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Merging GPS and Atmospherically Corrected InSAR
Data to Map 3-D Terrain Displacement Velocity
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Abstract—A method to derive accurate spatially dense maps of
3-D terrain displacement velocity is presented. It is based on the
merging of terrain displacement velocities estimated by time series
of interferometric synthetic aperture radar (InSAR) data acquired
along ascending and descending orbits and repeated GPS mea-
surements. The method uses selected persistent scatterers (PSs)
and GPS measurements of the horizontal velocity. An important
step of the proposed method is the mitigation of the impact of
atmospheric phase delay in InSAR data. It is shown that accu-
rate vertical velocities at PS locations can be retrieved if smooth
horizontal velocity variations can be assumed. Furthermore, the
mitigation of atmospheric effects reduces the spatial dispersion
of vertical velocity estimates resulting in a more spatially regular
3-D velocity map. The proposed methodology is applied to the
case study of Azores islands characterized by important tectonic
phenomena.

Index Terms—Atmospheric phase delay, GPS, SAR interferom-
etry (InSAR), synthetic aperture radar (SAR), tectonics.

I. INTRODUCTION

INTERFEROMETRIC synthetic aperture radar (InSAR)
techniques have proved their potential in a large number of

applications (see, for example, [1], [2], and references therein).
In particular, spaceborne InSAR provides high-resolution maps
of crust displacement over wide areas [3], [4]. The accuracy of
displacement measurements is in the order of a fraction of the
radar wavelength, and the sampling period ranges from 11 days
(TerraSAR-X and Cosmo-Sky-Med) to about 24–46 days
[Radarsat, Environmental Satellite (ENVISAT)-Advanced Syn-
thetic Aperture Radar (ASAR), Advanced Land Observation
Satellite-Phased Array type L-band Synthetic Aperture Radar).
These measurements are well documented in the studies of
geophysical phenomena such as earthquakes [5], [6], subsi-
dence [7] and bradyseism [8], landslides [9], and volcanoes
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[10]. However, the InSAR technique has two limitations. First,
it measures only one component of the 3-D terrain displace-
ment, along the radar line of sight (LOS). This means that a
single InSAR measurement does not allow to derive the 3-D
surface displacement. Second, the InSAR measurement con-
tains information on both terrain displacement and temporal
changes of atmospheric phase delay and needs a means to
disentangle geodetic and atmospheric signals. As far as the
first limitation is concerned, it is worth mentioning that 3-D
terrain displacement is difficult to measure even in the case of
InSAR measurements taken along both ascending and descend-
ing satellite passes. In fact, even in this case, there would be
three unknown velocity components and just two independent
InSAR LOS velocity measurements. For that, methodologies
have been proposed in the literature for the merging of InSAR
and repeated GPS measurements [11], [12]. Gudmundsson and
Sigmundsson described a method based on Markov random
field regularization and simulated annealing [11]. The method
requires unwrapped interferograms and repeated GPS measure-
ments of terrain velocity as inputs. The GPS observations are
interpolated on the InSAR grid, and a 3-D velocity value is
assigned to each pixel of interferograms. These values are used
as a first guess map of 3-D terrain velocity which is then
updated by means of a Bayesian statistical approach which
minimizes an energy function depending on the difference
between InSAR and GPS measurements at pixel level and on
its spatial regularity. As many Bayesian approaches require a
global optimization technique, this method has the disadvan-
tage of slow convergence to the final solution and its strong
dependence on the initial condition. Samsonov and Tiampo
proposed a simple merging strategy using analytical optimiza-
tion [12]. They reconstructed a 3-D velocity map by using
sparse GPS measurements and two differential interferograms
taken along ascending and descending satellite passes. Both the
aforementioned methods demonstrated the improvement of the
accuracy of velocity maps derived from GPS data alone also
due to the spatial continuity of velocity information contained
in SAR interferograms. Unfortunately, many real applications
are faced with the problem of low coherence interferograms.
In such cases, there is a need to process the time series of
interferograms acquired over the same area using advanced
InSAR techniques. Generally, the outcome of this processing is
the estimation of terrain velocity in just a few selected points
characterized by good quality interferometric phase. In this
case, the problem we are facing is the comparison between
two sets of sparse measurements, namely, the InSAR one,
generally having a higher spatial density, and the set of GPS
measurements. As far as the second limitation is concerned,
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a method was presented to mitigate the atmospheric phase
artifacts in SAR interferograms based on the interpolation
of zenith wet delay data obtained from a network of GPS
receivers in the region imaged by the radar [13]. Another
approach to mitigate the spatiotemporal variations of InSAR
phase due to radar signal propagation in the atmosphere is
based on near-infrared water vapor data (e.g., acquired by
the National Aeronautics and Space Administration Moderate
Resolution Imaging SpectroRadiometer or the European Space
Agency MEdium Resolution Imaging Spectrometer) [14]. Un-
fortunately, this approach is sensitive to the presence of clouds
over the study region. A promising way to disentangle geodetic
and atmospheric signals in InSAR data relies on forecasts
produced by high-resolution numerical weather models. For
instance, Foster et al. used the National Center for Atmospheric
Research–Penn State Mesoscale Model Version 5 to produce
predictions of atmospheric temperature and pressure and water
vapor fields at a 3-km horizontal resolution. For any SAR image
acquisition, they computed the 3-D refractivity field and radar
phase delay [15]. A similar approach was adopted by Nico et al.
[16] using the high-resolution Weather Research and Forecast-
ing (WRF) model to generate forecasts of the atmospheric
parameters at a 1-km horizontal resolution and at the same time
of SAR acquisitions. It has been proven that forecasts based on
numerical weather models can mitigate phase variance due to
atmospheric artifacts [15], [16].

In this paper, we describe a methodology to derive accurate
maps of 3-D terrain displacement based on the merging of
InSAR point-like estimations and repeated GPS measurements
of terrain displacement velocity. Time series of SAR interfero-
grams acquired along ascending and descending satellite orbits
are processed to identify terrain patches acting as persistent
scatterers (PS). The technique introduced by Hooper et al. [17]
was chosen to process SAR data since it is more suitable to
estimate terrain displacements in nonurban areas which are
those generally characterized by low coherence conditions. The
impact of atmospheric artifact mitigation on displacement map
accuracy is also studied by comparing the variance of terrain
displacement velocities at the PS located close to each GPS
station before and after the mitigation of atmospheric effects
modeled by using WRF forecasts [16]. The structure of the
paper is as follows. Section II describes the methodology to
merge GPS and PS-InSAR estimates to derive a map of the 3-D
terrain displacement velocities. Section III presents the velocity
maps obtained by means of repeated GPS measurements. The
processing of InSAR data and the mitigation of atmospheric
effects are discussed in Section IV. Results of data merging and
assessment of velocity map are given in Section V. Finally, a
few conclusions are drawn in Section VI.

II. METHODOLOGY

The outcome of PS-InSAR processing is an estimation of
terrain displacement velocity in a set of terrain patches able
to generate PS. However, this technique can only measure the
LOS component of terrain displacement. More information on
3-D displacement velocity is difficult to extract even when
ascending and descending InSAR time series are available. The

Fig. 1. Sketch with the geometry of ascending and descending InSAR ge-
ometries with unit vectors (red) ua and (blue) ud, radar incidence angles ϑa

and ϑd, and angles βa and βd related to ground-track azimuthal angles. The
horizontal components of unit vectors ua and ud are also depicted. For the
sake of clarity, the common vertical components of unit vectors are omitted.

methodology we present try to solve this problem by merging
PS and GPS measurements. The GPS technique provides more
precise measurements of the horizontal than the vertical ve-
locity. In contrast, the PS-InSAR technique is more sensitive
to the vertical than the horizontal velocity. The idea of this
paper is to derive the 3-D terrain displacement velocity by
merging measurements of the horizontal velocity provided by
GPS and of the PS velocities. Let us introduce the unit vectors
ua = {ua

E , u
a
N , ua

Z} and ud = {ud
E , u

d
N , ud

Z}, pointing from
PS to the satellite moving along, respectively, the ascending
and descending orbits. Fig. 1 shows a sketch of an InSAR
configuration with both ascending and descending orbits. The
components of unit vectors u (ua or ud), respectively, along
the West–East, South–North, and vertical directions, are given
in terms of the local radar incidence angles ϑ (ϑa or ϑd) and
ground-track azimuthal angles α (αa or αd) as

⎧⎨
⎩

uE = sinϑ sin
(
α− π

2

)
uN = sinϑ cos

(
α− π

2

)
uZ = cosϑ

(1)

where αa = −βa and αd = βd + π, with β (βa or βd) being
the smaller angles between the South–North and ground-track
directions (see Fig. 1). The three components of the terrain
displacement velocity v = {vE , vN , vZ} can be estimated by
minimizing the following energy function:

E =
∑

i∈{a,d}

(
viPS − ui

EvE − ui
NvN − ui

ZvZ
)2

(2)

where vaPS and vdPS are the PS-InSAR LOS velocities estimated
along the ascending and descending orbits. The minimum value
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of the cost function E is reached when its first derivatives with
respect to each component of the unknown terrain displacement
velocity v are zero. This gives rise to the following linear
equation M · v = a, i.e.,
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The matrix M in (3) depends only on InSAR configuration
geometry. It is ill-conditioned for the values of look and track
angle typical of all current spaceborne SAR missions, thus
making its inversion difficult.

To avoid this problem, we propose a simple methodology
to extract the components of vector v from the ascending
and descending InSAR time series, based on the availability
of repeated GPS measurements in a few sparse points. The
LOS velocities vPS (va

PS or vd
PS) estimated by PS-InSAR

are decomposed into horizontal and vertical components as
follows:

vPS = v
(H)
PS · uH + v

(Z)
PS · uZ (4)

where

uH =
cE · uE + cN · uN

‖cE · uE + cN · uN‖ (5)

are the unit vectors (ua
H or ud

H ), contained in the horizontal
plane, perpendicular to the directions of the satellite ground
tracks (respectively, ascending and descending); uE , uN are
the unit vectors pointing to the east and north directions,
respectively; cE and cN are constants to be determined by
imposing the orthonormality condition of vector uH to the
satellite ground track; and uZ is the unit vector giving the
vertical direction, positive when pointing upward. The projec-
tion on the LOS direction of 3-D velocity estimated by GPS is
given by

vGPS = v
(E)
GPS · uE + v

(N)
GPS · uN + v

(Z)
GPS · uZ . (6)

This equation can also be written as

vGPS = v
(H)
GPS · uH + v

(Z)
GPS · uZ (7)

with

v
(H)
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√
v
(E)
GPS

2
+ v

(N)
GPS

2
. (8)

In the general case, interpolating v
(H)
GPS over space would

not be a sane operation since there could be discontinuities in
the terrain displacement pattern. A further problem could be a
bad distribution of GPS network over space. However, in many

cases, v(H)
GPS is quite homogeneous, and the GPS network is

well distributed over space. In such cases, v(H)
GPS can be safely

interpolated to the PS lying in a small neighborhood of a GPS
station. A minimum curvature interpolator is used since we are
looking for a homogeneous surface. Inserting this interpolated
horizontal velocity in (4), the vertical velocity of PS can be
retrieved. It is worth noting that, in this way, we avoid to
take into account the bias between GPS and PS velocities in
both the horizontal and vertical directions. A calibration step is
needed since InSAR velocities are not absolute but relative to
a reference point in the interferogram. A circular area with a
radius R is selected around each GPS station. Then, PS falling
within each of those areas are identified, and median vertical
velocity is computed. For each set of PS, the interquartile
distance is also computed as a measure of dispersion around the
median value. This operation is repeated for all GPS stations
and for both ascending and descending InSAR time series.
The bias function D between GPS and PS-InSAR estimation
vertical velocities is computed by minimizing, separately for
the ascending and descending passes, the cost function

H =

NGPS∑
i=1

{
μ
{
v
(Z)
PS

}
(i) +D(ϕ, λ)− v

(Z)
GPS(i)

}2

(9)

where NGPS is the number of GPS stations, v(Z)
GPS(i) are the

vertical velocities derived from GPS, μ{v(Z)
PS }(i) is the median

velocity of PS belonging to the 200-m-circular area around
the ith GPS station, and D is a four-parameter trigonometric
polynomial representing a bias and a tilt given by

D(ϕ, λ)=α cosϕ · cosλ+β cosϕ · sinλ+γ sinϕ+δ (10)

where ϕ and λ are the latitude and longitude, respectively, and
(α, β, γ, δ) are the polynomial coefficients to be estimated by
minimizing (9), where (α, β, γ) are the coordinate differences
of the centers of the two ellipsoids to which InSAR and GPS
data are referred to, and δ is a constant bias (see, e.g., [18,
p. 213] for details). This operation is performed separately
for the ascending and descending PS-InSAR data sets which
generally consist of different sets of PSs. The median vertical
velocity is used in (10) instead of the mean value since it
is less affected by outliers related to noise and/or processing
errors. It should be noted that InSAR maps could be affected by
long wavelength residual unmodeled errors due to unwrapping,
orbital errors, and uncorrected atmospheric artifacts. Obser-
vations made by GPS are not expected to have significant
systematic errors. The estimated bias and tilts are then removed
from the PS estimates, thus obtaining a map of the vertical
component of displacement velocity with the same spatial
density as the PS-InSAR data set. The map of 3-D velocity can
finally be obtained by summing the horizontal component of
velocity measured by GPS.

III. GPS MEASUREMENTS

A dense geodetic network was installed in 2001 in the central
group of Azores archipelago (Terceira, Faial, Pico, Graciosa,
and S. Jorge islands). It consists of 64 stations distributed
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Fig. 2. Terrain displacement velocity measured by GPS in the period
2001–2006. (Top) Horizontal and (bottom) vertical components.

mostly along the coast of the islands. There are 20 stations
on Faial island and 12 on Pico island with metallic bench-
marks installed in outcrops of solid rock. Four GPS campaigns
were conducted from 2001 to 2006 [6]. All the surveys were
performed using dual-frequency GPS receivers, collecting data
every 30 s. The GPS data analysis has been conducted using
the GAMIT and GLOBK software [19], [20] in a three-step
approach, described by Feigl et al. [21]. GPS data from a
few International GPS Service (IGS) and European Reference
Frame sites were included in order to serve as ties with the Inter-
national Terrestrial Reference Frame2000 (ITRF2000) [22]. We
used precise satellite orbits computed at the Scripps Orbit and
Permanent Array Center at the Scripps Institution of Oceanog-
raphy [23] from the data collected by the permanent tracking
stations of the IGS for geodynamics [24]. The final solution is
based on 26 globally distributed stations, which we chose as the
ones with the lowest uncertainties in position and velocity in the
ITRF2000 definition. The one sigma uncertainties for the GPS
velocities of our sites were derived by scaling the formal errors
by the square root of chi square per degree of freedom of the
final adjustment. The chi square per degree of freedom for this
solution was 1.05, indicating a reasonable agreement and a ro-
bust estimation of parameters. Fig. 2 depicts the horizontal and
vertical velocities of terrain displacement referred to the period
2001–2006. As far as the precisions are concerned, the vertical
precision is smaller than 3.0 mm · yr−1, and the horizontal one
is smaller than 1.22 mm · yr−1 in the north–south direction and
1.15 mm · yr−1 in the east–west direction. Measurements of the
horizontal velocity are characterized by a small dispersion both
in speed (19.0± 1.7 mm · year−1) and direction in the plane
45.9◦ ± 3.8◦). Vertical velocity, even if smaller in absolute
value, is characterized by a much more spatial diversity with
faster displacements occurring in the western part of Faial
island and along the northern coast of Pico island.

IV. INSAR MEASUREMENT

A. Data Set and Processing

The interferometric data set consisted of 57 ENVISAT-
ASAR images covering Faial and Pico islands, from March
2006 to January 2009. Twenty-nine images were acquired
along the descending pass and 28 along the ascending one.
The DORIS software (Delft University of Technology, Delft,
Netherlands) [25] was used for interferometric processing. The
major difficulty in interferometric processing was the coreg-
istration step, due to the minimal amount of land area, and
low coherence values related to lush vegetation. Sea pixels
were masked in the original data so improving considerably
the coregistration and interferometric processing. The interfer-
ometric coherence was considerably low, and the PSs approach
was the only reliable technique to extract useful information
from interferograms. The Stanford Method for PS software [17]
was used to determine PS using the stack of interferograms
already processed for the two passes. About 350 and 950 PS,
respectively, in the ascending and descending passes, were
found on the Faial island. A larger number of PS was found on
the Pico island: about 2250 in the ascending data set and 1700
in the descending data set. These PS are mostly concentrated
on the border of the islands and on a few urban areas with an
average density of 5 PS/km2 on both Faial and Pico islands.

B. Atmospheric Artifact Mitigation

Atmospheric phase delays were calculated using forecasts
based on the WRF model and a ray-tracing procedure [16].
Forecasts of atmospherical parameters were generated over a
1 × 1 km grid. The initial and time-dependent conditions are
derived from the European Centre for Medium Range Weather
Forecasts-ERA Interim reanalysis. Simulations were conducted
starting 12 h before SAR acquisition time. Delays were inter-
polated over the geolocated InSAR grid [26]–[28]. Synthetic
interferograms corresponding to the atmospheric phase delays
were then obtained as the difference between the atmospheric
phase delays computed at the acquisition times of the master
and slave SAR images. Before applying the PS-InSAR pro-
cessing, atmospheric artifacts were mitigated by removing the
corresponding synthetic interferogram of atmospheric phase
delay from each SAR interferogram of the time series.

V. DATA MERGING AND QUALITY ASSESSMENT

Estimations of terrain displacement velocity made by GPS
and InSAR are not directly comparable. In fact, while GPS pro-
cessing gives absolute velocities referred to a regional or global
geodetic reference system (e.g., European Terrestrial Refer-
ence System or International Terrestrial Reference System),
the InSAR technique can just measure relative velocities with
respect to a reference point in the scene. Absolute velocities
are recovered if the reference point is known to be at rest or if
its displacement velocity is known. To cope with this problem,
GPS and InSAR estimations of velocity were processed by
means of the methodology described in Section II. First, we
should observe that InSAR data and GPS measurements cover
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Fig. 3. Map of terrain displacement PS-InSAR vertical velocity overlaid to
a shaded relief of Pico and Faial islands. Estimates of both ascending and
descending data sets are merged.

different elapsed time intervals. However, terrain displacement
at Pico and Faial islands is expected to be mostly smooth in
the period 2001–2009 since no large earthquakes have been
recorded here during this period. For each GPS station, a
circular area with a 200-m radius was selected. This radius
value was chosen, based on the knowledge of local geology,
to fulfill the hypothesis of homogeneous horizontal velocity,
needed to interpolate the GPS velocity at PS positions. PSs, of
both ascending and descending data sets, falling within each
of those areas, were identified. The horizontal velocity within
this area can be considered constant as confirmed by GPS
measurements presented in Section III. Furthermore, known
tectonic phenomena in these islands do not vary within areas
having such a size. It was possible to associate PS to only 14
of the 18 available GPS stations, with the number of PS falling
close to a GPS station varying from 4 to 41. The cost function
(9) was minimized for each data set, and the parameters of the
bias function D were estimated. Fig. 3 displays the integration
of vertical terrain velocity estimated by both ascending and
descending data sets. Atmospheric effects were mitigated in
both data sets. The map in Fig. 3 is spatially consistent and
reveals a vast area of vertical displacement on the western and
eastern parts of Pico island and on the western part of Faial
close to Capelinhos eruption place [29]. A vertical subsidence
on the top summit of Pico (with an altitude of 2400 m) is also
observed. For each set of PS, both ascending and descending,
falling within the circular areas, the interquartile distance as a
measure of dispersion of their vertical velocities was computed.
It is worth noting that PS velocity does not follow a normal
distribution and may contain outliers. Because of these, the
interquartile range is more representative than the standard
deviation as an estimate of the spread of data, since changes
in the upper and lower 25% of the data do not affect it. Fig. 4
reports, for all GPS stations used in this paper, the interquar-
tile range and median velocity of PS and the corresponding
GPS measurements of vertical velocity. It was observed that
the merging of PS-InSAR and GPS data reduces the velocity
dispersion of PS falling within the circular area around each
GPS station from 4.6 mm · yr−1 to 1.9 mm · yr−1 on Faial
island, and from 7.2 mm · yr−1 to 2.1 mm · yr−1 on Pico island.
The use of the WRF model further reduces the dispersion of
estimates to 1.5 mm · yr−1 almost everywhere on both islands.
The mitigation of atmospheric artifacts, without the merging of
GPS data, reduces the velocity dispersion from 4.6 mm · yr−1

to 3.7 mm · yr−1 on Faial island, and from 7.2 mm · yr−1 to
5.7 mm · yr−1 on Pico island. Table I summarizes the dispersion

Fig. 4. Box plot of vertical terrain displacement velocity close to the GPS
stations. On each box, the central mark is the median, and the edges are the
25th and the 75th percentiles. The whiskers above and below each box extend
to the most extreme data points not considered outliers, and outliers are plotted
individually as crosses. Circles indicate GPS measurements. For each GPS
station, the box plot contains the vertical velocities between the first and third
interquartile at PS located within a 200-m distance.

TABLE I
VERTICAL VELOCITY DISPERSION (MILLIMETER/YEAR) OVER THE PICO

AND FAIAL ISLANDS AT DIFFERENT PROCESSING STEPS

of PS velocities, quantified in terms of interquartile distance,
at each processing step. For all GPS stations, the interquartile
range of the PS vertical velocity is lower than the estimated
GPS vertical accuracy. For example, at the Faial Instituto
Meteorologia (FAIM) GPS station, on the southeastern part of
Faial island, 41 PS were selected, and an interquartile range of
1.3 mm · yr−1 was determined. The highest interquartile ranges
of 3.0 and 2.9 mm · yr−1 were observed, respectively, at Faial
Castelo Branco (FCBR) (southwestern part of Faial) and Faia
Faja (FFAJ) stations and are due to the reduced number of PS
close to these stations (only four and six, respectively).

VI. CONCLUSION

The problem of merging PS-InSAR estimates and repeated
GPS measurements of terrain displacement velocity was stud-
ied. It was shown that retrieving the 3-D velocity field is
difficult and inaccurate due to ill-conditioned matrix bearing
the information on the InSAR configuration. Hence, a simple
procedure was proposed to extract the 3-D velocity field based
on the merging of ascending and descending InSAR data and
repeated GPS measurements of terrain displacement velocity.
Time series of InSAR images were processed to estimate
the LOS components of displacement velocity of PS. The
two sets of ascending and descending PS were scanned to
identify and label the PS located within a maximum distance
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of 200 m around each GPS station. The GPS measurement
of the horizontal component at one station was then used to
derive the vertical component of velocity at each PS labeled
as belonging to the neighborhood of that station. The vertical
velocities of the two sets of PS, ascending and descending, were
jointly calibrated with the corresponding GPS measurements
by minimizing a cost function. The final 3-D velocity map was
obtained by adding the horizontal velocity measured by GPS.
The accuracy of the 3-D velocity estimation was increased by
applying a procedure for the mitigation of atmospheric phase
delay based on WRF forecasts. It was observed that the mit-
igation of atmospheric artifacts reduces the spatial dispersion
of velocity estimates up to 30%. The typical requirements to
apply this method are the availability of both ascending and
descending InSAR data sets, an estimate of atmospheric phase
delay at the time of SAR acquisitions, and GPS measurements
of terrain displacements. The minimum number of GPS stations
depends on the number of parameters needed in the merging
procedure.
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