospheric effects.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2017.03.027.
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