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Improving the interpretation of continuous processes with

interferogram temporal interpolation

A. Augier,1 V. Cayol,1 J.-L. Froger,1

In order to compute three dimensional displacement fields
or to constrain deformation sources associated to geophysi-
cal processes, it is usual to combine interferograms acquired
along various viewing geometries. Because these interfer-
ograms rarely cover the same time periods, such a combi-
nation can be problematic when addressing continuous de-
formation processes . This article presents two methods for
interpolating interferograms so that they map displacements
over the same period. Both methods are applied to displace-
ment of Piton de la Fournaise volcano (Réunion ilsland) fol-
lowing a caldera collapse in April 2007, leading to results
consistent with GPS data simultaneously. recorded. We de-
termine that three-dimensional displacements computed for
the entire post-eruptive period are better retrieved when us-
ing interpolated data. We also shows that using interpolated
interferograms source determination is improved.

1. Introduction

Insar allows the measurement of displacements over hun-
dreds of kilometers, centimetric resolution, and a repeat
times of weeks. The method is particularly adapted to the
measurement of fast deformation processes such as fault
motions or dike emplacements, but it poorly captures dy-
namic geophysical processes such as magma reservoir pres-
sure changes, fault creep or hydrothermal processes.

This issue is partially addressed by time series analysis
(Lundgren et al. [2001]), which allow to recover incremen-
tal displacements and reduce errors. For these analysis, the
evolution of displacements is usually determined along a sin-
gle viewing geometry, preventing an accurate determination
of the deformation sources..

Some satellites such as ENVISAT or ALOS have the abil-
ity to acquire data with different viewing geometries and
some can even look left or right. These multiple viewing ge-
ometries lead to a higher measurement frequency. They also
allow the reconstruction of the 3 dimensional displacement
field (Fialko et al. [2001]) and increase the model accuracy
(Wright et al. [2004], Dawson and Tregoning [2007]). Dis-
placements maps always cover unconsistent time periods.
Therefore, when dynamic processes are captured, the recon-
struction of 3D displacements as well as the source determi-
nation can be inaccurate.

This paper addresses the understanding of dynamic pro-
cesses captured by InSAR. We present a method of inter-
ferogram interpolations developped in order to obtain data
covering the same period, therefore increasing the 3D dis-
placement computation as well as the source determina-
tion. We method is designed for incremental displacements
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obtained from the simultaneous processing of series of in-
terferograms acquired in multiple viewing geometries. We
present and compare two methods of interpolatation of the
incremental displacements. One is a simple step wise linear
method, and an other assumes that displacements follow a
given temporal variation, taken here to be an exponential
decay. The method is applied to the Piton de la Fournaise
volcano (Reunion island) displacements measured for a year
after the april 2007 caldera collapse. Comparing the three-
dimensional displacements obtained with simultaneously ac-
quired GPS data, we show that the three-dimensional dis-
placements can be well reconstructed. We also show that
the source determination is improved by the interpolations.

2. Interferogram interpolation methods

2.1. Getting incremental displacements

Similarly to the method of Lundgren et al. [2001], dis-
placements relative to a reference image are determined by
solving y = Ad, where y = [I1, · · · , Im]T are the m inter-
ferograms of the database, d = [d1, · · · , dn]T are the n dis-
placements at acquisition dates t1, .., tn, and A is the system
matrix expressing the connections between images and in-
terferograms. Reference displacements acquired at time tn
are assumed to be such that dn = 0. The weighted least
square solution of this sytem is :

d̂ = (ATV−1A)−1ATV−1y (1)

where V is a diagonal weighting matrix with terms corre-
sponding to pixel coherences in the m interferograms. This
differs from other least square solutions used for time series
computation of interferograms (Wright et al. [2004]) as in
these methods V is a covariance matrix.

Standard errors on the obtained incremental displace-
ments are obtained by taking the square root of the diagonal
terms of :

Cd = (ATV−1A)−1 ×mse (2)

where mse, is an estimate of the scale factor of the Cd
matrix, given by Strang [1986].

mse =
yT (V−1 −V−1A(ATV−1A)ATV−1)−1y

m− n− 1
(3)

2.2. Stepwise linear interpolation

The displacement rate between two displacement images
is assumed constant. Therefore displacements at any time
can be computed from linear regression at each pixel. The
interpolated interferogram, Iint, between dates tm and ts
corresponding to the master and slave displacement images,
is calculated from the difference of the interpolated displace-
ments :
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Iint = amtm + bm − asts − bs (4)

where am bm and as, bs are the linear regression coef-
ficient corresponding to displacement rates between times
series dates immediatly before and after tm and ts, respec-
tively (for derivations from the time series displacements see
the auxiliary material).

The variance of the interpolated interferograms is the sum
of the variances of the interpolated displacements :

σ2
int = σ2

fm + σ2
fs (5)

where σ2
f , the variance on the interpolated displacements

at time tm and ts are approximated as :

σ2
ft = tσ2

at
+ σ2

bt + t cov(at, bt) (6)

where σam σbm , cov(am, bm) and .σas , σbs , cov(as, bs),
the variances and covariances, respectively, on coefficients
am bm and as, bs, take the standard errors on the incremen-
tal displacements into account (see the auxiliary material).

If tm and ts are dates of real dates of master and slave
scenes, then the method allows to recompute exactly the
initial interferogram.

2.3. Single function for incremental displacements

An other method consists in interpolating the incremen-
tal displacement with a single function determined for each
pixel.
2.3.1. Interploation method

We assume the n incremental displacements dobs =
[d1, · · · , dn]T , at the t = [t1, · · · , tn] acquisition dates, can
be fitted by a function f(t, a1, · · · , ap) of p coefficents,
a1, · · · , ap, such that :

dobs − f(t, a1, .., ap) (7)

is minimized. f(t, a1, .., ak) can be be any function, cho-
sen to provide the best fit of the evolution of displacements.
It can be a linear, a quadratic or an exponential function.
The function choice can be guided by continuous GPS mea-
surements performed simultaneously as the InSAR acquisi-
tions.

Once the pixel function coefficients are determined, it is
possible to calculate any interpolated interferogram.

Let tm and ts be the dates of the master and the slave
displacement images, respectively. Here, we assume that
the displacements decay exponentially, following function
f = aebt. Pixels of the interpolated interferogram corre-
spond to :

Iint = a(ebtm − ebts) (8)

2.3.2. Covariance computation
Similarly as for the stepwise linear case, the variance is

expressed as a sum of the interpolated displacements vari-
ances (equation 5), where σ2f is approximated as :

σ2
f = ebtσ2

a + taebtσ2
b + tae2bt cov(a, b) (9)

taken at time tm and ts (see auxiliary material). In the
above equations, a, b, σ2

a and σ2
b can be computed numeri-

cally or approximated analytically (see auxiliary material).
Analytically, they take the standard errors on the incremen-
tal displacements (equation 2), into account.

If tm and ts are dates of real dates of master and slaves
scenes, then the method don’t allows to recompute exactly
the initial interferogram but could be a way to smooth at-
mospherical artefacts.

2.4. Application on the post-erptive displacements of
the Piton de la Fournaise

The April 2007 eruption of the Piton de la Fournaise was
characterised by a 300 meters high collapse of the summit
cone crater (Urai et al. [2007], Michon et al. [2007]) as-
sociated with the largest emitted volume (130 ×106m3 of
magma, Staudacher et al. [2009]) of the XXth and XXIst
century. The caldera collapse was followed by a summit
cone subsidence (Staudacher et al. [2009]), which lasted for
a year after the eruption had resumed. This subsidence, as-
sumed to result from a draining of a superficial hydrothermal
system (Froger [2015]), was monitored with continuous GPS
measurements as well as InSAR data.

The available InSAR data includes more than 150 inter-
ferograms from the ENVISAT satellite acquired in ascending
or descending passes. Among the 10 different available look
angles (swaths) which covered the subsidence, only those
presenting the smallest geometric distorsion, such as fore-
shortening or layover, were considered for this study. We
also selected even numbers of descending and ascending
passes, reducing the number of look angles considerd for this
study to six. The interferograms were corrected for orbital
effects and shifted such that displacements in the far field
are null. These data were simultanesously processed follow-
ing equations 1 in order to obtain incremental displacements
images. The dataset corresponding to incremental displace-
ments is show in Figure 1.

In order to compare the interpolated interferograms with
GPS data acquired simultaneously on the volcano, the GPS
data of the summit station KBONG (Figure 2) were filtered
such that all the points with a root mean square error larger
than 0.05 m were removed. The data were also averaged over
a 6 hours time window. The resulting dataset was projected
in the line of sight of the available ascending and descending
look angles (Figure 1).
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Figure 1. Dataset corresponding to incremental dis-
placements obtained after simultaneous processing of
SAR acquisitions along 6 different look angles (swath)
(black). Letters A and D refer to ascending and descend-
ing passes, and the number to the swath. Two differ-
ent initial interferograms combinations used for the in-
versions are shown in blue and green. The interpoled
interferograms are shown in red.
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Figure 2 shows that both interpolation methods give dis-
placements that are consistent with the GPS data. When
the displacement rate is large, a weeks after the end of the
eruption, both methods give similar results. However, when
the displacement rate is low, more than a year after the erup-
tion, both methods give different results as the exponential
interpolation introduces a smoothing of the displacements,
whereas the stepwise linearmethod keeps the spurious as-
pect of displacements. These spurious displacements can be
attributed to atmospheric effects. As they have the same or-
der of amplitude as the measured displacements, their effect
is more visible when this amplitude is low.

3. Method applications

3.1. Obtaining 3D displacement of the continuous
Piton de la Fournaise subsidence

The interferogram interpolations can be used to improve
3D-displacement calculations obtained for continuous de-
formation processes. Using interferograms acquired along
several viewing geometries, it is possible to compute maps
of three-dimensional displacements and the associated stan-
dard errors (Wright et al. [2004]). We compute the 3D-
displacements of the Piton de la Fournaise Post 2007 collapse
from interpolated interferograms in the same six viewing ge-
ometries as before.

Maps of 3D-displacements (Figure 3B) as well as time se-
ries of 3D displacements at the location of the KBONG GPS
station (Figure 3A) are computed (see the auxiliary mate-
rial for the mathematical development). In order to have
large signal-to-noise ratios, displacements measured right af-
ter the collapse, for the may 2007 to september 2007 period,
are used to compute the 3D displacements maps. Again,
both interpolations method are tested.
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Figure 2. A : Comparison of interpolated displacement
and the GPS displacements recorded for the KBONG
station. The sub graphics show the correlation between
the GPS data and the interpolated displacements for
both methods. B : Comparison of interpolated inter-
ferograms computed by a step wise linear interpolation
and by an exponential interpolation function for the as-
cending swath 7, covering the 14 April 2007 to 12 July
2008 period.

Both interpolation methods give consistent results with
the eastern side of the central cone moving west and the
western side moving east, while the entire summit cone is
subsiding. These displacements indicate that the summit
cone underwent a centripetal subsidence.

Both methods show 3D displacements consistent with the
GPS data : East/West and the Up/Down displacements de-
termined from interferogram interoplation are include in the
sheath of the GPS measurements standard errors, but it is
not possible to get back the North/South component.

In order to quantify the benefits of both interpolations,
we compute the dilution of precision (POD) in the same way
as Wright et al. [2004] :

(
εx
εy
εz

)
=

√
diag

(
[PTΣ−1P ]−1

)
(10)

where P is a matrix containing the characteristics of the
line of sight of each used interferogram. Σ is a diagonal
matrix containing the mean of values of σ2 for the entire
interferograms. σ2 is computed with the equation 9 for the
exponential case, with the equation 4 for the stepwise linear
case or with the equation 2 for the non-interpolated compu-
tation. The Table 1 shows that both interpolation methods
gives similar DOP, and smaller than the case without inter-
polation.

3.2. Increasing accuracy of the inversion of continuous
processes

In order to show the advantage of using interpolated in-
terferograms when analyzing the source associated to contin-
uous mechanical processes, we compare source parameters
determined for interpolated interforgrams and time series

Table 1. Relative Errors (Dilution of precision) for the 3D
computation

Method East West εx North South εy Up Down εz
Stepwise lineara 0.106 1.362 0.221

Functiona 0.118 1.486 0.228
Time serieb 0.402 5.001 0.761
Without σ2 0.723 9.362 1.541

aAll interferograms cover the same period (08 May 2007 to 12
July 2008)
bThe used interferograms combination is the closer as possible as
the interpolated case

Table 2. Inversion results of the best found source for real
and interpolated data

dataset-1d dataset-2d interpoledd

misfita 37.9 33.3 25.1
xb
c 366653 ± 128 366617 ± 139 366581 ± 116

ybc 7650162 ± 179 7650178 ± 130 7650238 ± 131
zbc 1783 ± 348 1957 ± 253 2014 ± 189
rb 315 ± 87 300 ± 74 254 ± 42
Pc -9 ± 13 -12 ± 14 -7 ± 4

aMisfit is normalised and exprimed in %
bParameters of the best found source (xc, yc, zc : coordinates of
the sphere center in m UTM, r : radius in m)
c P : pressure of the source in MPa
d Seen figure 1 for the used interferograms
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Figure 3. A : Comparison between 3D displacements resulting from interferogram interpolation (red and black) or non
interpoled dataset (blue) and GPS measurements at the KBONG GPS station (figure 2). The sub graphics show the cor-
relation between displacements from interferogram interpolation and GPS measurement for both interpolation methods.
B : Maps of 3D-displacements in geographic coordinates calculated from the interpolated interferograms acquired from
six different look angles and covering the 08 May 2007 to 12 July 2008 period. Results obtained with a stepwise linear
interpolation and a single exponential interpolation for all displacements are shown
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Figure 4. A : Results of the source parameters determination. The inversion procedure is based on a combination of a
boundary element method with realistic topography and a neighbourhood algorithm inversion (Fukushima et al. [2005]).
The used source geometrie is a sphere. B : Trade-offs among pressure, radius and depth of the source. Only the points
whose misfit are include between the best misfit and the best misfit +2% are plotted

displacements. Again, displacements addressed are those
associated to the long term subsidence observed at Piton

de la Fournaise after the 2007 eruption. The inversion pro-
cedure (Fukushima et al. [2005]) is based on the combina-
tion of a 3D boundary element method which takes into
account a realistic topography (Cayol and Cornet [1998])
and a near-neighbourhood algorithm inversion (Sambridge
[1999a],Sambridge [1999b]), which proceeds into stages. In
the search stage, the best-fit solution is determined and in
the appraisal stage, 1D posterior probability density func-
tions (1DPPD) are determined as well as a mean model and

confidence intervals. The source geometry is assumed to be
spherical.

Descending swath 7 is discarded because it captured dis-
placements that occurred too long after the collapse. To
keep an even number of ascending and descending passes,
ascending swath 7 is also discarded, so that a total of 4
viewing geometries is eventually used. Inversions combin-
ing three datasets are compared (Figure 1). The first and
the second datasets correspond to the time-series interfero-
grams covering the study period with slighly different du-
rations and start time. They represent the different com-
promises that could be done when modelling post-eruptive
displacements from time series interferograms. The third
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dataset corresponds to the interpolated interferograms from
the same geometries as the first two dataset covering the
30 April 2007 to 06 June 2007 period. The interpolation
method used is the stepwise linearmethod.

The misfit of the interpolated dataset is the lowest. It is
12 % lower than misfits obtained inverting time series dis-
placements covering uneven periods. Best-fit model param-
eters obtained from the different dataset are approximately
the same (Figure 4 and table 2) . However, the inversion
determined with the interpolated dataset has the smallest
confidence intervals. The obtained confidence intervals are
always within the confidence intervals obtained from the in-
versions of time-series data. The trade off between the sev-
eral parameters are smaller with the interpolated dataset
than the initial datasets.

4. Conclusions

We presented two methods, a piece-wise linear and an
exponential function, to temporally interpolate InSAR data
from various viewing geometries so that they cover the same
periods. The methods were tested and compared on the con-
tinuous summit subsidence measured after the April 2007
Piton de la Fournaise volcano summit collapse. The piece-
wise linear method is well suited to the interpolation of large
displacement gradients, or when no a-priori knowledge of the
evolution of displacements is available as it is fast and easy
to implement, whereas the exponential method can bring a
desired smoothing of data contaminated by atmospheric ar-
tifacts. We showed that, using interpolated interferograms,
three-dimensional displacements maps can well be retrieved
and that, when inverting for source parameter, interpolated
interferograms lead to a lower misfit solution with smaller
confidence intervals than time series displacements covering
uneven periods.

Appendix A: Appendix

The used equation for the interpolation can be any equa-
tion. Let f of n parameters f(k1, · · · , kn) be these equation.
The regression method can take a count of the covariance
for each interferogram, and give the variance σk and the
covariance cov (ki, kj) of the n coeficients of f .

The interpolated displacements dreg between the tm and
ts date is given by :

Iint = f(tm)− f(te) (A1)

The standard deviation of the displacements difference
σreg is gived by :

σint =
√

σ2
ftm

+ σ2
fts

(A2)

where the variance σ2
ft is computed with a total differen-

tial of f with its coefficients :

σ2
ft =

n∑
i=1

(
∂ft
∂ki

)2

σ2
ki

+

n∑
i,j=1,i6=j

∂ft
∂ki

∂ft
∂kj

cov (ki, kj)(A3)

If the coefficients of f are independant, or if the used
regression don’t allows to compute the covariance between
the ki coefficients of f , then the variance of the computed
interferogram is given by :

σ2
int =

kn∑
ki=k1

∂ftm
∂ki

σ2
ki

+

kn∑
ki=k1

∂fte
∂ki

σ2
ki

(A4)

The obtained σ2
int could finally be used to weight the

pixels of each interferograms for the 3D component compu-
tation or for the source inversion.
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J. Marti, April 2007 collapse of piton de la fournaise: A new
example of caldera formation, Geophysical Research Letters,
34, L21,301, doi:10.1029/2007GL031248, 2007.

Sambridge, M., Geophysical inversion with a neighbourhood
algorithm - i. searching a parameter space, Geophysi-
cal Journal International, 138, 479–494, doi:10.1046/j.1365-
246X.1999.00876.x, 1999a.

Sambridge, M., Geophysical inversion with a neighbourhood algo-
rithm - ii. appraising the ensemble, Geophysical Journal Inter-
national, 138, 727–746, doi:10.1046/j.1365-246x.1999.00900.x,
1999b.

Staudacher, T., V. Ferrazzini, A. Peltier, P. Kowalski, P. Boissier,
P. Catherine, F. Lauret, and F. Massin, The april 2007 erup-
tion and the dolomieu crater collapse, two major events at
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