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The andesitic volcanic islandWhakaari (White Island) explosively erupted on 9 December 2019.White Island is a
popular tourist destination, and 47 peoplewere on the island at the time. Twenty-one died, and a further twenty-
six people suffered injuries. Persistent scatterer (PS) interferometrywith synthetic aperture radar (SAR) is a pow-
erful satellite-based remote sensing tool to monitor land deformation associatedwith volcanic unrest. This study
examined deformation on White Island over the eruption period and identified a dome on the crater floor that
inflated for 15 months preceding the eruption, consistent with a previous analysis of TerraSAR-X satellite data.
Results here show the dome began to collapse after 25 November, about two weeks prior to the eruption. This
finding has immediate relevance for ongoing hazardmonitoring atWhite Island and other volcanoes worldwide
where sudden dome contraction may presage an eruption.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Whakaari (White Island) is the exposed summit of an active strato-
volcano located ∼50 km offshoreWhakatane, New Zealand (Nairn et al.,
1996) (Fig. 1). Frequent episodes of unrest are usually associated
with crater floor deformation (Hamling, 2017; Fournier and Chardot,
2012; Peltier et al., 2009), increased seismicity (Sherburn et al., 1998)
and gas emissions (Giggenbach, 1987). Recent activity is character-
ised by high temperature fumarolic emissions (Harvey et al., 2015;
Giggenbach, 1987; Clark, 1973), and episodic phreatomagmatic erup-
tions inferred to originate at shallow depths (<1.0 km) (Walsh et al.,
2019; Jolly et al., 2017; Nishi et al., 1996); leveling data recorded since
the 1960’s indicates crater-floor deformation results from shallow
(10’s – 100’s of meters) hydrothermal activity (Fournier and Chardot,
2012; Peltier et al., 2009; Clark and Otway, 1989), rather than deeper
magmatic processes.

Prior to December 2019, the most recent eruption of White Island
occurred on 27 April 2016. The eruption was preceded by a period of
heightened volcanic tremor and lowering of crater lake water level,
but two Global Navigation Satellite System (GNSS) monitoring stations
on the island showed no deformation either before or after the eruption
(Hamling, 2017).

Interferometric synthetic aperture radar (InSAR) monitoring
showed the crater floor was stable from mid-2017 to early-2018, then
acceleration of crater floor inflation beginning mid-2018 (see A4 and
D4, Fig. 4 in Hamling, 2020; Cao et al., 2020). Real-time seismic ampli-
tude measurements (RSAM) showed an increasing trend from June
2019 (Park et al., 2020). On 18 November 2019 an alert bulletin re-
ported an increase in magmatic degassing (SO2) and volcanic tremor
(weak to moderate strength), but no change in the locations and fre-
quency of earthquakes near the island (Geonet, 2019).

White Island explosively erupted 9 December 2019. 47 people were
on the island, of which twenty-one died, and twenty-six suffered inju-
ries. Many injured suffered serious burns after being covered in hot
ash. This event illustrates the necessity of efficient and safe monitoring
of volcanoes, especially those with a large number of visitors.

In this study Sentinel-1 data is processed using the StanfordMethod
for Persistent Scatterers (StaMPS) (Hooper et al., 2012), an established
method for time series analysis of InSAR data (Osmanoğlu et al., 2016)
that was previously used to map deformation in the Taupo Volcanic
Zone (TVZ) related to hydrothermal depressurisation (Harvey et al.,
2019; Hamling et al., 2016). The StaMPS method identifies persistent
scatterers (PS), surface objects that reflect incoming radar signals with
stable phase characteristics in space and time (Hooper et al., 2004). PS
methods such as StaMPS allow the motion of each PS to be very pre-
cisely measured (~ mm/year), and ground deformation to be mapped.

2. Sentinel-1 processing workflow

Processing of Sentinel-1 data was conducted using open source soft-
ware including the Sentinel Application Platform (SNAP - ESA Sentinel
Application Platform v 7.0.0, http://step.esa.int) and StaMPS (Hooper
et al., 2012). In StaMPS analysis, interferograms are formed between a
single primary image and a number of secondary images acquired on
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Fig. 1.Digital surfacemodel ofWhite Island, New Zealand (modified after Kilgour et al., 2019).White dash line shows tourist trail from boat landing into crater. White circles show datum
areas (StaMPS processing reference areas). Arrows show Sentinel-1 satellite look-angles for ascending and descending tracks. Map grid units aremeters (WGS84). Solid black area at cen-
tre is the crater lake.
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different dates. The first stepwas to extract the study area from satellite
data using SNAP, which reduced the size of data and decreased
processing time.

The second step was to compute individual interferograms using
SNAP, combining the single primary image with secondary images.
The resulting stack of interferograms were input to StaMPS for PS anal-
ysis. StaMPS then outputs time series and velocity for all PS in the area of
analysis for the time interval of observation. Three tracks were proc-
essed, each of which provide separate time series of ground deforma-
tion. In addition, each track was processed twice giving longer and
shorter stacks (Table 1). The purpose of the longer stackswas to provide
a longer record of deformation (back to mid-2018). The purpose of the
shorter stackswas to decrease temporal decorrelation (Malinverni et al.,
2014), thus increasing spatial density and coverage of PS.

Velocitieswere reported relative to two reference areas (datums) on
White Island. The first datum was based on the average motions of PS
within a 100m radius of theWhite Island Crater Floor GNSS continuous
monitoring station (RGWC) (Fig. 1). RGWC has shown no long-term
trend in vertical motion since mid-2018 (Fig. 2A) (Geonet, 2020a). A
common datum allows combination of LOS motions from ascending
and descending tracks to estimate vertical and eastward velocities
(Manzo et al., 2006). The second datum was based on the average mo-
tions of PS within a 100 m radius area on the north flank of the volcano
(Fig. 1). This provided a frame of reference external to the crater floor,
2

which improved sensitivity to short-term motions on the crater floor.
Vertical time series for RGWC showed the short-term signal was unsta-
ble (average daily elevation change of 4mmover the study period) (Ap-
pendix A, Fig. S1). Following StaMPS convention, time series units are
millimetres, with a positive slope indicating LOS motion towards the
satellite.

Atmospheric effects correlatedwith topographywere previously ob-
served on large stratovolcanoes (e.g. Mt Etna and Mt Llaima), visible in
interferograms as concentric fringes centred on the volcanic edifice
(Parker et al., 2015), however no such fringes are visible inWhite Island
interferograms (interferograms and time series are provided as supple-
mentary data, Appendix A). Stratigraphic atmospheric effects are
caused by vertical stratification of atmospheric moisture in areas of sig-
nificant topographic relief (Parker et al., 2015). However, White Island
has very small subaerial relief and area (300 m/4 km2) compared to
Mt Etna (3000m/1000 km2) or Mt Llaima (2000m/300 km2). Although
stratified effects are considered extremely unlikely at White Island,
StaMPS processingwas undertakenwith filtering to address noise com-
ing from possible atmospheric disturbance (Hooper et al., 2012).

Interpolation of PS velocity point data was undertaken by ordinary
kriging using SAGA (System for Automated Geoscientific Analyses),
which provided LOS deformation maps for ascending and descending
tracks. Omnidirectional variograms show smooth upward slopes and
were modelled for kriging (variograms are provided in Appendix A,



Table 1
Sentinel-1 satellite data.

Track pass Stack size First image Last image Track Sub-Swath Burst

73 44 2/08/2018 12/01/2020 Descending IW1 6 to 7
73 20 17/05/2019 12/01/2020 Descending IW1 6 to 7
175 44 9/08/2018 19/01/2020 Descending IW3 2 to 3
175 20 24/05/2019 19/01/2020 Descending IW3 2 to 3
8 44 4/08/2018 14/01/2020 Ascending IW2 5 to 6
8 20 19/05/2019 14/01/2020 Ascending IW2 5 to 6
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Fig. S2). The smooth slopes confirm spatial autocorrelation (Moran,
1950), and the applicability of kriging to interpolate the normally-
distributed datasets.

Ascending and descending deformation maps were combined in
QGIS (Raster Calculator tool) to provide approximate vertical displace-
ment (dz) (see Eq. 2 in Manzo et al., 2006):

dz ≈
ðdLOS Desc þ dLOS Asc=2

cosθ
ð1Þ

similarly, the east-west displacement component (deast) was estimated
(see Eq. 1 in Manzo et al., 2006):

deast ≈
ðdLOS Desc−dLOS Asc=2

sin θ
ð2Þ

Where dLOS_Desc is LOSmotion from the descending pass, dLOS_Asc is LOS
motion from the ascending pass, and θ is the average elevation angle
(radians) for descending and ascending passes. The above equations as-
sume: i) no north-south motion, ii) the same elevation angles at White
Island for ascending and descending satellite passes (actual angles are
33.4° and 36.7° for track #8 and #175 respectively), and iii) the LOS ve-
locity is constant in time. Error relating to the final assumption is
minimised by restricting calculation of vertical and eastward motion
to separate periods; a pre-eruption period (green area Fig. 2) and an
eruption period (orange area Fig. 2), where time series are approxi-
mately linear (i.e. velocity is constant).

3. Deformation onWhite Island

RGWC-datum PS maps for the 15-month pre-eruption period (Au-
gust 2018 – November 2019, green area of time series in Fig. 2) show
zones of contrasting LOS motion (east-lake and west-lake zones,
Fig. 2). Ascending and descending tracks were combined to solve for
vertical and horizontal motion and confirm the zones (Fig. 3A & C).
The vertical deformation map (Fig. 3A) was used to create the zone
boundaries. Time series (Figs. 2 and 5) are based on the average of PS se-
lected from the east-lake zone. Similar opposing zones were previously
observed at White Island following the 2016 eruption (see Fig. 4 in
Hamling, 2017). The vertical deformation map shows the east-lake
zone is an inflating dome (Fig. 3A), consistent with the ‘inflation source’
from Hamling (2017) (white parallelogram in Fig. 2 of that study).
Hamling (2017) attributed the inflation to pressurisation of the shallow
hydrothermal system. Thewest-lake zone subsides (Fig. 3A) andmoves
eastward (Fig. 3C), as previously observed in the southwest crater fol-
lowing the 2016 eruption and loss of lake water (Hamling, 2017). Mo-
tion in east-lake and west-lake zones agrees with a more recent
TerraSAR-X based study that reported east-lake inflation, and west-
lake slope collapse during 2019 (Hamling, 2020, see Fig. 4 in that
study). The subsidence of the west-lake zone may have been captured
by the nearby RGWI GNSS station, which showed downward motion
from mid-2019 (Fig. 2C) (Geonet, 2020b).

Vertical (Fig. 3B) and horizontal (Fig. 3D) motions were estimated
for the eruption period (November 2019 – January 2020, orange area
of time series in Fig. 2), which shows reversal of motion for east-lake
and west-lake zones; vertical deformation shows the dome collapses
and the previously subsiding west-lake zone changes to uplift
3

(Fig. 3B). The dome collapse suggests depressurisation of the shallow
hydrothermal system occurred during the eruption period.

A similar reversal of horizontal motions is observed; the ‘inflation
source’ area reverses to eastward motion, while the west-lake zone
moves westward (Fig. 3D). The reversal may be caused by intrusion of
magma beneath the crater lake area, displacing surrounding volumes
and surfaces upward and outward, away from the central conduit.
This could also explain the obvious uplift of the west-lake area
(Fig. 3B), and more widespread (but subtle) inner-crater uplift zone
that surrounds the deflatingdome (Appendix A, Fig. S4). Amagmatic in-
trusion is supported by the appearance of lava (January 2020) in crater
vents created by the eruption (Geonet, 2020c).

Eruption period deformation maps (Fig. 3B and D) are based on lin-
ear regression of a shorter (2.5 month) section of the time series, with
greater standard deviations (orange area of time series in Fig. 2). Ac-
cordingly, velocities in the eruption period deformation maps are
more approximate than for the pre-eruption deformation maps
(Fig. 3A and C). However, maps derived from tracks #8 and #73 are
nearly identical, showing both vertical and horizontal reversals (Appen-
dix A, Fig. S3), which supports the observation of reversal described
above.

Cumulative displacement for the domewas determined by integrat-
ing vertical velocity over the 15-month pre-eruption period (Appendix
A, Fig. S5), then used to invert for depth and volume of the inflation
source (Mogi, 1958). A Monte-Carlo simulation (1000 realisations)
minimised square misfit between observed and calculated displace-
ments (Fig. 4). This gave estimates of depth (~100 m) and volume
(~1500 m3) for the inflation source, similar to a previous estimate
(100 m and 2500m3 respectively) (Hamling, 2017).

The persistence of PS through the eruption event shows the dome
was not totally destroyed by the eruption, which would have resulted
in severe or total temporal decorrelation. However, all time series
show a slope decline and large increase in standard deviation immedi-
ately following the eruption (Fig. 2). The decline is caused by the
rapid, coordinated motion of PS in the dome area, with average motion
downward (Fig. 3B) and eastward (Fig. 3D). The increase in standard
deviation is consistent with scattering of PS elevations as the previously
curved dome (Fig. 4) is deformed to a more uneven surface.

4. Pre-eruption signal (November – December 2019)

To search for a possible pre-eruption signal on the dome, StaMPS
processing was repeated for shorter stacks (Table 1) to reduce tem-
poral decorrelation (i.e. improve PS density), while using the north
flank datum to provide improved sensitivity to motion on the crater
floor. Average displacements for dome PS are plotted as time series
(Fig. 5). As with long stacks, time series slopes are positive prior to the
eruption, then show large increases in standard deviation immediately
afterwards.

Pre-eruption standard deviations for descending short series (aver-
age 2.4 mm, see error bars in Fig. 5A & B) are less than corresponding
long series (average 3.9 mm, Fig. 2A & B), because standard deviation
is a function of PS density. PS density is greater for short series (compare
Figs. 2 and 5, n-values in captions give dome area PS counts), because
shorter stacks are less subject to temporal decorrelation. The principal
of spatial autocorrelation (Moran, 1950) requires the velocities of



Fig. 2. PS velocitymaps for the pre-eruption period (green area in time series), and time series for PS selected from the east-lake zone (solid black boundary). A) descending track #73 (n=
78), B) descending track #175 (n=288), C) ascending track#8 (n=190). Note: time series error bars show± standard deviation. Dash black line showswest-lake subsidence zone.White
circles (100m radius) show datum areas: RGWC (southeast crater floor) and north flank.White dash line shows tourist trail. Solid black area at centre is the crater lake. Solid black trend
line in time series shows vertical motion for RGWC (A) and RGWI (C) continuousmonitoring stations (12 daymoving average).(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.Deformationmaps estimated by combining descending track#175 and ascending track#8. A) verticalmotion in the pre-eruption period (green area in Fig. 2 time series), B) vertical
motion in the eruption period (orange area in Fig. 2 time series), C) eastward motion in the pre-eruption period, D) eastward motion in the eruption period. Solid black boundary shows
east-lake PS selection area for time series (Figs. 2 and 5). Dash black line shows west-lake zone of opposingmotion.White circle shows RGWC datum.White dash line shows tourist trail.
White parallelogram shows inflation source (Hamling, 2017). Solid black area at centre is the crater lake.(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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closely spaced PS to be more similar than for distant PS (see variograms
in Appendix A, Fig. S2), which explains why shorter series have lower
standard deviation. This concept is important because only short time
Fig. 4. Best fit Mogi model for crater floor dome from Monte Carlo simulation (1000
realisations).

5

series show a significant drop (i.e. > 1 standard deviation fromprevious
point) prior to the eruption (Fig. 5A and B), signalling dome collapse.
The drop is also evident when no datum is specified during StaMPS ex-
ecution (i.e. StaMPS default execution where the datum is the average
motion of the entire island), although the drop is less significant (< 1
standard deviation from previous point) (Appendix A, S6). The time se-
ries for ascending track #8 is unstable and does not show a pre-eruption
drop (Fig. 5C). Disagreement between ascending and descending LOS
time series slopes was previously noted in the dome area following
the April 2016 White Island eruption and attributed to strong east-
west motion (see P5 and time series in Fig. 2 of Hamling, 2017).

5. Summary

Sentinel-1 observations over the pre-eruption period showed an in-
flating dome located on the craterfloor to the east of the crater lake. The
dome location, and modelled volume/depth for the inflation source are
in reasonable agreementwith earlier observations, which attributed the
inflation to pressurisation of the shallow hydrothermal system.

The eruption period is characterised by a reversal of long-term mo-
tions east and west of the crater lake. The dome starts to collapse after



Fig. 5. PS velocity maps for the pre-eruption period, and time series for PS selected from the crater floor dome (solid black boundary). A) descending track #73 (n=281), B) descending
track#175 (n=669), andC) ascending track #8 (n=295). Time series error bars show±standard deviation.Dash black line showswest-lake zone of opposingmotion.White circles show
datum areas: RGWC (southeast crater floor) and north flank.White dash line shows tourist trail. White parallelogram shows inflation source (Hamling, 2017). Solid black area at centre is
the crater lake.
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25 November, about two weeks prior to the eruption, probably from
depressurisation of the hydrothermal system, while the west-lake
area abruptly rises after subsiding during the pre-eruption period.

Horizontal motions also reverse during the eruption period; the
dome suddenly moves east, while the west-lake zone moves west.
These observations are consistent with intrusion of magma beneath
the crater lake area, displacing surrounding volumes and surfaces up-
ward and outward, away from the central conduit. Such a process
could also explain the inner-crater uplift zone and west-lake uplift.

GNSS station RGWC shows an unstable time series that might have
disguised any deformation signal from the nearby dome collapse, and
more subtle inner-crater uplift. In contrast, StaMPS allowed averaging
of hundreds of PS time series in the dome area, which revealed inflation
then deflation of a dome. Future monitoring of the crater floor should
utilise i) short time series in order to reduce temporal decorrelation,
ii) both ascending and descending datasets to capture vertical and hor-
izontal motion signals, and iii) a datum outside of the crater in order to
provide improved sensitivity to motion on the crater floor.
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