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Abstract There are some 1,500 volcanoes with the potential to erupt, but most are not instrumentally
monitored. However, routine acquisition by the Sentinel-1 satellites now fulfils the requirements needed
for interferometric synthetic aperture radar (InSAR) to progress from a retrospective analysis tool to one
used for near-real-time monitoring globally. However, global monitoring produces vast quantities of data,
and consequently, an automatic detection algorithm is therefore required that is able to identify signs of
new deformation, or changes in rate, in a time series of interferograms. On the basis that much of the signal
contained in a time series of interferograms can be considered as a linear mixture of several latent sources,
we explore the use of blind source separation methods to address this issue. We consider principal
component analysis and independent component analysis (ICA) which have previously been applied to
InSAR data and nonnegative matrix factorization which has not. Our systematic analysis of the three
methods shows ICA to be best suited for most applications with InSAR data. However, care must be taken in
the dimension reduction step of ICA not to remove important smaller magnitude signals. We apply ICA to
the 2015 Wolf Volcano eruption (Galapagos Archipelago, Ecuador) and automatically isolate three signals,
which are broadly similar to those manually identified in other studies. Finally, we develop a prototype
detection algorithm based on ICA to identify the onset of the eruption.

Plain Language Summary Through monitoring volcanoes, we can detect signs that they may

be likely to erupt in the future, yet many of the world’s volcanoes remain unmonitored. However, the latest
generation of RADAR satellites produces regular measurements of ground displacement around the
majority of the world’s volcanoes, and these measurements can be used to detect signs of unrest at many
previously unmonitored volcanoes. As the volume of data produced in this undertaking is vast, an automatic
detection algorithm is required to detect these signals of interest. In this work, we present methods to
separate signals indicative of volcanic unrest from other nuisance signals and to then monitor the
geophysically important signals to detect if a volcano has entered a period of unrest.

1. Introduction

The world’s ~1,500 subaerial active volcanoes (Siebert & Simkin, 2013) pose a diverse set of geophysical haz-
ards, which range from those such as pyroclastic flows, which impact people living near the volcano, to those
such as ash clouds, which can impact people across the globe. Data gathered from methods or instruments
such as seismology, tiltmeters, strain gauges, leveling lines, satellite-derived thermal imagery, satellite-derived
gas emissions, satellite-derived deformation measurements, and geochemical analysis of fumarolic gases can
be used to identify the signs of volcanic unrest that are indicative of a certain hazard (Sparks et al., 2012, and
references therein). However, the majority of the world’s volcanoes are not routinely monitored (Sparks et al.,
2012), and the vast majority of the methods previously mentioned would be prohibitively expensive to extend
to all volcanoes, due to the requirement for more instruments to be acquired and deployed.

The ability of interferometric synthetic aperture radar (InSAR) to measure ground displacements allows defor-
mation of both a volcano’s flanks and the area surrounding it to be constrained (e.g., Pinel et al., 2014, and
references therein), and these measurements of displacement can be a valuable indicator of volcanic unrest
that may lead to an eruption (Biggs et al., 2014; Ebmeier et al., 2018). Therefore, a satellite with a suitable
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acquisition strategy could provide the measurements that would allow monitoring of all of the world’s
subaerial volcanoes.

Until recently, INSAR was not suited to real-time global monitoring as synthetic aperture radar (SAR) satellites
in operation before 2015 rarely routinely acquired images over areas of geophysical interest, and data were
generally not available until days after it was acquired. However, the European Space Agency’s most recent
SAR satellites (the Sentinel-1 constellation) have addressed the limitations previously listed and have allowed
InSAR to evolve from a retrospective analysis tool into one that can be used for near-real-time monitoring.
Other advances that make this possible include the construction of new processing facilities to automatically
and rapidly create interferograms for large parts of the globe (e.g., Gonzalez et al., 2016; Meyer et al., 2016)
and new methods for rapidly updating a time series when new interferograms are created (e.g., Spaans &
Hooper, 2016).

However, using data derived from the Sentinel-1 satellites to monitor the world’s subaerial active volcanoes
produces too many interferograms for them to be manually inspected for signs of unrest. Consequently, we
present results of work to construct an algorithm to automatically detect signs of unrest in a time series of
interferograms over a given volcano. To avoid the time-consuming nature of labeling data (e.g., manually
inspecting interferograms and assigning information such as contains deformation), our algorithm must be an
unsupervised one (i.e., one that is trained on unlabeled data). One class of unsupervised learning algorithms is
termed blind signal separation (BSS) methods, and one of these (independent component analysis [ICA]) has
been utilized to isolate signals of geophysical interest in an InSAR time series by Ebmeier (2016). Therefore,
we aim to construct an algorithm based on the BSS premise that latent sources of interest can be extracted
from a time series of interferograms.

However, as ICA is one of a suite of BSS methods, we endeavor to ascertain which of the methods is best
suited to InSAR data. We do this by first introducing the fundamentals of several BSS techniques (section 2),
explaining our novel method for applying a new BSS method to InSAR data (section 3), and comparing the
results of applying several BSS methods to a synthetic data set (section 4). In section 5 we validate that the
chosen method works with real data through the use of two time series of Sentinel-1 interferograms, before
describing and demonstrating our prototype automatic detection algorithm in section 6.

2. BSS

2.1. Interferograms as Mixtures of Signals

Interferograms consist of measurements of amplitude and phase at pixel locations. After correcting for
geometric terms, the phase consists of contributions from several sources:

¢ = W{(pdef+(porb+(patm+A(p9+(PN} (1)

where @4 is the phase change due to deformation of the ground surface, ¢, is the phase due to errors in
the location of the satellite at each acquisition, ¢, is the phase change due to changes in the atmospheric
delay, Ag, is the phase due to misestimation of the look angle, ¢ is the phase noise, and W is a wrapping
operator that results in the phase lying between —z and = (Hooper et al., 2012). In geophysical applications
@get 1s usually the signal of interest and a suite of methods exist to reduce the contributions from other terms.
Signals that are considered to be dominated by deformation have been attributed to a variety of volcanic pro-
cesses, including preeruptive inflation of a magma chamber, subsidence due to flank loading by new material,
subsidence due to cooling of a magma body below a volcano, and subsidence due to changes in a volcano’s
geothermal system (Ebmeier et al., 2018).

If multiple latent signals combine in unknown quantities to form an interferogram, recovering the original
signals can be viewed as a BSS problem (Jutten & Herault, 1991). In this class of problems, the observed mixed
signals are assumed to be generated using the following mixing model:

X=AS (2)
where using the standard nomenclature of BSS literature, X contains the mixtures as row vectors, S contains

the unknown sources as row vectors, and A is the unknown mixing matrix that combines varying amounts of
the sources to create each mixture. In this work, we refer to scalars as lower case letters (e.g., a), row vectors
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Figure 1. Linear mixing for spatially and temporally organized data. (top row) Spatial organization, in which a
deformation signal (S1) is mixed with a topographically correlated signal (52, generated from the topography of Campi
Flegrei, Italy) through reprojecting the data in the directions A; and A,, to produce two mixtures, M1 and M2. The
sources can be recovered from the mixtures by reprojecting the data in the directions W, and W,. In this architecture,
the mixture space has as many dimensions as there are interferograms and as many points in the space as there are
pixels in the interferograms. (bottom row) Temporal organization, in which a pixel with a phase change due to
deformation over 20 epochs (S1) is mixed with a pixel with a phase change due to a topographically correlated
atmospheric signal (52) in a similar manner to the spatial case to produce two pixels (M1 and M2) that exhibit both
deformation and atmospheric signals. In this architecture, the mixture space has as many dimensions as the
interferograms have pixels and as many points in this space as there are interferograms. Progression from blue to yellow
is used to indicate areas of high point density in these (and any following) scatter plots.

as bold case lower letters (e.g., @), and matrices as bold upper case letters (e.g., A). The sources, S, can be
recovered if we could calculate the unmixing matrix, W

S = WX (3)

where
A=W (4)

The preceding description of linear mixing can also be expressed in terms of Euclidean geometry and is
demonstrated in Figure 1. The m variables measured at n time points can be considered as points in an m
dimensional (mD) space (e.g., two 10° pixel interferograms would be 10° points in a 2-D space). If the sources
are stored in a data matrix (S) with each row containing a new variable, each column of this matrix is a mD
position vector determining that observations point in the space. Matrix multiplication of these sources (S)
by a mixing matrix (A) is equivalent to the inner product of the row vectors of A and the column vectors of S.
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Consequently, the row vectors of A can be considered as the axes defining a new subspace that the data (S)
are projected into. The unmixing process (S = WX) can be considered in a similar way, with the rows of W con-
taining the basis vectors required to recover the sources. The goal of BSS is to find the basis vectors required
to recover each source from the mixtures (i.e., the rows of W). However, it must be noted that the sign of the
sources that are recovered by BSS methods (the rows of S) remains ambiguous, as the opposing sign may be
present in the column of the mixing matrix that controls the strength of a given source in each mixture.

Linear mixing can be complicated by differences in the number of mixtures relative to the number of latent
sources. In the simplest case, the number of mixtures is equal to the number of latent sources and the mixing
and unmixing matrices (A and W) are square. However, in what is termed the overcomplete case (underdeter-
mined in inverse theory terminology) there are more latent sources than mixtures, and in the undercomplete
case there are more mixtures than latent sources (Amari, 1999). A time series of INSAR data at a subaerial vol-
cano is likely to consist of tens to hundreds of interferograms but of substantially fewer latent sources (such
as deformation and a topographically correlated atmospheric phase screen [APS]), and we therefore expect
it to be undercomplete.

In this line of reasoning we do not expect the unique turbulent APS present in each interferogram to be recov-
erable as sources. An attempt to recover the turbulent APSs would increase the number of sources to more
than the number of mixtures (a significant change) and shift the problem from the undercomplete to over-
complete case. The sparse nature of the time course for each turbulent APS and the huge increase in the
number of sources that would have to be sought lead us to discount the turbulent APSs as sources and instead
treat them as noise terms in the undercomplete case. However, other atmospheric signals such as those due
to atmospheric pressure gradients associated with weather systems or the rain shadow effect are not unique,
and we may therefore expect to recover them as components. Methods to correct for APSs are also routinely
applied to InSAR data, but as these can introduce new and erroneous signals, we apply BSS to uncorrected
time series.

BSS for the undercomplete case requires extra processing when certain algorithms are used, and these
caveats are discussed for each method. To implement BSS, we have investigated nonnegative matrix factor-
ization (NMF), principal component analysis (PCA), and ICA. These methods are introduced in the following
subsections, before our novel application of NMF to InSAR data is demonstrated in section 3.

2.2. Organizing and Synthesizing Data

Before considering how to apply NMF, PCA, and ICA, we must first transform a time series of interferograms
into a form that these methods can be applied to. The three methods consider the statistics of multiple obser-
vations of several variables and consequently do not require the spatial (or temporal) relationships between
pixels (or interferograms) to be conserved. Therefore, the information contained within the time series can be
converted to row (or column) vectors, providing that this reorganization is performed consistently. We also
refer to the time history of a spatial map (which can be as small as one pixel or more commonly as large as a
latent source) as a time course, in the style of BSS literature.

How these row vectors are formed has important implications, and consequently, the two different
approaches are termed as architecture | and architecture Il in BSS literature (Bartlett et al., 2002). However, this
nomenclature is opaque when applied to InSAR data and we instead refer to architecture | as spatial organi-
zation, as when ICA is applied to architecture | data, the recovered latent sources are spatially independent.
When ICA is applied to architecture ll, data the discovered latent sources are temporally independent, so we
instead refer to architecture Il as temporal organization.

In spatial organization, each image contains multiple realizations of a single random variable, with the number
of random variables being equal to the number of images, while in temporal organization, each pixel is a
random variable, with as many observations as there areimages. In this work, we adhere to the conventions of
BSS literature and place variables as rows in our data matrix, and each observation of these variables occupies
a new column. Therefore, for a time series of t interferograms each of p pixels, our data matrix would be t x
p for spatial organization and p X t for temporal organization. In Euclidean space, a time series organized
spatially is likely to consist of 10" -10? interferograms and requires a space of equal dimensions, while for
temporal organization, an interferogram is likely to consist of 103-107 pixels and requires a space of very
high dimensionality. Figure 1 demonstrates the difference of spatial and temporal organization, and how the
(un)mixing vectors described in the previous section can be interpreted. As the number of interferograms
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Figure 2. Sources and estimated probability density function (PDFs) for synthetic deformation source (left) and
atmospheric source (right). (top row) The spatial pattern of the two sources, corresponding estimated PDF (Gaussian
kernel density estimate) and measures of non-Gaussianity (introduced in section 2.4) of sources, where J is approximate
negentropy (0 for Gaussian), k the excess kurtosis (0 for Gaussian), and s the skewness (0 for Gaussian). Campi Flegrei
was used for this synthetic example, with the Gulf of Pozzuoli visible as the masked (white) pixels in the lower part of
the image. The spatial pattern of the deformation source is highly non-Gaussian for all measures, while the atmospheric
source is closer to Gaussian. (middle row) Temporal nature of the synthetic sources when a daisy chain of interferograms
is created. The estimate of the PDF is generated from 100 synthetic time courses each of 40 interferograms, but for
clarity only the first time course is shown in the left-hand plots. (bottom row) Temporal nature of the synthetic sources
when a single master is used to create the interferograms. The deformation time course appears non-Gaussian as it
approximates a uniform distribution, while the atmospheric source is again closer to Gaussian. Note that the
non-Gaussian nature of the temporal signals is a result of how they were synthesized and that the temporal trend in the
atmospheric source is due to the sinusoidal term described in the text, which is intended to approximate seasonal
changes in the signal’s strength.

controls the number of data points when the data are organized temporally, a hypothetical time series of only
three interferograms would provide a very sparsely populated space in which to perform the analysis and
would be equivalent to the scatter plots in Figure 1 having only three data points.

To both introduce and compare PCA, ICA, and NMF, we generate a synthetic time series using equation (2),
with one matrix (either A or S) containing the spatial patterns of the two synthetic InSAR signals, while the
other matrix contains the strengths (termed time courses) with which each spatial pattern contributes to each
interferogram. To generate spatially organized data, we postulate that the spatial maps are statistically inde-
pendent and so place these in S, while for temporally organized data we postulate that the time courses are
statistically independent and so place these in S. We choose our two synthetic InSAR signals to be ground
deformation due to a volcanic process, and apparent ground movement due to a topographically correlated
APS as separation of signals of this type has been shown to be important (e.g., Delacourt et al., 1998).

The spatial pattern of the two synthetic signals is shown in Figure 2 and, as these are sources when the data are
organized spatially, provides insights into the challenge of recovering them. The area corresponds to Campi
Flegrei (Italy), with the subaerial caldera walls apparent in the atmospheric signal. The surface deformation is
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Figure 3. (column 1) A scatter plot comparing the values for each pixel in the two sources (row 1) and the two sources
(rows 2 to 3). These are mixed with the three mixing vectors of A (plotted in red). As per the previous scatter plots,
yellow indicates areas of high point density. (column 2) Scatter plot of the three mixtures (top) and the three mixtures.
As the data lie on a plane in the 3-D space, color is used to for the third axis. The three 3-D unmixing vectors found by
PCA are plotted with the color indicating their vertical component. PC; and PC, progress through the color spectrum of
the vertical axis at the same rate as the data points and consequently lie in the plane. However, PC3 progresses through
the color spectrum more rapidly as it lies perpendicular to the plane. (column 3) The three components recovered by
PCA and the variance in each direction. As PC5 can be seen to correspond to noise, only components 1 and 2 are
retained for use by ICA. The upper scatter plot shows PC; and PC, rescaled in such a way that the variance in each
direction is 1 (i.e., the data are whitened). The unmixing vectors found by ICA are shown in red. (column 4) The two
sources recovered by ICA, which can be seen to be a good approximation of the original sources. Note that due to the
ambiguity of the sign of the recovered sources found by BSS methods, some of the recovered sources are sign-flipped
versions of the original. However, to aid in quick analysis of the recovered sources, we remove any obvious sign flips
from figures within this work. PCA = principal component analysis; ICA = independent component analysis; BSS = blind
signal separation; PC = principal component; IC = independent component.

GADDES ET AL.



100 Journal of Geophysical Research: Solid Earth 10.1029/2018JB016210
Sources Mixtures PCA ICA
2 1% Cs 2 4
~ N Y c
qt’; § 0 de O o
o X 1qfe o
_5 ] -14= 27 ’
5 0 5 10 1 2 0 2
Source 1 Mixture 1 PC 1
1.0 537
14 J . I 7 0.25 1 I I* E Var: 9337/0 1 . I T
11 h I e 0.5 4 ) [ o P J oy
0—!.-'!‘§ L | | RIS ) e I 0 +AHd—nly
Y] I - A 0o LT ;, CEETAY
SR S S ORI Rl
6 ¢ 1 4% l ~0.5 - i “
0 20 0 20 0 20 0 20
Source 1 Mixture 1 PC1 IC1
2 E . 0.50 A :‘ ! \:ar: 6.3% 2 ! E .
e, ° 0.25 ¢ e o 0.217 ? i
o Jiliets gigi *’5 R et gl 17 bR
‘::‘i i IO 0.00 +-4 '.,ﬂ‘- 1 I‘II ' 0.0 A iuﬁ'ﬁ 50Tt ' ;'I:LI Iiiﬁl:: %
i A R ey
. Loe =0.25 1 1° -024s ! 2]l e
0 20 0 20 0 20 0 20
Source 2 Mixture 2 PC 2 IC 2
x10716
024 ! Var: 3.94e-15%
: .
1 2 4
0.0{% ,“l?.: f,;. : zﬂ-*.' * !
FRIAT ot
—0.2 A ! "I|, ii ‘ll' 1 do‘:ﬁ.l."ﬂl
-0.4 1 4 T21e & e
(I) 2I0 (I) 2I0
Mixture 3 PC 3

Figure 4. (column 1) The two temporal sources that are mixed with the three mixing vectors of A (plotted in red). As per
the previous scatter plots, yellow indicates areas of high point density. (column 2) Scatter plot of the three mixtures
(top), the unmixing vectors found by PCA, and the three mixtures. These show the same features as those discussed in
detail in Figure 3, but the salient point remains that the points lie on a plane, with PC; and PC, in the plane and PC;
orthogonal to it. (column 3) The three components recovered by PCA and the variance in each direction. PC, can be
seen to recover source 2 well, but PC; is a poor approximation of source 1. As component 3 can be seen to correspond
to noise, only components 1 and 2 are retained for use by ICA. The unmixing vectors found by ICA are shown in red.
(column 4) The two sources recovered by ICA. Visual inspection shows these to be a good approximation of the original
sources. PCA = principal component analysis; ICA = independent component analysis; PC = principal component;

IC = independent component.

created by modeling the inflation of a point source in an elastic half space (Mogi, 1958) as this has been used
to successfully model observations of deformation at Campi Flegrei (Lundgren et al., 2001) and is strongly
non-Gaussian by all the measures utilized. The spatial patten for the topographically correlated delay is syn-
thesized by assuming a linear relationship between phase and altitude for each pixel (calculated using the
Shuttle Radar Topography Mission (SRTM) 30-m Digital Elevation Model (DEM) Farr et al., 2007).

The temporal nature of the two synthetic signals is also shown in Figure 2 and, as these are sources when the
data are temporally organized, provides insights into the challenge of recovering them. The time course for
the deformation is generated to approximate a period of inflation at a volcano by varying in strength around
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a mean value that is above zero. The time course is generated by drawing values from a hyperbolic secant
distribution with mean of 0.1 and variance of 1. This distribution is chosen as its excess kurtosis (k = 2) is
similar to that found during analysis of the size of changes in displacement over 6-day intervals at a variety
of Global Positioning System (GPS) stations (k = 2.4) that experienced deformation due to volcanic unrest,
using a method similar to that described in Liu et al. (2018) (see supporting information for further details).

The time course for the topographically correlated tropospheric phase delay is synthesized as a sinusoidal
wave (wavelength: 1 year, amplitude: 4 rad/km) combined with Gaussian noise as this closely resembles the
temporal evolution of the delay/elevation ratio at Colima Volcano measured by Pinel et al. (2011). While this
function may not be applicable to all volcanoes, it provides a challenging example for our synthetic tests
as when a daisy chain of interferograms is formed, the long-term sinusodial trend is removed, and only the
synthetic Gaussian noise remains.

In section 2.1 we also addressed why the signal introduced by the turbulent APS could only be treated as a
noise term (in contrast to recovering the turbulent APS for each interferogram). For synthetic tests, we gener-
ate turbulent APSs as spatially correlated noise and then difference pairs of these to make signals that would
be expected in either a single master or daisy chain time series. As the turbulent APS acts as noise and compli-
cates the recovery of latent sources, we do not include it in the examples presented in this section. However,
in the more complex synthetic tests performed in section 4, a turbulent APS is included. Figures 3 and 4 show
examples of spatially organized and temporally organized synthetic data and the results of applying ICA and
PCA to them.

2.3. PCA

PCA (also termed the Karhunen-Loéve expansion Karhunen, 1947; the Hotelling transform, Hotelling, 1933;
and empirical orthogonal functions, Lorenz, 1956) has been applied to InSAR data by several authors, such as
Kositsky and Avouac (2010), Rudolph et al. (2013), and Chaussard et al. (2014) to isolate signals of geophysical
interest. The first principal component (PC) is the direction in which the maximum amount of variance in the
mean-centered mixtures can be explained; the second seeks the same result given that it is orthogonal to
the first and so on. The data can then be projected in the basis defined by the PCs, with the result that the
data are now uncorrelated. The PCs can be found in a variety of ways (e.g., singular value decomposition) but
are routinely found by calculating the eigenvectors and eigenvalues of the mean-centered data’s covariance
matrix. Once the eigenvectors have been calculated, the change of basis can be achieved using the following:

Sieco = E'X (5)

where S, are the reconstructions of the sources, E is a matrix of eigenvectors as columns (termed W in
equation 3), and X is the matrix of mixtures. A consequence of PCA requiring the data to be first mean centered
is that a reference pixel need not be chosen for the time series as all the interferograms are adjusted so that
when the data are spatially organized each interferogram has a mean of zero and when temporally organized
the time history for each pixel has a mean of zero. The strength of PCA lies in the nature that the first PCs (or
eigenvectors) contain the majority of the variance of the data, and so by discarding the later components, a
large proportion of the variance of the data can be expressed in relatively few dimensions. However, due to the
orthogonality of the PCs, it is apparent that should the rows of A not be orthogonal, PCA cannot separate the
two sources fully. Consequently, in some fields ICA (Comon, 1994; Jutten & Herault, 1991) is preferred to PCA.

PCA can be applied to both spatially organized data (to find uncorrelated images) and temporally organized
data (to find uncorrelated time courses). However, when performing PCA on images (such as interferograms)
organized temporally (i.e., where each pixel is a variable), many data sets will have more dimensions than
points populating the space (e.g., for a time series of 19 interferograms, each of 10,000 pixels, this would
result in 19 points in 10,000 dimensions). Consequently, both the calculations of the covariance matrix (of
size 10,000 X 10, 000 in this example) and its eigendecomposition become very computationally expensive.
Previous applications of PCA to temporally organized interferograms by Ebmeier (2016) have circumvented
this by spatially downsampling the data and so reducing the number of pixels and therefore dimensions.
However, we instead calculate the PCs of these sparsely populated high-dimensional spaces using the PCA
compacttrick (Solem, 2012), which is computationally efficient as it uses the constraint that when the number
of dimensions is greater than the number of samples, s, there will only be s — 1 eigenvectors.

Minimal considerations of whether the data are complete or undercomplete are required when applying PCA.
In the complete case, all the eigenvectors are retained and E' is square. In the noiseless undercomplete case
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with m mixtures and s latent sources, the observations of the mixtures will lie on an sD hyperplane (demon-
strated in Figure 3) and the last m — s eigenvalues will be zero, indicating that the corresponding eigenvalues
can be discarded (reducing E' to an s X m matrix). In the noisy undercomplete case, the data create a volume
of equal dimension to the space and all eigenvalues are nonzero, but further interpretation depends on the
signal-to-noise ratio (SNR). In the case that the SNR is high enough, the first s eigenvalues are significantly
larger than the remaining m — s and the number of sources can be identified, but as the SNR decreases, the
difference between the two sets of eigenvalues decreases until separation and constraint of the number of
sources becomes difficult. The difficulty in choosing the number of components to retain is demonstrated
in McKeown et al. (1998), where a small but interesting signal was identified in a very low eigenvector. Spa-
tially small signals contained within large (250 km wide) Sentinel-1 interferograms may contribute little to the
overall variance of the time series and be at risk of omission due to occurring in a low-ranked eigenvector yet
may be of geophysical interest. We expect the strength of a signal, the proportion of an image that it covers,
and the number of interferograms that it features in to determine how highly the signal is ranked within the
eigenvectors extracted by PCA. Consequently, we postulate that in order to maximize the chance of a signal
of a given strength and spatial size to be retained in the highest eigenvectors, the interferograms should be
cropped to the smallest practical area of interest around a volcano. Given that deformation sources are com-
monly offset from a volcanic center (Ebmeier et al., 2018) by tens of kilometres, the smallest practical area is
likely to be around 20-50 km in size but to remain a parameter that is tuned for each application of a BSS
method to a volcanic center.

24.I1CA

ICA provides a new basis for the mixtures such that they are no longer statistically dependent (i.e., the inde-
pendent components, or sources, have been recovered) and is the dominant method to apply BSS (Stone,
2002). In a similar fashion to PCA, it has been applied to InSAR data by Ebmeier (2016) in order to isolate sig-
nals of volcanic interest. ICA can be used to identify latent sources as these usually have probability density
functions (PDFs) that are less Gaussian than mixtures. This is due to the central limit theorem, which stipulates
that by summing several independent sources, the resulting mixture has a more Gaussian PDF than any of the
constituent sources (Hyvérinen & Oja, 2000). ICA algorithms measure the Gaussianity of linear combinations
of the mixtures, before adjusting this mixture in order to create a signal that has maximum non-Gaussianity
and is therefore likely to be one of the original sources. This point also highlights the limitation that ICA algo-
rithms cannot be applied to Gaussian signals (or random variables), as the latent sources would not be more
non-Gaussian than the mixtures. The wealth of successful applications of ICA to BSS problems can be used
to justify the expectation that it would outperform PCA as two physical processes that are unrelated (such
as deformation at a volcano and atmospheric delay) are likely to be statistically independent, as opposed to
merely uncorrelated. However, signals such as deformation and atmospheric delay at a stratovolcano may be
physically unrelated but are likely to be spatially similar. We explore the search for spatially uncorrelated and
independent sources at a stratovolcano in more detail in section 4.5.

Several measures of the non-Gaussianity of random variables exist and have been used by various ICA algo-
rithms. Kurtosis provides one of the simplest measures to implement and measure how peaked a distribution
is. As Gaussian random variables have a kurtosis of 3, it is common for kurtosis to instead refer to excess kur-
tosis, which is a measure in which all values are reduced by 3, shifting the kurtosis of a Gaussian distribution
to 0. A random variable with a high kurtosis (i.e., k> 0) has a peaked or spikey PDF with many values closely
grouped together and long tails, while a random variable with a low kurtosis (i.e., k < 0) has a very broad
PDF (such as a uniform distribution, with a kurtosis of —1.2). Gradient descent can be used to maximize the
non-Guassianity of the signals to be recovered, but the more complex fixed-point iteration presented as Fas-
tICA in Hyvéarinen and Oja (1997) has two advantages in that it has been shown to converge more quickly and
also does not require a learning rate to be chosen.

While kurtosis is an intuitive and computationally efficient way of measuring the non-Gaussian nature of a
random variable, it is not robust and can be heavily influenced by outliers (Hyvarinen, 1999). Therefore, dif-
ferential entropy is used as a measure of non-Gaussianity in more recent versions of the FastICA algorithm
(Hyvédrinen, 1999). Differential entropy is a measure of the information that a variable conveys and is largest
for more unpredictable (or random) variables and lowest for more predictable ones (in the case of a coin that
always landed on heads, the entropy would be 0). For a collection of random variables with equal variance,
the maximum differential entropy is achieved by that with a Gaussian distribution (Hyvarinen et al., 2001).
Therefore, it can be used as a measure of how Gaussian a random variable is. This can be simplified by defining
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a new quantity, negentropy, which is 0 for a Gaussian random variable and always nonnegative. However, as
differential entropy (and so negentropy) requires the PDF of a variable to be known, it remains difficult to
measure efficiently. Therefore, approximations for differential entropy have been developed for the FastICA
algorithm, but a full discussion of these is outside the scope of this paper (see, e.g., Hyvdrinen et al., 1998,
2001). As per using kurtosis, gradient descent can be used to maximize the approximated negentropy, but a
faster and more robust fixed-point algorithm is presented in a newer version of FastICA in Hyvarinen (1999).

As per PCA, ICA can be applied to both spatially and temporally organized data. When ICA is applied to spa-
tially organized data, spatially independent sources and unconstrained time courses are recovered, and the
method is referred to as spatial ICA or sICA. When ICA is applied to temporally organized data, independent
time courses and unconstrained spatial sources are recovered, and the method is referred to as temporal ICA
or tICA. The independent sources that ICA seeks to recover are similar to the uncorrelated sources that PCA
seeks to recover, but as independence is a more robust measure than the uncorrelatedness which PCA seeks
(discussed further in section S3), we may expect the sources recovered by ICA to be more faithful reconstruc-
tions of the latent sources that generated the data. ICA has been applied across a varity of fields, ranging
from tICA on speech data (Bell & Sejnowski, 1995), tICA on electroencephalographic data (Makeig et al., 1996),
sICA on functional magnetic resonance imaging data (McKeown & Makeig, 1998), and sICA on facial images
(Bartlett et al., 2002). More recently, sICA and tICA have also been performed on geophysical data using the
FastICA algorithm (Chaussard et al., 2017; Cohen-Weber et al., 2018; Ebmeier, 2016; Frappart et al., 2010).

Unlike PCA, applying ICA to undercomplete data requires extra considerations. FastICA can only operate with
square mixing and unmixing matrices, and while this makes them very suitable for the complete case, it makes
their application to the undercomplete case more challenging. An example of performing ICA with rectan-
gular matrices is presented in Porrill and Stone (1998) and termed undercomplete ICA, while the error-gated
Hebbian rule proposed by Isomura and Toyoizumi (2016) retains square mixing and unmixing matrices but
is capable of recovering repeated versions of the original sources if the data are undercomplete. However,
we choose to implement the commonly used method of dimension reduction, as the undercomplete ICA
method presented in Porrill and Stone (1998) has not been applied to data similar to geophysical data, and
the error-gated Hebbian rule ICA algorithm of Isomura and Toyoizumi (2016) requires tuning of a learning
rate, which may prohibit the automating of the implementation of ICA that is required for ICA to be used in
an automatic detection algorithm.

Dimension reduction seeks to compress the data by expressing it using a new and smaller set of variables
which, in the ideal case, are still able to convey the essential features of the data. Using this as a preprocessing
step for ICA allows us to reduce the number of input variables to equal the number of sources that we wish to
recover and then allows ICA to be performed on the new lower dimension data (i.e.,, where A and W are now
square). PCA is commonly used for this process but includes the important caveat that some signals may be
discarded in dimensions that were thought of as unimportant (McKeown et al., 1998). Most ICA algorithms
require the data to be whitened (or sphered) prior to ingestion as this greatly simplifies the unmixing matrix
as it changes from a full rank to orthogonal matrix (Hyvarinen & Oja, 1997), and as PCA can be used to perform
whitening, it is usually incorporated into the dimension reduction step. As tICA requires temporally organized
data to be whitened, we again use the compact trick (discussed in section 2.3) to allow tPCA to be performed
without downsampling the data.

2.5. PCA and ICA Examples

To demonstrate the functioning of PCA and ICA, we present a low-dimension example of undercomplete data
(three mixtures of two sources). While these are of significantly lower dimension than would be encountered
for real data, they remain useful examples as they allow for the data and (un)mixing vectors to be plotted
clearly and the role of PCA as a preprocessing step for ICA to be demonstrated. For the time series to be of
such low dimension that it can be plotted in 3-D, spatially organized data must consist of three interferograms,
while temporally organized data must consist of three pixels (in a similar fashion to the 2-D case shown in
Figure 1). While three mixtures could be generated from more than two sources, this is the opposite of the
undercomplete case that we expect to encounter with InSAR data. Therefore, we use two sources and a 3 x 2
mixing matrix (A) to generate undercomplete data. To generate spatially organized data, the spatial pattern
of the two sources (deformation and topographically correlated delay) is placed as rows in S, and the time
courses placed as columns in A (see equation 2), while for temporal data, the opposite is performed.
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Figure 5. Possible scenarios for application of NMF to single master InSAR time series. (top left) Uplift (black points) and
a topographically correlated APS (red points) with the master interferogram on the acquisition with the minimum
atmosphere (number 4). Data after the master (green shading) are nonnegative and can be used, while data before the
master contain both positive and negative data and cannot be used (red shading). (top right) As in top left but with
subsidence. Data before the master data are nonnegative. (bottom left) Uplift and a master chosen for the maximum
atmosphere (number 10). The data before the master are nonpositive and can be utilized by NMF providing a trivial sign
flip is performed. (bottom right) Subsidence and a master chosen for the maximum atmosphere. A sign flip of the data
after the master facilitates application of NMF. NMF = nonnegative matrix factorization; InSAR = interferometric
synthetic aperture radar; APS = atmospheric phase screen; TC = time course.

Figure 3 shows the Euclidean representation of mixing sources to create spatially organized data and the
results of using PCA and ICA to attempt to recover the sources. As only two sources and a negligible amount
of noise (visible as PC3 in Figure 3) are used to generate the data, the data lie on a plane in the 3-D space of
the three mixtures. The first two PCs lie in this plane and due to the orthogonality constraints imposed on
the unmixing vectors of PCA, the third lies perpendicular to the plane. This results in the variance accounted
for by the third PC being approximately zero, and we are therefore able to conclude that the three mixtures
were generated by two sources. To perform ICA, we rescale the data projected in the direction of the first two
PCs such that the variance in each direction is one (i.e., the data are whitened) and then seek two unmixing
vectors in this 2-D space. Should noise be added to the above case, the three mixtures would no longer lieina
plane and would instead create a volume within the 3-D space. If the signal is of significantly larger magnitude
than the noise, identifying the plane in which the sources lie remains possible, and ICA is able to recover the
sources accurately. However, as more noise is added, the plane that the sources creates becomes harder to
identify using PCA, and if the vectors found by PCA are not aligned correctly (i.e., the first two lie in this plane),
some signal may be present in the third PC. When this component is discarded, the signal it contained is also
lost, and ICA may therefore fail to recover the original sources faithfully.

Figure 4 shows the Euclidean representation of mixing sources to create temporally organized data and the
results of using PCA and ICA to attempt to recover the sources. As this scenario is limited to three pixels, these
do not have any spatial meaning, so the elements of A are chosen from uniform distributions —0.5 to +0.5.
In a similar manner to the spatial example discussed in the previous paragraph, the very low variance of the
third PC (1.85x 107'°% of the total variance) indicates that it is numerical noise and should not be retained for
use by ICA. While comparison of the original and recovered sources is not as clear as for the spatial patterns,
examination shows that the sources recovered by PCA are visibly different to the original sources while those
recovered by ICA are not.

2.6. NMF

NMF developed from positive matrix factorization (Paatero & Tapper, 1994) and factorizes a nonnegative data
matrix of mixtures, X, into two nonnegative matrices, A and S (often termed W and H in NMF literature). NMF
became well known when Lee and Seung (2000) showed that a collection of 2,500 facial images, each of
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Figure 6. Results of application of NMF to spatially organized data. (column 1) To create three mixtures from two
sources, three 2-D vectors are required (rows of A). (column 2) Scatter plot of the three mixtures. The points form a plane
in the 3-D space which allow them to be visualized adequately using color for the third axis. (column 3) The two
recovered sources and mixing vectors, showing the near exact recovery of the original sources. NMF = nonnegative
matrix factorization.

361 pixels, could be expressed as 49 sources that were easily interpretable to a human observer (i.e., the
sources corresponded to parts of a face, such as eyes or a nose). In terms of Euclidean geometry, this corre-
sponds to a 361-dimensional space populated by 2,500 points being condensed to a 49-dimensional space
and corresponds with the underdetermined case described in section 2.1. However, to our knowledge, NMF
has not been applied to InSAR data.

The multiplicative update rules of Lee and Seung (2000) find the local minimum of an objective function that
measures the misfit between X and A xS. If the mixtures are linear combinations of a smaller number of latent
sources, gradual identification of these sources (and their mixing matrix) occurs as the objective function
reduces. In the case of noiseless data, the objective function may approach 0.

However, in the complete case (i.e., the number of sources and mixtures are equal) any positive and non-
linearly dependent vectors can be used to fit the data exactly, providing the values of S that are adjusted
correctly by the algorithm. Consequently, the original sources are not recovered, and the data are instead
reconstructed from near-random permutations of the latent sources. This situation can be demonstrated by
considering observations of three mixtures that are fit when the rows of A contain vectors in the direction of
the space’s coordinates (i.e,, [1, 0, 0] etc.), and the three recovered sources would be the three mixtures. This
arrangement would be able to reconstruct the data exactly but would not recover meaningful or accurate
sources. Therefore, unlike PCA and ICA, NMF can only be applied to undercomplete data.
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Figure 7. Comparison of a synthetic time series of interferograms arranged as either a daisy chain of interferograms
(left) or relative to a single master (right) formed from 20 acquisitions. The top row shows the signal due do inflation of a
Mogi source (and its associated time course), the second due to a topographically correlated atmospheric signal (and
time course), the third due to a turbulent atmospheric phase screen, and the fourth due to the combination of these. In
the single master time series, the master date was chosen to be when the topographically correlated atmospheric signal
was a minimum, in order to ensure it remains positive in all the interferograms and nonnegative matrix factorization can
be used. The phase is wrapped to between —z and = as the scale varies significantly between the two cases. In the daisy
chain case, the signal due to the Mogi source is of comparable magnitude to the other signals but in the single master
case dwarfs them. Figure 8 shows the results of applying the suite of blind signal separation techniques to each case.

3. Application of NMF to InSAR Time Series

As NMF cannot be used on data that contains negative values, we instead construct a time series of inter-
ferograms relative to a single master. This master image is chosen to be the date on which either the
strongest/weakest topographically correlated atmosphere occurs as this ensures that this signal is either
entirely positive/entirely negative. We synthesize a volcanic signal that is steadily inflating/deflating at a vary-
ing rate, to ensure that all the data after/before the master are positive. NMF can then be applied to regions
of the time series in which both signals are positive or, by applying a trivial sign flip, both signals are negative.
Figure 5 demonstrates these possible scenarios which, while somewhat limited, we believe remain useful.
Dates on which strong topographically correlated APS signals occur may be estimated from outside deform-
ing regions, but more complex methods are required for cases in which the deformation is not of a constant
sign before or after the master image, which are outside the remit of this initial study.

Figure 6 shows the results of applying NMF to spatially organized undercomplete 3-D data that correspond to
any of the green regions of Figure 5. Very slight correlations remain between the two sources due to incom-
plete separation, but NMF can be seen to recover the sources well (mean residual per pixel: 0.0001). For brevity,
we do not show the results of applying the same process to temporally organized data as it is very similar to
Figure 4. The addition of noise in the form of a turbulent APS and any associated negative values is addressed
in section 4.1 through adding small values to all of the pixels within an interferograms (or time points within
a time courses if the data are temporally organized).

4, Comparison of PCA, ICA, and NMF

To determine which of the BSS methods is most suited to isolating signals of geophysical interest, we construct
a collection of differing time series in which we vary whether (1) the interferograms are constructed as a daisy
chain or relative to a single master, (2) the number of sources recovered, (3) the length of the time series, and
(4) the strength of the turbulent APS. These time series consist of three types of synthetic signals aimed to
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Figure 8. The results of applying PCA, ICA, and NMF to the spatially organized version of the data (i.e., SPCA and sICA)
shown in Figure 7. To ease interpretation and comparison of the recovered time courses, the single master cases are
differentiated to produce the equivalent daisy chain time courses. Application of the BSS methods to temporally
organized data (i.e., tPCA and tICA) produced very poor results and so are omitted for clarity, but further figures (e.g.,
Figures 9-11) show these methods. The time courses recovered by NMF (lower right) only show the signals after the
master date as these signals are predominantly positive but are generally very poor reconstructions of the synthetic
sources. In the daisy chain case, both PCA and ICA are seen to recover both the sources well, while in the single master
case PCA and ICA are seen to recover the deformation source well and the topographically correlated APS poorly.

PCA = principal component analysis; ICA = independent component analysis; NMF = nonnegative matrix factorization;
sPCA = spatially organized principal component analysis; sICA = spatially organized independent component analysis;
BSS = blind signal separation; APS = atmospheric phase screen.

mimic those seen in real data, with one corresponding to a deformation source, a second to a topographically
correlated APS, and a third to a turbulent APS. While this is not a comprehensive list of types of APS seen in
InSAR data, it contains enough complexity for illuminating experiments with BSS methods to be performed.

To evaluate the fidelity of the sources recovered by a BSS method, we first multiply each time course by its asso-
ciated spatial map to construct a time series of only that signal. The mean residual per pixel is then calculated
between each synthesized source and each recovered source, before finally calculating the total residual when
different recovered sources are used to match each synthesized source (i.e., one recovered source cannot be
used to fit both synthesized sources).

4.1. Single Master Versus Daisy Chain Time Series

When creating interferograms from SAR acquistions, the interferograms can be constructed to show the sig-
nal between two acquisitions with a short spatial or temporal baseline or between each acquisition to a single
master acquisition (see Hooper et al., 2012, for a more complete description). In the case that spatial base-
lines remain small, interferograms can be created between acquisitions with the shortest temporal baselines,
making what is often termed a daisy chain of interferograms. Figure 7 shows how the same signals manifest
themselves when constructed using either the daisy chain or single master approach, while Figure 8 shows
the results of using the BSS methods described previously on each case.

For the single master case, NMF can be seen to recover the sources poorly as even though the deformation
source is successfully isolated in one recovered source; the second recovered source contains a mixture of the
two synthetic sources. This incorrect separation creates a high residual (root-mean-square [RMS] error: ~1.2
rad). When applied to single master data, sSPCA and sICA are also able to recover the deformation signal accu-
rately and the topographically correlated APS poorly, producing a moderate to high overall error (RMS error:
~ 0.8 and ~ 1.1 rad, respectively). This result seems plausible as when the data are organized relative to a sin-
gle master, the deformation signal becomes around an order of magnitude larger than the topographically
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Figure 9. The results of sPCA, sICA, tPCA, and tICA applied to a time series of 25 daisy chain interferograms when the
number of recovered sources is varied. The RMS residual between each synthesized and recovered case is shown on the
left after averaging the results over 50 synthetic time series, while the right-hand section shows the results from one
particular time series. The two sources (top row) each have variances of 1 and are mixed with a turbulent atmospheric
signal also of variance 1 to produce the time series of 25 interferograms in row 2. The third row shows the six largest
sPCA components, with the first showing elements of the synthesized Mogi source and the fourth showing a mixture of
elements of the topographically correlated APS and noise created by the turbulent APS. The remaining three rows show
the results of sICA when a decreasing number of sources are sought. As ICA does not place sources in a significant order
(unlike PCA), the recovered sources most like the synthesized sources have been placed in the first two columns for
clarity. sICA performs approximately equally well when five or six sources are recovered, which we attribute to being a
consequence of part of the topographically correlated APS residing in PC4 and PC5 and only being accessible to the
sPCA = spatially organized principal component analysis; sICA = spatially organized independent component analysis;
tPCA = temporally organized principal component analysis; tICA = temporally organized independent component
analysis; RMS = root-mean-square; PCA = principal component analysis; ICA = independent component analysis;

APS = atmospheric phase screen.

correlated APS signal (see the time courses on the upper right of Figure 7). In the daisy chain case, both syn-
thetic signals have a comparable magnitude and are recovered well, producing a low overall error (RMS error:
~ 0.5 rad). We therefore conclude that through organizing the data in a daisy chain both atmospheric and
deformation signals retain comparable variances and are more accurately recovered than in the single master
case. Consequently, we select this method as optimal and use it in the following scenarios.

4.2. Number of Sources Sought

In section 2.1 we introduced the undercomplete nature of INSAR data and discussed the importance of PCA
as a preprocessing step for ICA. In the noiseless case introduced in Figure 3, using PCA to reduce the dimen-
sionality of the data to equal to the number of sources was trivial as the sudden change in variance between
the second and third components suggested that the data formed an almost flat 2-D feature in the 3-D space.
In the example shown in Figure 9, the data are very undercomplete (25 interferograms from two sources) and
contain significant noise (in the form of a turbulent APS), which presents a more realistic challenge for PCA
and ICA.

As the number of sources that PCA recovers does not vary, it is only applied once to produce one set of recov-
ered sources and time courses. In contrast to the data used in the previous section, we increase the variance
of the turbulent atmospheric signal by 10% to visibly relegate the topographically correlated APS to the third
and fourth PC (shown in Figure 9). Consequently, when sICA is performed to recover two sources, the signal
contained in the third and fourth PCA components is discarded and sICA can only recover the deformation
source, producing a high RMS residual. However, as sICA is performed on more of the first sSPCA sources, the
signal contained in the higher sPCA sources is available to the FastICA algorithm and the fidelity of the recov-
ered sources increases (producing a lower residual). A consequence of this is that the ICA algorithm then also
recovers some sources that are just noise (a turbulent atmospheric signal), but these can potentially be sep-
arated from those of interest either by eye or using clustering methods (Ebmeier, 2016). Figure 9 shows that
the minimum residual is found when three extra sources are sought.
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Figure 10. The results of sPCA, sICA, tPCA, and tICA applied to time series of interferograms of increasing length. The
mean residual per pixel in the differing cases is shown on the left after averaging the results over 50 synthetic time
series (with error bars showing the variance), while the right-hand section shows the results from one particular time
series. The top row shows the two synthesized sources and their associated time courses, while the second to fifth rows
show the results of SPCA and sICA applied to time series of different lengths. Performance of all the BSS methods
increases as the time series increases to around five interferograms in length before then remaining constant. In the
time series depicted on the right-hand side, the results when using longer time series show some aspects of the
turbulent APS signal relegating the topographically correlated APS to below the second component. sPCA = spatially
organized principal component analysis; sICA = spatially organized independent component analysis; tPCA = temporally
organized principal component analysis; tICA = temporally organized independent component analysis;

RMS = root-mean-square; BSS = blind signal separation; APS = atmospheric phase screen.

When applying ICA to real world examples, the problem becomes more complex as the number of sources is
not necessarily known. However, this example shows that for ICA to perform optimally, the number of sources
need be known only approximately so that the number to be recovered can be set correspondingly higher.

4.3. Length of Time Series

The length of a time series of interferograms over a volcanic center can vary between a single interferogram
spanning an event and a time series spanning several years. While the case of a single interferogram is not suit-
able for BSS methods to be applied, identification of the most suitable BSS method for time series of different
lengths is important for an automatic detection algorithm. Consequently, in a similar fashion to the previous
sections, we construct a suite of synthetic time series and crop these to different lengths to analyze the per-
formance of different methods. In light of the findings of previous sections, we construct the time series as a
daisy chain of interferograms and set the FastICA algorithm to retrieve four sources (i.e., two more than the
two used to create the time series).

Figure 10 shows the results of applying sPCA, sICA, tPCA, and tICA to these time series. As per the previous
experiments, application of PCA and ICA to temporally organized data produces poor results (mean residu-
als of 0.6-0.2, respectively), while to spatially organized data produces significantly improved results (mean
residuals of 0.1-0.03, respectively). sICA is seen to outperform sPCA at all time series lengths, though the
difference decreases in magnitude as the time series increases in length.

4.4. Strength of Turbulent Atmosphere Contribution

In contrast to a topographically correlated atmospheric signal, a turbulent atmospheric signal cannot be
retrieved by PCA, ICA, or NMF and consequently appears as noise in the time series. To determine whether
PCA or ICA is best suited to dealing with time series with a strong turbulent atmospheric signal, we synthe-
size a suite of time series with differing strengths of turbulent atmospheric signal. In light of the findings of
the previous section, we again arrange the time series as daisy chain of interferograms and seek four sources
with the FastICA algorithm.
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Figure 11. The results of sPCA, sICA, tPCA, and tICA applied to a suite of time series with different strengths of turbulent
APS. The strength of the turbulent APS signal is quantified in terms of its variance which was set to 1 for the previous
examples. The mean residual per pixel in the differing cases is shown on the left after averaging the results over 50
synthetic time series, while the right-hand side shows three cases for differing strengths of turbulent APS. For each case,
the top row shows the time series of interferograms (showing the differing contribution of the turbulent APS), while the
second row shows the sources and associated time courses recovered by sPCA and sICA. sPCA = spatially organized
principal component analysis; tPCA = temporally organized principal component analysis; sICA = spatially organized
independent component analysis; tICA = temporally organized independent component analysis; APS = atmospheric
phase screen.

Figure 11 shows the results of applying sPCA, sICA, tPCA, and tICA to these time series. As per the previ-
ous experiments, the methods that are applied to spatially organized data produce results with significantly
lower residuals. Of these, sICA is seen to outperform sPCA in the majority of cases, although there are certain
strengths of atmospheric noise at which the results are comparable.

4.5, Spatial Independence of Sources

When using PCA and ICA to recover spatial maps (i.e.,images) as sources, we are seeking sources that are either
uncorrelated or statistically independent. Consequently, a key assumption of ICA is that the latent sources are
statistically independent (or uncorrelated for PCA), which may not be the case for signals that may be encoun-
tered at certain volcanic centers. Figure 12 shows the results of performing PCA and ICA in a similar manner
as described in the preceding sections but instead of at Campi Flegrei, on Mount Vesuvius (a ~1,000-m-high
stratovolcano ~15 km east of Naples). In such a case, the topographically correlated APS is dominated by the
signal produced by the cone of the stratovolcano, and if the synthetic deformation source is located under
this cone, the two signals lie in the same location. When considering the pixels of the interferograms, those at
the top of the cone are now likely have high values in both the deformation and topographically correlated
APS, while those at the edges are likely to have low values in the two sources. Consequently, the two sources
are now no longer statistically independent, and we would not expect PCA or ICA to be able to separate them.
This result is seen in Figure 12, which shows that as the two synthetic sources are brought closer together,
they cease to be statically independent and the results of sPCA and sICA decrease in quality.

Figure 12 also shows the results of performing tPCA and tICA on the data with nonstatistically independent
spatial maps. The results of these methods remain generally constant at all spatial separations, which we
interpret as being due to PCA and the FastICA algorithm finding time courses that remain statistically inde-
pendent regardless of changes to the spatial sources. However, in accordance with the preceding sections, the
results of tPCA/tICA remain poor and are worse than those found by sICA when the sources are not statistically
independent.
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Figure 12. The results of sPCA, sICA, tPCA, and tICA applied to a suite of time series in which the overlap of the two
sources is varied. The left-hand section shows the mean residual per pixel decreasing for sSPCA and sICA as the spatial
separation is increased and changing little for tPCA and tICA. The upper right-hand section shows the results with 6 km
of separation. The two sources can be seen not to overlap, and no correlations are seen in the scatter plot comparing
the two sources. The sources recovered by sPCA and sICA can be seen to be good reconstructions, and the associated
scatter plots shows the same lack of correlation as the original sources. The lower right-hand section shows the results
with 0 km of separation. The two sources overlap and cause many of the pixels to be correlated (as demonstrated in the
scatter plot). The sources recovered by sICA are not good reconstructions as the scatter plot shows that the FastICA
algorithm has sought sources that are statistically independent (and therefore uncorrelated as seen in the scatter plot
with the majority of the points now lying along the coordinate axis). The results from sPCA are similar, except with one
source a negative version of the source found by sICA (causing the data in the scatter plot to be mirrored around the y
axis). sPCA = spatially organized principal component analysis; sICA = spatially organized independent component
analysis; tPCA = temporally organized principal component analysis; tICA = temporally organized independent
component analysis; RMS = root-mean-square.

4.6. Comparison Conclusions and Method Limitations

From the experiments carried out in the previous four subsections, we conclude from the suite of BSS meth-
ods studied that sICA is the most suited to use with InSAR time series. When sICA is used, performance is
optimal when the number of sources sought is set to be slightly larger than the number expected to exist
(such as recovering five sources when two are postulated to exist) and when interferograms are constructed
to minimize the temporal baselines, such as through creating a daisy chain of interferograms.

However, limitations in the application of sICA remain. The performance of the algorithm reduces significantly
when the spatial statistical independence of the sources is reduced, such as may happen at a stratovolcano
where a topographically correlated APS and a broad deformation signal may be spatially similar. This issue is
explored further through application of sICA to real data at a stratovolcano in section 5.2. The performance
of sICA is also limited in cases where noise from the turbulent atmosphere may dwarf signals of geophysical
interest, but we do not discover any thresholds at which sICA fails and instead see a gradual degradation of
the accuracy of the recovered sources as the signal to noise ratio decreases.

5. Application to Real Data

To further explore the ability of sICA to recover latent signals from a time series of interferograms, we
present results from its application to two time series. The first spans the 2015 eruption at Wolf volcano
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(Galapagos archipelago, Ecuador) and was chosen as we further develop
the use of sICA in an automatic detection algorithm that is able to detect
the onset of this eruption. The second is centered on Mount Etna and was
chosen as an example of a stratovolcano at which application of sICA is
likely to be problematic, due to the considerations of spatial independence
discussed in section 4.5.

5.1. Wolf Volcano

Several existing studies present detailed results of modeling the observed
surface deformations (e.g., Novellis et al., 2017; Xu et al., 2016) but we
instead focus on the ability of sICA to automatically isolate the signals dis-
cussed in these papers. A detailed schematic of the timing of Sentinel-1
acquisitions and the two phases of the eruption is presented in Novellis
et al. (2017), but we include the salient features and an overview map
(Figure 13) here. The first phase involved the opening of a circumferen-
tial fissure on 25 May (2015) on the southeastern caldera rim. This fissure
produced two lava flows down the southeastern flanks of the volcano
(Venzke, 2015), but by 2 June activity ceased (Bernard et al., 2015). The sec-
ond phase initiated around 11 October and involved an intracaldera fissure
with lava flows that covered the caldera floor (Bernard et al., 2015). The
surface deformation associated with these events was attributed to two

1°5 dykes (one circumferential and one intracaldera) and two magma cham-
bers (~1 and ~5 km below sea level) by Xu et al. (2016) and to one dyke
91.5°W 91°W and one shallow magma chamber (~1.5 km below the caldera floor) by

Figure 13. A shaded relief DEM of the western isles of the Galapagos Novellis et al. (2017).

Archipelago, with the calderas of six shield volcanoes visible as upturned
soup bowls. Figure 14 focuses on Wolf Volcano, and the extent of the figure

We formed a time series of 20 daisy chain descending Sentinel-1 inter-

is depicted by the red region. Topography is taken from the SRTM DEM (Farr ~ ferograms covering the Isabela and Fernandina Islands in the western
et al., 2007) and bathymetry from the GEBCO_2014 Grid (GEBCO, 2015). Galapagos archipelago from 13 December 2014 to 21 October 2015. The

unwrapped interferograms were formed using LiCSAR (Gonzalez et al.,

2016) and include filtering with a Goldstein filter (Goldstein & Werner,
1998). Figure 14 shows a subset of this time series focussed on the eruptive period, with pixels with a postfil-
tering coherence of < 0.8 masked. The dominant features of this time series are range increase for the caldera
floor (interpreted as predominantly subsidence) and range decrease for the area around the circumferential
fissure (likely to be eastward motion). However, interferogram eight also shows a broader signal (more visi-
ble in the wrapped interferogram) that corresponds to a signal attributed to the deeper magma chamber by
Xu et al. (2016).

Figure 15 shows the results of applying sICA to the time series. As around 3-4 geophysical signals are
expected, we set the FastICA algorithm to recover six components (in light of the results of Section 4.2). Visual
inspection of the higher order PCs (6-20) suggests that these contain only turbulent atmospheric signals
which are notat risk of containing important geophysical signals. sICA is able to recover the spatial pattern and
time courses of the caldera floor subsidence, movement of the region surrounding the circumferential dike,
and broad subsidence around the volcano. Recombination of the time courses and spatial patterns allows the
time series to be reconstructed with minimal atmospheric signals.

5.2. Etna Volcano

Mount Etna is a stratovolcano located on the eastern edge of the island of Sicily. It composes of over ~3,300 m
of elevation between its summit and eastern flanks and is considered to be one of the world’s two most moni-
tored volcanoes (Gonzalez & Palano, 2014). InSAR has been used to measure deformation centered under the
cone of Etna during the later portion of the 1991-1993 eruption (Massonnet et al., 1995), but a portion of the
signals attributed to deformation by this study were later revised to be due to a topographically correlated
APS (Delacourt et al., 1998). Both the deformation and APS described in these studies were centered under
the topographic expression of this volcano, and as they are therefore unlikely to be spatially independent,
we expect application of sICA at Etna to be challenging. Subsequent geodetic studies at Etna have also mea-
sured other deformation processes that may be recoverable by sICA, such as eastward movement of sections
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Figure 14. (top left) DEM showing the northern section of the island of Isabella (Galapagos Archipelago) and the cone
of Wolf Volcano with the satellite line-of-sight (L.O.S.) vector in the top right corner. Interferograms 3-11: A subset of the
Sentinel-1 time series spanning the period of unrest that occurred in May and June of 2015. Numbers in the top left of
each interferogram depict the dates of the two acquisitions that the image spans (mmdd-mmdd); pixels with an
average coherence < 0.8 are masked (predominantly removing the pixels on the western vegetated slopes of Wolf), and
line-of-sight (LOS) change is measured in millimeter, with positive values indicating an increase in range (corresponding
to subsidence of the ground). (bottom panels) Interferograms 8—10 rewrapped to the interval —50 to 50 mm in order to
highlight more subtle features of the deformation pattern (such as the broad deflation signal in interferogram 8).

of the faulted eastern flank (Solaro et al., 2010) and westward movement of the western flank (Aloisi et al.,
2007; Lundgren & Rosen, 2003)

We utilized a time series of Sentinel-1 interferograms that were formed as a preliminary result of work to
use the LiCSAR processor (Gonzalez et al., 2016) to automatically form interferograms at all of the world’s
volcanoes that have been active during the Holocene. Data storage and processing were performed at the
Climate, Environment, and Monitoring from Space facility, and as some images are not yet available at this
facility, our time series is split into two distinct sections (3 September 2016 to 8 March 2017 and 14 January
2018 to 2 May 2018).

However, as we expect these two time series to contain the same signals, we are able to perform sICA on
them as a single time series. In contrast to the Galapagos time series used in the preceding section, the Etna
time series contains interferograms created between each acquisition and around three following it, which
created a network of overlapping interferograms. Pixels with a coherence below 0.7 in any of the interfero-
grams were masked throughout the entire time series of 76 interferograms (which are shown in Figure S2).
The time courses recovered by sICA describe the strength that each component was used in each of the 76
interferograms, and a simple least squares inversion was performed to invert for the strength that each com-
ponent was used in a daisy chain of 28 interferograms linking the acquisition dates in the manner described
by Lundgren et al. (2001).
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Figure 15. Results of sICA applied to the time series shown in Figure 14, showing the six components recovered and the
strength of each one throughout a subset of the time series (lower right). We interpret components 1, 2, and 6 as
representing deformation and the remainder as representing atmospheric signals. Component 1 appears to capture the
signal near to the circumferential fissure, component 2 the subsidence of the caldera floor, and component 6 the broad
subsidence associated with the deeper chamber. The remaining signals (3-5) contain traces of the other signals (such as
the circumferential dike signal), but we interpret them as containing predominantly atmospheric signals.

ICA = independent component analysis

Figure 16 shows the independent components (ICs) recovered by sICA, their strengths through the daisy chain
of 28 interferograms, and a comparison between each IC and the DEM. We interpret the spatial pattern of ICO
as capturing eastward movement of the densely faulted eastern flank of the volcano. The cumulative nature
of this component’s time course is also indicative of it capturing deformation, but the final value attained by
the cumulative time course remains low when compared to the changes at each time step, which is exem-
plified by the large change seen in the last data point. Inspection of the interferograms used in this analysis
(Figure S2) shows the penultimate interferograms that contain a broad negative signal, which is likely to have
caused this IC to have been used to attempt to fit it. Given the short nature of this time series (~ 12 months),
the confidence in this measurement has the potential to be improved upon through the use of longer time
series, but this remains beyond the scope of this paper. We also interpret IC2 as capturing broader east-west
spreading of the volcano due to both the spatial pattern seen and the cumulative nature of the time course.
In contrast to IC0-2, the time courses of IC3 and IC4 do not show any cumulative motion, and we conclude
that these capture purely atmospheric signals.

When the correlations between phase and elevation are considered for each IC, only IC1 is seen to exhibit a
strong linear relationship, which we interpret as suggesting that it may be capturing a topographically corre-
lated APS. However, inspection of its cumulative time course shows that, with the exception of the last data
point, an approximately linear increase occurs, which we interpret as suggesting that the ICis capturing broad,
volcano wide deformation of the type first measured by Massonnet et al. (1995). Through use of a longer time
series, we envisage that trends in the cumulative time course would become clearer, and should the cumula-
tive signal continue to return toward zero as it does in the last data point, we would be more confident that
the signal is solely capturing a topographically correlated APS. However, in the case that cumulative motion
continues, we would be more confident that the IC contained a signal due to deformation but could not rule
out a contribution from a topographically correlated APS.

From our initial analysis, we conclude that when applying sICA at stratovolcanoes, some signals of geophysical
interest may be isolated, but separation of a broad inflation/deflation signal that is centered under the cone
from a topographically correlated APS may not be possible. However, as we seek to use sICA as the foundation
for an automatic detection algorithm, these results do not dissuade us. Through isolating the combination of
broad deformation and a topographic APS to one IC, we are still able to characterize the baseline behavior of
this combined signal through analysis of the IC’s time course. Taking the example of a stratovolcano in which
both a topographically correlated APS and a gradual inflation signal are isolated into one IC, any change in
the rate of inflation would lead to a change in the time course of the IC, which we could then seek to flag as an
indicator of the volcano entering a period of unrest. However, further development of this remains beyond
the remit of this paper.
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Figure 16. Column two shows the five independent components (ICs) recovered by sICA at Etna and the DEM covering the area processed. Pixels in the area
marked water do not have a useable radar return, while the remaining white areas of the DEM are masked due to low coherence. Column 1 shows the results of
plotting each IC against the DEM, with IC1’s graph showing the clearest linear relationship which we interpret as being a result of IC1 capturing a topographically
correlated APS. Column 3 shows the cumulative time courses, with IC1-3 showing cumulative motion throughout the two time periods that the data span.

6. Use of SICA in a Monitoring Algorithm

Our initial hypothesis was that the signals present in an InSAR time series at a volcanic center could be
expressed as a linear combination of a small number of latent signals and that through isolation of these sig-
nals we could implement a way to monitor signs of unrest at a volcano. The results of the preceding section
and those of Ebmeier (2016) have demonstrated the validity of this approach, and we now present results of
a prototype monitoring algorithm that incorporates sICA.

Tools such as LiCSAR (Gonzalez et al., 2016) are now producing time series of Sentinel-1 data at almost all of
the world’s active volcanoes. With routine acquisitions, a daisy chain of interferograms is quick to build to the
minimum six images required for sICA to be applied in the manner described in the preceding section. sICA
can be applied to these six images to determine six latent components that characterize the atmospheric
and geophysical signals for a period of steady state activity at the volcano, which may or may not include
background deformation. When the next daisy chain interferogram is added to the time series, we perform
a simple least squares inversion to fit this image using a combination of the learned components, before
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Figure 17. Results of our prototype monitoring algorithm. The algorithm attempts to reconstruct a given interferogram
(top row) using a linear mixture (middle row) of six independent components determined from the first six
interferograms. The mean of the absolute value of the residual is then calculated and plotted for each new acquisition
(bottom row). The five interferograms in the top and middle rows correspond to the shaded region. Before the period of
unrest, the residual is seen to hover around ~ 0.005 mm? as the reconstructions approximate the originals well, but with
the introduction of a new signal the residual increases approximately sixfold.

calculating the mean absolute residual for each pixel between the actual and recreated data. We postulate that
if no new deformation source is present, the mean absolute residual (henceforth referred to as residual) will
be low, as no new signals are present. However, should the volcano enter a period of unrest leading to a new
deformation source, the residual is likely to increase, which can be used to flag potential activity. Alternatively,
if a background deformation source changes rate, this will lead to an uncharacteristic contribution from the
component in which it lies, which can also serve as a flag.

Figure 17 shows the results of applying this algorithm to the Wolf time series presented in the previous section.
Interferograms from before the period of unrest can be fit using the sICA components with a residual of ~
1 mm?, yet when new signals are encountered during the period of unrest (such as subsidence of the caldera
floor), the residual increases markedly and provides a clear flag that the volcano has entered a period of unrest.
After this abates, the residual returns to pre-unrest levels.

7. Discussion

From our comparison of NMF, (t/s)PCA, and (t/s)ICA we have found that in almost all of the synthetic tests
performed, sICA is the method most capable of recovering latent signals from a time series of interfero-
grams. In application to real data (the Sentinel-1 Galapagos time series), the results obtained using sICA were
highly plausible as the spatial patterns of the recovered sources agreed with signals identified as being due
to geophysical processes in other studies.

This result provides justification for the construction of an automatic monitoring algorithm based on sICA,
as it facilitates processes such as isolation of a signal of interest or separation of geophysical signals from
atmospheric ones.

The recovery of temporally independent time courses initially appears the most attractive approach as we are
confident that the geophysical processes of interest at a volcanic site are temporally statistically independent
from atmospheric processes yet is hindered by two constraints: First, the results presented in Pinel et al. (2011)
suggest that a topographically correlated APS signal will be Gaussian in time (rendering it unrecoverable by
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ICA in most cases) and second, (and more importantly) the large number of pixels observed at relatively few
times produces a data matrix which is unsuited to ICA.

In contrast, spatially organized data utilize the transpose of the temporal data and are well suited for the Fas-
tICA algorithm. However, statistical independence of the spatial nature of the sources is not to be expected in
some cases (and in section 4.5 we show that violation of this assumption does affect the fidelity of the sources
recovered), and while many sources of geophysical interest are likely to be non-Gaussian, this is not necessar-
ily true for atmospheric signals. Despite these trade-offs, we show that in the majority of the synthetic cases
considered, sICA outperforms all the other methods considered and in all but the synthetic stratovolcano case
is able to recover useful latent signals. The vulnerability of sICA to signals that is not independent remains
problematic for some applications, but as we seek only to characterize baseline behavior for our automatic
detection algorithm, we believe that sICA can still be used for our goals. Through application of the method
to other data sets in the future, we expect that more information on the importance of these two potential
limitations will come to light.

Scope remains for the refinement of sICA with InSAR data. A key part of most ICA algorithms is how the
non-Gaussian nature of a signal is measured and various approaches for this exist. In this study, we use a mea-
surement similar to kurtosis, but inspection of estimates of the PDFs of signals (e.g., Figure 2) suggests that for
many signals (such as a Mogi source), they may be more clearly identified through using a measure such as
skewness. This has been implemented for medical imaging data by Stone et al. (2002) and may be applicable
for InSAR data.

ICA also requires the same pixels to be used throughout the time series. However, as the number of coherent
pixels changes between interferograms, our method of masking all pixels with an average coherence < 0.8
does not make use of all the information available. A more complex strategy to incorporate the information
in pixels that are only coherent in some interferograms remains beyond the scope of this work but may allow
for more subtle signals to be recovered with sICA.

8. Conclusion

Our study suggests that sICA is the most suited BSS method for use with an InSAR time series at a volcanic
center. This is shown through synthetic tests and application to a time series of Sentinel-1 data that spans
the 2015 Wolf eruption in which three signals of geophysical interest were isolated. However, aspects of the
FastICA algorithm appear suitable for fine tuning to further increase its suitability for use with InSAR data. We
introduce a simple algorithm that incorporates sICA to detect when a volcano enters a period of unrest and
demonstrate that it would have automatically identified the May 2015 eruption at Wolf volcano. Building from
this point, future work on the automatic detection algorithm could allow for identification of different types
of unrest (e.g., caused by the acceleration of a previously steady state process) and form an integral part of a
system to automatically monitor all of the world’s subaerial volcanoes.
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