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Abstract: Measuring volcano deformation is key to understanding the behaviour of erupting vol-
canoes and detecting those in periods of unrest. Satellite techniques provide the opportunity to do
so on a global scale but, with some notable exceptions, the deformation of volcanoes in the tropics
has been understudied relative to those at higher latitudes, largely due to technical difficulties in
applying Interferometric Synthetic Aperture Radar (InSAR).

We perform a systematic survey of the Central
American Volcanic Arc to investigate the applica-
bility of Interferometric Synthetic Aperture Radar
(InSAR) to volcanoes in the tropics. Volcano char-
acteristics that may prevent InSAR measurement
include: (1) dense vegetation cover; (2) persistent
activity; and (3) steep slopes. Measurements of
deformation are further inhibited by atmospheric
artefacts associated with: (4) large changes in topo-
graphical relief. We present a systematic method for
distinguishing between water vapour artefacts and
true deformation. Our data show a linear relation-
ship (c. 2cm/km) between the magnitudes of
water vapour artefacts and volcano edifice height.
For high relief volcanoes (e.g. Fuego, Guatemala,
3763 m a.s.l. (above sea level)) errors are of the
order of 4—-5 cm across the volcano’s edifice but
are less than 2 cm for lower relief (e.g. Masaya,
Nicaragua, 635 m a.s.l.). Examples such as Arenal,
Atitlan and Fuego illustrate that satellite acquisition
strategies incorporating ascending and descending
tracks are particularly important for studying
steep-sided volcanoes.

Poor coherence is primarily associated with tem-
poral decorrelation, which is typically more rapid in
southern Central America where Evergreen broad-
leaf vegetation dominates. Land-use classification
is a better predictor of decorrelation rate than veg-
etation index. Comparison of coherence for differ-
ence radar wavelengths match expectations; high
resolution X-band radar is best suited to local
studies where high-resolution digital elevation
models (DEMs) exist, while L-band wavelengths
are necessary for regional surveys. However, this

is the first time that relationships between phase
coherence and time, perpendicular baseline, radar
wavelength, and land use have been quantified on
the scale of a whole volcanic arc.

Interferometric synthetic aperture radar has
been used to detect and measure deformation at
over 70 volcanoes worldwide since the 1990s
(Fournier et al. 2010). A variety of different types
of deformation have been observed using InSAR
surveys, including the movement of magma dur-
ing co-eruptive deformation (e.g. Lu & Dzurisin
2010) or intrusive processes (e.g. dyke and sill
intrusion: Hamling et al. 2009; Biggs et al. 2010),
as well as a variety of shallower surface processes.
These include hydrothermal activity (Pritchard &
Simons 2004), slow edifice subsidence (Ebmeier
et al. 2010) and lava flow contraction (Stevens
et al. 2001). Regional-scale surveys have detec-
ted magma movement at volcanoes previously
thought to be quiescent (e.g. on the East African
Rift: Biggs et al. 2009) and at locations not obviou-
sly associated with a particular volcanic edifice
(e.g. the central Andes: Pritchard & Simons 2004).

However, the global distribution of InSAR
measurements of volcano deformation is currently
uneven, due, in part, to the differences in radar
returns from different types of land surface. The
majority of radar satellites have operated at C-band
wavelengths, A = 5.6 cm, which is known to be
affected by vegetation cover. This is a particular
problem in the tropics where dense, rapidly grow-
ing evergreen vegetation is especially prevalent
and causes a high rate of change in surface scatterer
properties and therefore rapid decorrelation. This
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has presented significant obstacles for some C-band
studies of volcano deformation in the tropics
(Zebker et al. 2000; Stevens & Wadge 2004; Pinel
et al. 2011). In recent years, this problem has been
addressed to some extent with the launch of the
Japanese satellite, ALOS, in 2006, which operates
at L-band (A = 23 cm) wavelengths. L-band radar
penetrates dense vegetation so that the radar
returns come from more stable scatterers on the
ground surface. ALOS (Advanced Land Observing
Satellite) data have allowed the first INSAR mea-
surements at many volcanoes in the Caribbean,
northern Andes, Indonesia and Central America
(Biggs et al. 2010; Ebmeier et al. 2010; Fournier
et al. 2010; Parks et al. 2010; Philibosian & Sim-
ons, 2011). Nonetheless, since the C-band archive
stretches back to 1993 while ALOS was only
launched in 2006, heavily vegetated volcanoes,
many of which are in the tropics, have been under-
studied relative in drier regions.

Many of the world’s active volcanoes are in the
tropics and have little or no coverage by ground-
based geodetic measurement (e.g. Fournier et al.
2009), so that InSAR observations may be the only
available method for assessing and monitoring
their geodetic activity and the related volcanic haz-
ard. It is therefore important from both hazard miti-
gation and satellite design perspectives to quantify
the applicability of InSAR to tropical volcanoes.

In this study we explore the factors that affect the
measurement of volcano deformation in the tropics
using InSAR, drawing on examples from an L-band
survey of the Central American Volcanic Arc
(CAVA) between 2007 and 2010. Some of these
factors apply globally (e.g. DEM quality) while
others (water vapour variations, vegetation) are of
particular concern at tropical volcanoes. We start
by discussing the most significant issue, namely
stratification and the variability in tropospheric
water vapour concentration (see the section on ‘Tro-
pospheric water vapour’ later), which creates arte-
facts over topographical peaks. Although such
atmospheric artefacts are found at volcanoes across
a wide range of latitudes, the significantly greater
variability in water vapour concentrations in the
tropics make them an extreme case. In the section
on ‘Limitations of global DEMs and mitigation’
we discuss artefacts associated with the use of
global DEMs in the section on ‘Geometric distortion
and optimal acquisition strategy’, geometric distor-
tion effects. In the section ‘Coherence in Central
America’ we discuss patterns in phase decorrela-
tion rates across the arc, and their relationship to
vegetation indexes and land-use -classifications,
and compare the usefulness and coherence of C-,
L- and X- band SAR for a case study volcano,
Arenal. The significance of the lack of observations
of volcano deformation in Central America in

relation to uncertainties in InSAR measurement
and to tectonic setting is beyond the scope of the
current study and is the focus for future work
(Ebmeier et al. in prep).

InSAR

Repeat pass InSAR produces maps of phase change
(interferograms) between two time-separated radar
images from which the movement of the ground
can be measured on the scale of millimetres to
tens of centimetres (Massonet & Feigl 1998; Biirg-
mann et al. 2000). Phase shifts in an interfero-
gram are caused by changes to satellite viewing
geometry (satellite position and relative rotation of
target between acquisitions, A®gp,,), instrument
thermal noise (A®yermar), radar path through the
atmosphere (A®d,.,,) and backscatter from the
ground surface. Changes at the Earth’s surface capa-
ble of introducing phase shifts to an interferogram
include deformation (A®g), systematic changes
to dielectric properties (e.g. due to moisture or
thermal expansion/contraction, A®,..,q) and
changes to scattering properties within a pixel
(ADpiye1). The scattering properties of a pixel are
determined by the combination of radiation refle-
cted or scattered from numerous objects, so that it
has the appearance of random noise and cannot be
predicted in practice.

AD = A(I)spatial + A(I)thermal + A(I)atm + A(I)def

+ Aqbground + Aqbpixel- (1)

Interferometric measurement of surface defor-
mation (A®g) is possible either when other
sources of phase shift are relatively small or are
constant over large areas.

The coherence of a pixel is usually described in
terms of interferometric correlation ([J), which is
defined for each pixel using the phase values of
both images (y; and y,) across a square of at least
3 x 3 pixels (Equation 2). A value of 1 indicates
identical phase for all pixels. When interferometric
coherence tends to 0, each pixel response is inde-
pendent (Seymour & Cumming 1994; Hanssen
2001):

9
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Interferometric decorrelation is caused by
changes in satellite position (geometric decorrela-
tion), instrument properties (thermal decorrelation)
and in surface scatterer characteristics (temporal
decorrelation) (for further details see Zebker &
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Villasenor 1992). Geometric decorrelation occurs
where the radar wavelength is less than the differ-
ence in path length between radar returns from
opposite sides of a pixel, and is most pronounced
at large baselines. Thermal decorrelation occurs
when the behaviour of the satellite radar antenna
varies over time. Temporal decorrelation is caused
by scatterers within a pixel moving or changing
their reflective properties. For satellite incidence
angles of less than 45°, InSAR is more sensitive to
vertical than horizontal changes to scatters, so that
surfaces where volume scattering is significant
(e.g. forests, dense vegetation) are expected to dec-
orrelate more rapidly with time (Zebker & Villase-
nor 1992). Precipitation, wind and ecological
processes have all been observed to contribute to

QS temporal decorrelation (Ahmed 2011).

InSAR archive: the Central American
Volcanic Arc

The Central American Volcanic Arc stretches over
1100 km from northern Guatemala, through EI Sal-
vador and Nicaragua to central Costa Rica, and is
associated with the subduction of the Cocos Plate
beneath the Caribbean Plate (Fig. 1). It is made up
of 72 volcanoes, spaced at an average of approxi-
mately 25 km along the arc (Carr 1984), of which
26 are historically active.

Interferograms were produced from ALOS data
between 2007 and 2010. All interferograms were
constructed using the Repeat Orbit Processing soft-
ware (ROI PAC) developed at Caltech/JPL (Rosen
et al. 2004) with topographical correction made
using NASA’s Shuttle Radar Topography Mission
(SRTM) 90 m DEM. Unwrapping was carried out
using a branch-cut algorithm (Goldstein et al.
1988) with corrections made manually. The volca-
noes were covered by an average of 15 ascending
interferograms, with a few supplementary descend-
ing interferograms constructed where the ascend-
ing data were ambiguous (Fig. 1). We were able to
make geodetic measurements at 18 (Santa Maria
(Santiaguito), Almolonga, Atitlan, Acatenango,
Fuego, Pacaya, Santa Ana, Izalco, San Salvador,
San Miguel, San Cristobal, Telica, Cerro Negro,
Las Pilas, Momotombo, Masaya, Arenal and Poas)
of Central America’s 26 active volcanoes and to
characterize the associated uncertainty for each.

Tropospheric water vapour
Water vapour characteristics

In order to convert the observed phase changes to
measurements of displacement, it is assumed that
radar propagates at a constant velocity. This would

be reasonable for free space, where phase is depen-
dent only on radar wavelength and path length, but
introduces errors where there are significant spatial
and temporal heterogeneities in the atmosphere.
The effective path length actually depends on temp-
erature, pressure and partial pressure of water
vapour between satellite and ground surface, and is
separated into ‘wet’ and ‘hydrostatic’ delays, caused
by water vapour and hydrostatic pressure respec-
tively (Bevis er al. 1992; Hanssen 2001). Water
vapour artefacts in interferograms depend on the
difference between atmospheric conditions on the
two dates when Synthetic Aperture Radar (SAR) data
were acquired. Variations in water vapour (e.g.
10 cm path delay for a 20% change in relative humid-
ity) are expected to produce larger path delays than
hydrostatic pressure (2.3 mm path delay expected
for change from 0.5 to 1 mb) (Zebker et al. 1997).

The spatial and temporal characteristics of the
atmospheric artefacts depend on the distribution of
water vapour in the troposphere. Where water
vapour is mixed turbulently, it exhibits spatial corre-
lation over length scales typically of the order of
10 km (e.g. Hanssen 2001; Jonsson et al. 2002
Lohman & Simons 2005), shows minimal or no cor-
relation with topography and has a typical variabil-
ity of 1 cm (e.g. Pritchard & Simons 2004). Large,
steep volcanoes are commonly associated with both
local turbulence on much smaller spatial scales and
systematic features in atmospheric mixing caused
by high topography (e.g. Webley (2004)).

Vertically stratified water vapour in the tropo-
sphere results in low-magnitude slant range path
delays over high topography and higher, more vari-
able path delays over low topography (e.g. Pavez
et al. (2006)). The resulting artefacts in an interfer-
ogram correlate with topography, and appear as
concentric fringes around topographical peaks
(Fig. 2). As we may expect volume change of a sub-
edifice magma chamber to produce a similar phase
pattern, centred over the volcanic edifice (e.g. as
observed at Etna: Massonnet et al. 1995; Beauducel
et al. 2000), it is particularly difficult to distinguish
between these two effects.

In equatorial zones, seasonal variations in water
vapour are largely controlled by the north—south
migration of the intertropical convergence zone
(ITCZ), producing some of the greatest variations
in water vapour globally. Radar path delays of up
to 11, 8 and 6 cm have been measured at Mount
Cameroon (Heleno et al. 2010), Sakurajima, Japan
(Remy et al. 2003), and Soufriere Hills, Montserrat
(Wadge et al. 2006), respectively (Table 1).

Identification of atmospheric artefacts

Characteristic features of atmospheric phase arte-
facts include: (a) a correlation between topography
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Fig. 1. (a) Ascending ALOS data used in arc-scale study of Central American Volcanic Arc. Black boxes show the track
locations and extent of our data, and triangles show volcano locations. (b) Descending ALOS data used to complement
ascending data where possible. (¢) Map showing the locations of the volcanoes mentioned in this study.

and phase (for stratified water vapour); (b) an
association of the signal with particular acquisition
dates; and (c) either the lack of any dependence on
time (turbulent water vapour) or a seasonal depen-
dence (stratified water vapour) of signal magni-
tude (Fig. 3). Water vapour artefacts are identified
using a combination of these properties, as well as
through the use of independent atmospheric data
or models (examples from the literature are shown
in Table 1).

A correlation between height of topography and
phase in an individual interferogram is indicative of
the presence of water vapour (e.g. Fig. 4) but is not
necessarily diagnostic. The injection or drainage of
a body of magma within or just below a volcanic
edifice could conceivably create a similar pattern
in phase. However, where a number of topographi-
cal peaks in the same interferogram show similar
phase patterns, they are most probably caused by
atmospheric delay.

Analysis of the temporal development of phase
through a set of interferograms provides further

evidence to distinguish between atmospheric arte-
facts and true deformation. The method of ‘pair-
wise logic’ (e.g. Massonnet & Feigl 1995) compares
pairs of interferograms that have a common date in
master and slave positions. If artefacts of a similar
magnitude and spatial pattern but opposite sign
appear, then the artefact can be associated with the
SAR acquisition date held in common. Two exam-
ples of such pairs from Momotombo Volcano, Nic-
aragua are shown in Figure 5. Although this method
had the advantage of simplicity, it is only reliable
where atmospheric conditions are relatively stable
and unusual phase delays are associated with a
small number of acquisition dates.

At the sampling rate of a satellite repeat inter-
vals, we expect the temporal signal of atmospheric
water vapour to be either structureless, with a ran-
dom variation in phase between relatively constant
bounds, or to vary with the period of a year as a
function of seasonal variations in water vapour
(e.g. Heleno et al. 2010). Creating time series of
interferometric phase (e.g. Lundgren et al. 2001;
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Fig. 2. Cartoon illustrating the generation of a topographically correlated phase delay due to variations in concentration
of stratified water vapour. Typical values for peak phase delay range from 1 to 5 cm (2 cm would indicate ¢. 5% change

in relative humidity).

Berardino et al. 2002) is a useful tool when dealing
with situations where atmospheric effects seem to
dominate the majority of interferograms. Long-
term, steady-rate deformation may be detectable in
this way (e.g. Ferretti et al. 2001), but reversible
deformation (where net deformation over longer
time-span interferograms will be zero, as the ground
returns to its original position) may be missed.

InSAR only provides relative measurements, as
phase changes are always found relative to a refer-
ence point. While for volcanoes it is generally poss-
ible to select a reference far away from any
deformation source, it is very difficult to avoid the
effects of local atmospheric variation. If a reference
pixel is selected over an area where atmospheric
variation differs to that over the volcano, local
differences in atmospheric delay are likely to dom-
inate time series and mask any deformation.

We avoid this problem by referencing our inter-
ferograms to the average value of phase within an
annulus centred on the volcano, thus minimizing
the impact of small-scale variations in atmospheric
noise in other parts of the interferogram on our

time series. Reference annuli typically had inner
radii of 2—6 km (large enough to encompass entire
edifice and surrounding topographical features)
and outer radii with limits defined by either the
edge of the interferogram or (more commonly) the
limit of the continuously coherent area. The differ-
ence between the mean height of topography
within this area and the volcano summit was gener-
ally close to the volcano edifice height.

Water vapour in Central America

We use the characteristic properties described above
and the processes outlined in Figure 3 to identify
atmospheric water vapour in the Central American
dataset. We constructed time series for active volca-
noes in Central America using a linear least squares
inversion of the phase changes from a network of
interferograms (e.g. Lundgren 2001; Schmidt &
Biirgmann 2003). Inversion was carried out with
a generalized inverse matrix using singular value
decomposition and solving for velocity (e.g. Berar-
dino et al. 2002), rather than displacement, to avoid
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Phase 1: Quality checks and data selection
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or
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independent of time

Fig. 3. Flowchart illustrating the process of analysing InSAR phase delays to: (a) Phase 1 — check the data for quality;
and (b) Phase 2 — distinguish between atmospheric and deformation features.

unrealistic discontinuities. This problem is com-
monly rank deficient where there are subsets of
interferograms that do not hold an acquisition in
common. We therefore solve for velocity relative
to the first date, which we explicitly define as
showing no deformation.

We find the root mean squared (r.m.s.) variation
of the time series after the removal of any linear
trend. The r.m.s. variation of the remaining signal
is used as an indicator of the average magnitude
of atmospheric delay at each volcano, and will not
be affected by steady deformation signals at any

volcanoes that are deforming (e.g. Arenal). The
residual appears random with no systematic seaso-
nal or similar trend. Root mean squared variation
shows a linear relationship with the difference in
topographical height between the edifice and the
mean height of the reference annulus (Fig. 6).
Excluding one outlier (Santa Ana, El Salvador) the
time series r.m.s. variation increases with height
difference between the edifice and reference
annulus with a best-fit gradient of 2 cm/km height
difference (Fig. 6). The high value at Santa Ana is
thought to be associated with an unusually large
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Fig. 4. Two interferograms (a & ¢) of San Miguel, El Salvador sharing a common date and their associated plots of
range change against topographical height (b & d) on the edifice.

topographically correlated phase in one interfero-
gram (Track 171, 9 March—-9 September 2009)
and the removal of this interferogram from the
time series reduces r.m.s. variation at Santa Ana to
3.8 cm, well within the normal distribution. There
are no similar features in other interferograms for
Santa Ana, and the time series is otherwise very
similar to that for nearby cinder cone Izalco (just
under 5 km south of Santa Ana).

This relationship between volcano edifice height
and magnitude of atmospheric phase artefact has
implications for the uncertainties of InNSAR mea-
surements at different volcanoes. For transient defo-
rmation (taking place over a period greater than
the satellite repeat time) to be distinguishable from
normal atmospheric variation at a volcano of edi-
fice height exceeding 2000 m (e.g. Fuego), it must
exceed about 4 cm, while we may be able to detect
much lower magnitude deformation (>1cm) at
low-relief volcanoes (e.g. Masaya). Although not

possible with this dataset, if the interferograms
were limited to those from the same season (e.g.
winter—winter or summer—summer), we hypothe-
size that the relationship between topographical
height and atmospheric variation might be weaker.

Potential for mitigation of
atmospheric effects

Several methods have been proposed (such as
stacking, empirical corrections, external data and
models) by which atmospheric artefacts can be
reduced or removed (e.g. Hanssen 2001; Remy
et al. 2003; Li et al. 2005, 2006; Wadge et al. 2006).
In this subsection, we outline each method and
assess its applicability to the volcanoes of Central
America.

As turbulent water vapour artefacts are
essentially random in time, stacking a set of
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Fig. 5. (a) North—south LOS range—change transects
through a pair of interferograms from Momotombo
Volcano, Nicaragua. The fact that these lines are very
close to being mirror images shows that the largest
contribution to phase is associated with the date

held in common and reflects an atmospheric artefact.
Lines of the same shade hold an acquisition date in
common. (b) Scatter plot of phase from the
interferogram where common date is the master
against (— 1) phase from the interferogram where
common date is slave.

interferograms together will increase the signal to
noise ratio. For deformation of a constant rate, a
standard stack composed of N interferograms of
equal time span will increase the signal noise ratio
by /N, whereas a chain stack (where interferograms
span consecutive periods of time) will increase the
signal to noise ratio by a factor of N, as the atmos-
pheric components on each slave image will cancel
with the master of the subsequent image (Biggs
et al. 2007). However, the improvement in signal
to noise ratio is achieved at a loss of temporal resol-
ution, and is therefore better suited to studying

long-term rather than transient volcano deformation
events.

Empirical corrections for stratified water vapour
can be made on the basis of correlations between
phase and topography. This is most robust for very
large datasets with high temporal repeatability, so
that analysis of phase—topography correlations for
a set of interferograms can be used to make adjust-
ments to the network of interferograms (e.g.
Beauducel et al. 2000; Remy et al. 2003). Alterna-
tively, where the area of deformation is already
well constrained by other data sources, topographi-
cally correlated fringes can also be removed from
individual interferograms by solving for a best-fit
relationship with topography, sometimes treated
as linear (e.g.Wicks et al. 2002), but shown to be
better approximated by a non-linear model for
steep volcanoes (Remy et al. 2003). Recent studies
have used band-pass decomposition (Lin et al.
2010) and wavelet analysis (Shirzaei & Bilirgmann
2012) to find the relationships between topogra-
phy and phase for different components of an
interferogram.

Other approaches applied to correcting the
effects of water vapour phase delays over volca-
noes require direct measurements of water vapour,
ideally coincident with SAR acquisitions. These
include GPS measurements of water vapour
(Wadge et al. 2002, 2006) or satellite-based mea-
surements (e.g. MODIS: Li et al. 2005; Pavez
et al. 2006). Calculation of phase delay directly
from empirical water vapour and hydrostatic pres-
sure values requires a high spatial density (limited
for ground-based instruments) and high temporal
density (limited for satellite instruments) of mea-
surements in order to provide a useful correction.
A low density of measurements creates particu-
lar difficulties where the water vapour field is
highly dynamic, as is the case in the tropics. High-
resolution weather models have been used success-
fully to correct for atmospheric water vapour at Etna
and over Hawaii (Webley 2004; Foster et al. 2006;
Wadge et al. 2006) but, so far, have only been
applied over limited areas, where local atmospheric
physics is well understood.

In the absence of high densities of ground-based
atmospheric measurements for calibration and an
understanding of the dynamic weather systems
around individual volcanoes, regional InSAR sur-
veys of volcano deformation such as this are gen-
erally unsuitable for correction of atmospheric
artefacts. Meteorological reanalysis data (e.g. Four-
nier et al. 2011; Jolivet et al. 2011) has been used
to remove atmospheric contributions on a regional
scale, but the low spatial resolution of weather data
available makes this approach more suitable for
retrieving longer wavelength interseismic deforma-
tion than the deformation of volcanoes. Empirical
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Fig. 6. (a) Time series of phase over the edifice of San Miguel, El Salvador (summit 2130 m a.s.1.) and (b) Las Pilas,
Nicaragua (1088 m a.s.l.). Error bars show the standard deviation of 100 Monte Carlo repetitions of the inversion with
randomly generated, non-spatially correlated noise of amplitude 1 cm added to each interferogram. (c) Plot of the r.m.s.

variation in detrended time series for active volcanoes (Fi

g. 1) as a function of the height different between volcano

summit area and the average topographical height of the reference annulus. The thick solid line shows the line of best-fit,
the dotted line shows the 95% confidence envelope for the gradient, and the thinner solid line in (c) and dots in (a) and (b)
show the 95% confidence envelope for any individual point.

atmospheric corrections from an assumed rela-
tionship with topography are particularly likely to
introduce artefacts or to remove elements of any
masked deformation signal. They are most appro-
priate where the nature of the expected deformation
signal is known from other sources. Therefore, we
did not attempt to remove water vapour variations
from any of the Central American data.

Limitations of global DEMs and mitigation

Digital elevation models are used to correct for the
change in path length associated with the satellite
position between acquisitions. Errors or gaps in
the DEM propagate into the interferogram, creating
phase shifts (A®D,p,), which are proportional to the
satellite perpendicular baseline (Bjp.p), and inver-
sely proportional to radar wavelength (A), inci-
dence angle (6;) and range of satellite from the
ground (r) (e.g. Rodriguez & Martin 1992; Zebker
& Villasenor 1992):

4mBperp

8¢t0p0 = 3)

rAsin 6;

Such topographical phase changes can be ident-
ified by examining the relationship between phase

(A®) and perpendicular baseline (B.,) for a set of
interferograms, and can be the result of a change
in topography since the DEM data were acquired
(e.g. fresh lava flows emplaced since the DEM’s
acquisition: Ebmeier et al. 2012) or an error in the
DEM itself (Fig. 7b, c). For the same perpendicular
baselines, topographical artefacts would be greater
for C-band than L-band data but, in practice, the
baselines for ALOS are generally much larger than
for Envisat, and will produce greater topographical
errors.

Over much of the world the only DEMs avail-
able for InSAR processing are global datasets
derived from satellite data, such as NASA’s Shuttle
Radar Topography Mission (SRTM) 90 m DEM
and the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER GDEM). The
SRTM DEM (Rosen et al. 2001) was acquired
from a single-pass InSAR instrument on an 11 day
shuttle mission in February 2000. Errors in height
from SRTM data are made up of uniformly distrib-
uted, small systematic errors due to shuttle motion
(>2m) and spatially variable medium to short
wavelength errors, particularly over steep topog-
raphy (2-10m) (Rodriguez et al. 2006). These
errors are larger and more common both at lower
latitudes, where fewer data were collected, and
over high topographical relief, where geometric
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Fig.7. (a) The number of ASTER images used to determine topographical height over Pacaya Volcano, Guatemala for

each pixel. Data are not used when the ground is obscured by cloud or by the volcanic plume. (b) Map of DEM error

calculated from topographical phase changes in a set of interferograms corrected using the ASTER GDEM. (¢) Data gap

near the summit of Momotombo, Nicaragua, SRTM 90 DEM. Similar features are found in both the SRTM and GDEM.

Interpolation of such gaps generally do not result in DEM errors in interferograms.

decorrelation in phase (see the ‘InSAR’ subsection
earlier in this paper) has most impact (Rodriguez
et al. 2006). The volcanic arc in Central America
falls into both of these categories, and can be
expected to have errors of the order of 10 m, which
correspond to path length artefacts of magnitude
0.5-2 cm for ALOS interferograms (typical base-
lines 500—-2000 m).

The ASTER GDEM (Reuter et al. 2009) was
constructed from Aster band-3 near-infrared imag-
ery. DEMs are produced from the 10 year archive
of stereo-pairs of ASTER images, cloud-covered
areas are masked out and the DEMs are stacked;
the final ASTER GDEM records the best-fit topo-
graphy for the non-cloudy images. The average
r.m.s. error in GDEM heights is 18—29 m (Reuter
et al. 2009). The largest uncertainties are expected
to be in areas of frequent cloud cover where the
DEM was constructed from small numbers of
ASTER stereo-pairs (e.g. Pacaya: Fig. 7a, b).

For the Central American ALOS data, we used
the SRTM DEM, interpolated to a resolution of
30 m. For a few volcanoes where there were issues
with the SRTM data or where we expected signif-
icant topographical change since 2000, we also
compared our results to interferograms corrected
using ASTER GDEM. Despite gaps in the SRTM
DEM around some volcano summits (e.g. Momo-
tombo, Nicaragua: Fig. 7c), the interpolated ver-
sion was accurate enough to allow us to process
interferograms without introducing artefacts into
the phase. However, the GDEM was found to
introduce artefacts, presumably owing to the low
number of cloud-free images (Ebmeier et al. 2012).
With enough interferograms and a large enough
range of baselines, it may be possible to use

Equation (3) to calculate errors in topographical
height with an accuracy sufficient to correct any
errors in the DEMs, although this may be limited
by poor phase coherence around summit areas
where most DEM errors occur.

Both SRTM and GDEM have very low spatial
resolutions (90 and 30 m, respectively) compared
with new X-band SAR data (3 m), such as that
from TerraSAR-X (TSX). These new data will be
most useful over small areas where deformation is
known to be taking place and a high-resolution
local DEM can be acquired.

Geometric distortion and optimal
acquisition strategy

Radar satellites produce images in range and
azimuth co-ordinate systems, which, owing to the
effects of topography, may be distorted in compari-
son with ground-based co-ordinate systems (e.g.
Fig. 8a—d). Interferograms are reprojected into lati-
tude and longitude (geocoded) using a DEM (e.g.
Fig. 8c, d). The extent of the geometric distortions
depends on the radar look angle and the steep-
ness of topography, and can cause problems for
measurements at steep-sided stratovolcanoes (e.g.
Atitlan, Guatemala).

Where the slope is steep, but the angles is less
than the satellite look angle, the side of a volcano
facing the satellite becomes foreshortened — the
geocoded pixel size is smaller on the far side of
volcano than the near side. For slope angles exceed-
ing the satellite look angle, returns from the top of
the slope will arrive before those at the bottom
(layover: Fig. 8e) and parts of the far side of the
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Fig. 8. (a) Example of an amplitude image of the Atitlan and Toliman volcanoes in ascending radar geometry

(b) Amplitude image of Atitlan and Toliman in descending radar geometry. (¢) Ascending amplitude image reprojected
into latitude and longitude showing foreshortening of the western slope. (d) Descending amplitude image in latitude and
longitude showing foreshortening of the eastern slope. (e)—(g) Cartoons showing the conditions that lead to
foreshortening, layover and shadow, when volcano slopes exceed the satellite look angle. The satellite is moving into the
page in each instance, the arrow shows the satellite line of sight and the dotted lines indicate points of apparently equal

distance from the satellite.

volcano will not produce a radar return (shadow-
ing). At some of the steepest volcano summits in
Central America we observe a layover and shadow
effects (e.g. Fuego or Atitlan, Guatemala). In this
case there can be no correction and data for that
section of the volcano cannot be used. Foreshort-
ening and layover will also have an effect on coher-
ence as the radar potentially samples a much greater
area of the ground, effectively increasing the pixel
‘size’ (see Fig. 8f).

To ensure that there is good resolution on all
parts of steep volcanic edifices, it is necessary to
have images from both ascending and descending
paths. Many deformation signals are isolated to
only one part of a volcanic edifice. For example,
Fournier et al. (2010)’s analysis of ascending data
over a large proportion of Latin America did not

show up asymmetrical gravity-driven deformation
at Arenal, Costa Rica (Ebmeier et al. 2010), which
is only clearly observable in descending interfero-
grams. Furthermore, since InSAR only measures
displacement along the satellite line of sight, any
motion perpendicular to this vector will not be
detected and images from both look directions are
required to determine the direction of the vector
displacement.

In Central America, the majority of acquisitions
made were on ascending passes due to JAXA’s
acquisition strategy but, for this study, we were
able to produce at least one descending interfero-
gram over almost all currently active volcanoes
(see Fig. 1a, b). For steep-sided volcanoes, acqui-
sition strategies incorporating both ascending and
descending tracks are particularly advantageous.
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Coherence in Central America

The poor radar penetration of dense tropical veg-
etation using widely used SAR instruments (e.g.
ERS, ASAR and ENVISAT) has been the primary
factor limiting InSAR measurements in many parts
of the tropics. The effect of vegetation on InSAR
is dependent on wavelength, with L-band radar
(A =23 cm) maintaining coherence much better
than C-band radar (A = 5.6 cm). The relative coher-
ence between two interferograms showing the
same part of the ground will depend on numerous
factors in addition to SAR wavelength, including
time spanned, perpendicular baseline, differences
between surface scatterers and different rates of
instrument-related decorrelation (e.g. Zebker & Vil-
lasenor 1992; Hanssen 2001). As interferometric
correlation (1y) is estimated from phase values for
a set of neighbouring pixels (Equation 2), pixel
dimensions are also important. In addition, choices
made during InSAR processing, such as spatial
wavelength of filtering and degree of multilooking
(reduction of spatial resolution with the aim of
increasing the size of a coherent area), will also
affect our estimations of correlation. Owing to the
nature of the estimator used to examine interfero-
metric correlation (Equation 2), areas that are
entirely incoherent will still produce an apparent
coherence value. We therefore use empirically
derived ‘threshold’ coherence when comparing the
coherence of interferograms processed to different
number of looks (multilooking consists of taking a
weighted average of neighbouring complex pixels:
the greater the number of looks, the lower the
spatial resolution) in the subsection ‘SAR wave-
length comparison: Arenal, Costa Rica’ later.

We use the data from our arc-scale survey, out-
lined in Figure 1, to examine patterns of interfero-
metric coherence in Central America. As this is all
L-band ALOS data, processed in the same manner,
comparison between coherence as a function of
time and spatial baseline for different areas can be
made directly. Of the 26 active volcanoes in the
arc, L-band data for just three (Concepcion, Irazu
and Turrialba) were too incoherent to make any
measurement of deformation at all. Measurements
are restricted at other volcanoes, however, by high
rates of decorrelation, which meant that only short
temporal baseline interferograms could be con-
structed. Making the distinction between water
vapour signals and deformation often requires
enough interferograms to examine the temporal
development of the phase, so this hampers our
analysis. It also imposes spatial limitations on our
measurements. At Arenal (see the ‘SAR wavelength
comparison: Arenal, Costa Rica’ subsection), for
example, coherence is limited to the stable surfaces
of young lava flows (Ebmeier et al. 2010). This

confined our measurement to a 2.5 km? region on
the western side of the volcano, making the mea-
surement of any longer wavelength deformation
impossible. The summits of volcanoes with contin-
uous or semi-continuous explosive activity, such as
Santiaguito, Fuego, Pacaya (Guatemala) or Arenal
(Costa Rica), were also consistently incoherent.

We investigate the relative importance of the
contributions of geometrical and temporal decor-
relation to patterns of coherence across Central
America. Unlike the many analytical models for
coherence used to measure (e.g. stem volume or
tree heights: see, e.g., Balzter 2001; Santoro et al.
2002), we do not aim to extract information about
ecological processes from InSAR coherence but to
predict where InSAR measurements at volcanoes
are likely to be useful and where they are most
likely to be limited by rapid decorrelation. Tempo-
ral decorrelation is generally caused by volcanic
activity, slope instability or, sometimes, very rapid
changes in vegetation cover (e.g. rapidly develop-
ing kill zones at Poas and Turrialba: Martini ef al.
2010) close to a volcano’s summit. The lower
flanks of volcanoes in Central America, however,
are commonly either covered by rainforest or are
intensively cultivated. It is on the lower slopes and
surrounding area that we expect to observe any
deformation associated with deeper magmatic pro-
cesses, so understanding the relationship between
vegetation cover and decorrelation is useful for
understanding limitations on volcano deformation
measurement.

Coherence model

The mean coherence for the complete Central
American ALOS data (Fig. 9: data sampled into
0.1° x 0.1° boxes) shows a dependence on both
time span of interferogram and perpendicular base-
line. After about 200 days, mean coherence has
decayed exponentially to a value of about 0.18
compared to a value of 0.3 for interferograms
covering the shortest possible time span (46 days).
The difference between coherence in the lowest
and highest baseline interval is less significant,
falling from 0.26 to 0.19.

Mean coherence is not particularly useful as an
indicator of whether volcanic edifices will be coher-
ent as they make up a relatively small proportion of
a scene by area, and are commonly not representa-
tive of the rest of an interferogram. Fresh, young
lavas, for example, decorrelate slowly, whereas
scattering properties of explosive products alter
rapidly, especially when deposited on steep slopes.
It is considered possible to use interferometric
data where its coherence is above about 0.15, the
value used as the threshold for unwrapping routines
(e.g. branchcut algorithm: Goldstein er al. 1988).
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Fig. 9. Mean coherence for the whole Central American dataset plotted as a function of (a) time in days and

(b) perpendicular baseline. Each point represents the mean value of coherence for a 0.1° x 0.1° box in an interferogram.
The choice of resolution captures regional-scale differences in vegetation and land use. Mean values are marked
with circles on (a) and (b). (¢) & (d) show box and whisker plots of the percentage of pixels with correlation above
0.15 as a function of time and perpendicular baseline, respectively. The limits of the boxes are the 25th and 75th
percentile, while the central black line shows the position of the median. Minimum and maximum values are shown by

the extent of the black line.

The percentage of pixels above this threshold coher-
ence and the mean coherence are related, but not
directly proportional, as coherences are not nor-
mally distributed about the mean value (Fig. 9c,
d). The relationships between percentage coher-
ence above 0.15 and time or baseline are therefore
not as clear as for mean coherence, but more
likely to yield information useful for our purpose
of investigating volcano deformation.

We model percentage coherence above 0.15
(C) as the product of exponential decay func-
tions describing coherence in terms of time in
years (t), perpendicular baseline separation (Bperp)
and a parameter describing seasonal dependence
(@). For simplicity, we neglect the effects of some
instrument-dependent parameters also associated
with decorrelation (rotation of satellite look angle
and thermal decorrelation, as discussed by Zebker
& Villasenor 1992; Hanssen 2001) that we expect

to be smaller than the contributions of geomet-
ric and temporal decorrelation. Our choice of
exponential decay functions to describe temporal
and geometric decorrelation is informed by ana-
lytical expressions (e.g. temporal decorrelation:
Zebker & Villasenor 1992), and examination of
the coherence—temporal baseline relationship and
coherence—spatial baseline relationship for our
complete dataset (Fig. 9):

l —Bpet =t
c=1 +—(e F e cos (2ar1) — 1). (4)
o

The parameters (3 and 7reflect the dependence of
coherence on By, and time spanned by the interfer-
ogram, respectively. We use non-linear inversion,
where the difference between model predicted val-
ues and our coherence data were minimized using
a least-squares method, to find the values of B, 7
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and « that best fit the data. We checked that our
results for these parameters were global, rather
than local, solutions by varying the starting values
for each parameter used in the least-squares method
and confirming that our solutions were not affected.

The parameter « is added to the expression to
allow for a seasonal difference in coherence and
controls the amplitude of a cosine function with
the period of a year, which moderates the shape
of the exponential expressions (Fig. 10a, b). This
additional parameter was found to significantly
improve the fit of our model to the coherence data
(e.g. reducing the residual in fit by about 20%
in northern Nicaragua, Track 166). A low « value
indicates that coherence has a strong seasonal
dependence.

Two examples, expressed as a function of time,
are shown in Figure 10a, b. The best-fit solution
for Track 172 (Fig. 10a), in central Guatemala,
shows slower decorrelation as a function of time
and a lesser seasonal dependence than data from
Track 166 (Fig. 10b) in northern Nicaragua (7=
150 and « = 4.9, relative to 90 and 2.3). Predicted
coherence above the threshold value is calculated
from our best-fit values for 7, B and « for

0.1° x 0.1° boxes across Central America, and is
shown plotted against actual coherence in Fig-
ure 10c. The spatial distribution of the r.m.s. misfit
between predicted and measured percentage of
pixels above threshold coherence is shown in
Figure 10d.

The distribution of values of 7, 8 and « across
Central America is spatially noisy (Fig. 11b—d)
but the temporal-dependence parameters (7 and «)
show some trends, which are discussed in the next
subsection. 8, however, takes very high values
across the majority of Central America (>10 000),
showing that geometric factors are largely of
lesser significance than time-dependent processes.
The remaining lower values of 3 are, typically, of
the order of 1000-3000 m™~', show no correlation
with topographical height and are mostly isolated
to two tracks with some particularly large baseline
interferograms (tracks 165 and 162).

Coherence and land use

Our arc-scale analysis of coherence data shows that
time-dependent processes, most probably associ-
ated with vegetation growth, dominate decorrelation
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Fig. 10. Schematic examples of our simple coherence model for average coherence across (a) Track 172 in Guatemala
and (b) Track 166 in Nicaragua (as shown in Fig. 1a). These show model predictions as a function of time only for
percentage coherence above a threshold value of 0.15. Black dashed lines show exponential time dependence, finer
dashed line shows our approximation of seasonal dependence and solid lines show the combined model. (¢) Plot
illustrating the fit between average percentage coherence above 0.15 for all our data at a resolution of 0.1° and model
predictions for the same value. (d) Map of r.m.s. error in model predictions across Central America, using the same
resolution as for Figure 11.
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Fig. 11. (a) Map of mean percentage of pixels with correlation above 0.15 per box. This figure simply shows the
mean values for our input dataset and makes no distinction for temporal or spatial baseline. (b) Map of Central
America showing parameter 7, describing relative rate of decorrelation as a function of time (lower values indicate
faster decorrelation). (¢) Parameter S, describing the relative rate of decorrelation as a function of baseline. Where
the colour scale is saturated, 8 values are very high (exceeding 10 000), indicating that coherence is not strongly
dependent on baseline. (d) Parameter o describes the strength of any seasonal dependence of decorrelation (lower
values indicate greater seasonal effect). (e) NDVI from MODIS level 3 ‘atmosphere’ product at 1° resolution,
resampled to the same resolution as our calculations of 7. (f) Land-use map from MODIS level 3 ‘land’ product,
resampled to 0.1° x 0.1° resolution. Land use is classified according to the International Geosphere—Biosphere
Programme (IGBP) index.
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Fig. 12. Histograms showing distribution of values for IGBP classifications (a) ‘Evergreen broadleaf’, (b) “Woody
savanna’ and (¢) ‘Cropland/natural vegetation mosaic’ environments. (d), (e) & (f) show distributions of a. Dotted lines

show the mean value.

rates (e.g. Fransson et al. 2001; Liu ef al. 2001). We
might, therefore, expect the Normalized Difference
Vegetation Index (NDVI) to be a useful predic-
tor for interferometric coherence. Correlations
between NDVI and coherence have been observed
in data from other parts of the world (e.g. Hawaii:
Rosen et al. 1996; NW China, Liu et al. 2010), with
higher NDVI values being associated with poor
coherence. In Central America, however, there is no
systematic relationship between NDVI and either 7
or « (Fig. 12b, d, e). NDVI varies very little across
Central America (although it takes slightly higher
values in Costa Rica than further north) because
vegetation index is similar for both rainforest and
cultivated land. Comparison of NDVI with a MODIS
land-cover map using International Geosphere—
Biosphere Programme (IGBP) classifications shows
no clear relationship between type of land cover and
NDVI (Fig. 11e, f).

The temporal parameter 7 and, to some extent,
our seasonal parameter o show distinct distributions
for areas of different IGBP land-use classification
(Fig. 12). For ‘Evergreen broadleaf,” dominated by
tropical rainforest and cloud forests in Central
America, 7 has a left-skewed distribution with a
mode interval of 50—70 day ' (Fig. 12a). The less
densely vegetated land, ‘Cropland/vegetation’ and
‘Woody savanna’, decorrelate less quickly (modes

of 90—110 day ~': Fig. 12b, c). These classifications
are likely to include more developed landscapes,
including agricultural areas where surface scatterers
are regularly altered due to human activity (e.g.
ploughing, harvesting). We attribute the high
number of pixels showing very low values for 7in
these categories to be caused by human interference
with the landscape.

Our parameter describing the seasonal depen-
dence of coherence, «, takes an average value of
2.5 across all land-cover classifications, suggesting
some seasonal trends in coherence across the
whole area of study (Fig. 12d—f). The distribution
in values is slightly more left-skewed in the ‘Ever-
green broadleaf’ land-cover category than where
vegetation was less dense, a feature we attribute to
seasonal agricultural practices increasing the num-
bers of low values for a. Seasonal effects are smal-
lest over high topography in Guatemala, Costa Rica
and NW of Lake Managua in Nicaragua, and larg-
est in the coastal regions of El Salvador and Nicar-
agua. We see a very small range of values for « in
areas dominated by rainforest (‘Evergreen broad-
leaf’: Fig. 12d), and much greater seasonal variation
where land-use category suggests some degree of
cultivation (Fig. 12e, f).

We use the IGBP land-use classifications to
make coarse predictions of decorrelation rate for
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Fig. 13. Graph showing predicted decorrelation as a
function of time for ‘Evergreen broadleaf’ (mostly
rainforest) and ‘Cropland/natural vegetation mosaic’
land uses.

different land types. On average, we expect rainfor-
est environments to decorrelate faster than cropland
(Fig. 13), with the largest differences between the
two environments in the shortest possible interfero-
grams (46 and 92 days for ALOS). However, this
simple approach will not capture the detailed
spatial patterns of coherence seen in Figure 11a.
The IBGP classifications ‘Cropland/vegetation
mosaic’ and “Woody savanna’, in particular, deviate
from a normal or skewed normal distribution of the
temporal decorrelation parameter, 7 (Fig. 12b, c).
There are significant parts of Central America
where these environments decorrelate much more
quickly than the average, as shown by the peaks at
low values for 7in Figure 12b, c.

SAR wavelength comparison: Arenal,
Costa Rica
Data from four different satellite instruments (ERS,

RadarSat, ALOS and TSX: see Table 2) were used
to make measurements at Arenal Volcano, Costa

Rica, which is known to be deforming (Ebmeier
et al. 2010). To make a meaningful comparison of
coherence between these different platforms we
use the average value for a section of the interfero-
gram over Lake Arenal as a ‘threshold’ value for
interferometric correlation. As reflected and back-
scattered radiation from the lake surface will be
completely incoherent, any value below this thresh-
old shows that data are unusable. The actual value of
this threshold will depend on a combination of the
factors listed above (see the ‘InSAR’ and ‘Coher-
ence model’ subsections), but the percentage of
pixels above threshold coherence will show the pro-
portion of data that may yield useful interferomet-
ric deformation measurements. The percentage of
pixels above the given threshold value are shown
in Figure 14, and are plotted with respect to tem-
poral and spatial baseline in Figure 15.

Phase correlation in the area around Arenal is
among the lowest in Central America, with high
phase correlation exclusively over the young lava
around the volcano in the majority of interfero-
grams. As expected, owing to its longer wavelength,
L-band data produce the greatest proportion of
pixels over the coherence threshold, followed by
the TSX interferogram, which has a smaller pixel
size. All of the TSX interferograms constructed
showed significantly better coherence than ERS or
RadarSat interferograms of equivalent temporal
length. The proportion of pixels above threshold
coherence were generally slightly higher in the
RadarSat than in the few ERS interferograms, and
this is probably due to shorter perpendicular base-
lines (Fig. 15b).

Although L-band data produce the greatest pro-
portion of coherent pixels, over extremely stable
surfaces such as lava flows we find that RadarSat
data maintain coherence for up to 600 days (Fig.
15a), illustrating that C-band data are useful for
measuring the deformation of small, stable areas.
To date, only L-band data have been demonstrated
to be suitable for surveying arcs as a whole in the
tropics (e.g. Philibosian & Simons 2011). High-
resolution, short-repeat-time X-band InSAR data

Table 2. SAR satellite instrument parameters referred to in the text

Instrument Period Wavelength Repeat Typical Range Azimuth
operational (cm) interval look resolution  resolution
(days)  angle (°) (m) (m)
ERS-1/2 (ESA) 1992-2000/ 5.66 (C-band) 35 c.23 10 5
1995-2011
ALOS (JAXA) 2006-2011 23.61 (L-band) 46 10-51 9-30 10
RadarSat-1/2 (CSA)  1995/2007— 5.66 (C-band) 24 20-49 25 25
TerraSAR-X (DLR)  2008-— 3.12 (X-band) 11 20-45 2-3 3
SENTINEL (ESA) 2013 —onwards? 5.66 (C-band) 12 20-46 5 5
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interferograms shown in Figure 14 are indicated by
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may prove useful for individual volcanoes but is
currently prohibitively expensive for large-scale
mapping. The upcoming European Space Agency
instrument, Sentinel (Table 2), will be C-band but
have a higher spatial resolution and shorter repeat
time than ERS and RadarSat. We therefore expect
these new data to be much more useful than ear-
lier C-band instruments, although it seems unlikely
that it will be as suitable for regional-scale surveys
in the way that the ALOS L-band data are. These
results agree with expectations (e.g. Rosen et al.
1996), but this is the first time that coherence has
been quantified for such a large dataset.

Summary

Our analysis of data from Central America demon-
strates factors that determine the usefulness of
InSAR at volcanoes both within the tropics and
worldwide. In summary, water vapour artefacts
and poor coherence are the greatest challenges to
making successful InSAR measurements at

volcanoes. This means that the characteristics of
volcanoes worldwide that inhibit measurement of
deformation with InSAR include: (1) vegetation
cover that leaves little of the ground exposed (e.g.
rainforest); (2) persistent activity changing surface
scatterer properties; (3) steep slopes; and (4) large
contrasts in topography. Thus, young stratovol-
canoes present particularly difficult targets for
measurement with InSAR. Recent activity can,
however, present some advantages for InSAR as
young lavas present more stable scattering surfaces
for InNSAR than older, densely vegetated slopes.
Steep slopes at many volcanoes also make acqui-
sition and analysis strategy (i.e. including both
ascending and descending tracks) more important
than in other geographical settings.

Two of the most important limiting factors for
measuring volcano deformation with InSAR -
water vapour artefacts and vegetation-related loss
of coherence — are particularly significant in the
tropics. Root mean squared variations in path delay
due to stratified water vapour changes reached as
much as 6.4, 5.3 and 4.8 cm at Santa Ana, Pacaya
and Fuego, respectively (Fig. 6). For our data, this
variability in path delay over a volcano is pro-
portional to the difference between edifice height
and the surrounding topography (gradient of
2 cm/km height). Although the presence of water
vapour artefacts does not prevent InSAR phase
measurements from being made, it may mask defor-
mation signals, complicating interpretation at vol-
canoes with high relief. Furthermore, very steep
slopes can lead to layover and foreshortening in
the radar geometry (Fig. 8). One satellite look
angle is not necessarily sufficient to be sure of
detecting deformation.

In Central America, the lower slopes of most vol-
canoes as well as the surrounding areas are vege-
tated to some extent. The degree to which this
affects InNSAR measurement depends on the type
and density of vegetation, and has implications for
the measurement of deeper magmatic movement.
In general, decorrelation rates are greater in the
southern arc than in the north, although there is con-
siderable variability (Fig. 11a). Although there is no
relationship with NDVI, coherence shows some
consistent variation with land-use type, such that
decorrelation rates are higher and standard devia-
tion lower for tropical rainforest than for culti-
vated land (Fig. 12).

Our comparison of L-, C- and X-band results in
one of the least coherent parts of Central America
demonstrates the importance of having L-band
data for measuring volcano deformation in the
tropics (Figs 14 & 15). The application of C-band
data of varying spatial resolutions is limited to
small, stable areas. X-band radar shows potential
for penetrating vegetation to allow measurements
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over a larger spatial area, but only over short
(<100 day) time periods, and where it is possible
to obtain a high-resolution DEM. We expect Senti-
nel data to perform better than ERS or RadarSat data
due both to its shorter proposed repeat time and its
higher spatial resolution. It is unlikely, however,
to allow measurements over regions as large as for
L-band data in tropical areas.

All ALOS data were acquired through the WInSAR pro-
gramme at the University of Miami from JAXA via the
Alaskan Satellite Facility. This work was supported by
the National Environmental Research Council through
the National Centre for Earth Observation (NCEO), of
which the Centre for the Observation and Modelling of
Earthquakes, Volcanoes and Tectonics (COMET+) is a
part. S. K. Ebmeier is supported by an NCEO studentship
and J. Biggs was funded by the ESA Changing Earth
Science Network and a Rosenstiel Podoctoral Fellowship
at the University of Miami. We thank M. Shirzaei and
M. Pritchard for their helpful reviews.
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