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Mapping Three-Dimensional Surface Deformation by
Combining Multiple-Aperture Interferometry and
Conventional Interferometry: Application to the
June 2007 Eruption of Kilauea Volcano, Hawaii

H. S. Jung, Z. Lu, J. S. Won, M. P. Poland, and A. Miklius

Abstract—Surface deformation caused by an intrusion and
small eruption during June 17–19, 2007, along the East Rift
Zone of Kilauea Volcano, Hawaii, was three-dimensionally recon-
structed from radar interferograms acquired by the Advanced
Land Observing Satellite (ALOS) phased-array type L-band syn-
thetic aperture radar (SAR) (PALSAR) instrument. To retrieve
the 3-D surface deformation, a method that combines multiple-
aperture interferometry (MAI) and conventional interferomet-
ric SAR (InSAR) techniques was applied to one ascending and
one descending ALOS PALSAR interferometric pair. The max-
imum displacements as a result of the intrusion and eruption
are about 0.8, 2, and 0.7 m in the east, north, and up compo-
nents, respectively. The radar-measured 3-D surface deformation
agrees with GPS data from 24 sites on the volcano, and the
root-mean-square errors in the east, north, and up components
of the displacement are 1.6, 3.6, and 2.1 cm, respectively. Since a
horizontal deformation of more than 1 m was dominantly in the
north-northwest–south-southeast direction, a significant improve-
ment of the north–south component measurement was achieved
by the inclusion of MAI measurements that can reach a standard
deviation of 3.6 cm. A 3-D deformation reconstruction through
the combination of conventional InSAR and MAI will allow for
better modeling, and hence, a more comprehensive understanding,
of the source geometry associated with volcanic, seismic, and other
processes that are manifested by surface deformation.

Index Terms—Interferometric synthetic aperture radar (SAR)
(InSAR), multiple-aperture interferometry (MAI), SAR, 3-D sur-
face deformation measurement.

I. INTRODUCTION

THE INTERFEROMETRIC synthetic aperture radar
(InSAR) technique has demonstrated success in map-
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ping surface deformations (e.g., [1] and [2]) but is limited
to measurement of displacements along the radar line-of-sight
(LOS) direction. Because SAR satellites have near-polar orbits
(i.e., approximately north–south ground tracks and east–west
look directions), it is impossible to determine 3-D surface
deformation from LOS InSAR data alone, even when multi-
ple independent interferograms with different viewing angles
are used jointly [3]. When deformation magnitudes are of
several tens of centimeters, it is possible to reconstruct the
3-D deformation field from InSAR using two interferograms
generated from ascending and descending pairs and one or two
azimuth pixel-offset tracking fields created by cross correlation
of SAR images [4]. This method has difficulty in determining
the north component of surface deformation due to the low
sensitivity of the SAR pixel-offset tracking method (relative to
LOS displacement resolution).

Multiple-aperture interferometry (MAI) technique [5], [6]
represents a remarkable improvement in measuring along-
track deformation than the pixel-offset tracking method. While
traditional InSAR is most sensitive to vertical and east–west
horizontal surface displacements, the MAI method improves
the precision of along-track (∼north–south) deformation. In
this letter, we constructed 3-D deformation by integrating the
improved MAI technique [6] and conventional InSAR using
one (or more) descending and one (or more) ascending inter-
ferogram pairs. We demonstrated the power of this 3-D con-
struction technique by applying the method to the June 17–19,
2007 (Father’s Day), intrusion and eruption along the East Rift
Zone (ERZ) of Kilauea Volcano [7]. The derived 3-D defor-
mation results capture the dominantly north-northwest–south-
southeast horizontal deformation field along the ERZ and agree
well with GPS data spanning the event.

II. METHOD

A. Brief Description of MAI Technique

MAI utilizes subaperture processing techniques to generate
one forward-looking and one backward-looking single-look-
complex (SLC) image from one raw SAR scene [5]. Two raw
SAR scenes are then used to form one forward-looking and one
backward-looking interferograms using the corresponding SLC
images. The phase difference between the forward-looking and
the backward-looking interferograms is a MAI image, which
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reveals ground surface deformation in the azimuth direction
(approximately north–south). Jung et al. [6] improved MAI
generation by correcting MAI interferograms for the phase con-
tributions from the flat Earth and topographic effects and then
also proposed an improved MAI processing procedure to en-
hance coherence as well as to improve computational efficiency.
The improved MAI processing [6] is accomplished by the fol-
lowing steps: 1) generation of forward- and backward-looking
SLC pairs from raw SAR data by azimuth common-band filter-
ing; 2) creation of forward- and backward-looking differential
interferograms using a digital elevation model (DEM) and
considering their corresponding perpendicular baselines; and
3) construction of the MAI interferogram by a complex-
conjugate multiplication of the forward-looking differential
interferogram with the backward-looking one.

The MAI interferometric phase φMAI is defined by

φMAI = −4π

l
nx (1)

where x is the along-track surface deformation, l is the effective
antenna length, and n is a normalized squint that is a fraction of
the full aperture width [5]. Although MAI measurement is inde-
pendent of radar wavelength, it requires that the interferometric
pair is coherent. Generally, longer wavelength (e.g., L-band)
SAR images maintain higher coherence and consequently, rel-
atively more accurate MAI measurements than shorter wave-
length (e.g., C-band and X-band) ones. For Advanced Land
Observing Satellites (ALOSs), l = 8.9 m and one fringe yields
8.9 m if n = 0.5 is used.

For a MAI interferogram, the flat-Earth phase contribution is
defined by

∂φMAI

∂ρ
≈ 4π

λ
· ΔB⊥ · cos θ

ρ · sin θ
(2)

where λ and θ are wavelength and look angle, respectively, ρ
is slant-range distance, and ΔB⊥ is the difference between the
perpendicular baselines for the forward-looking and backward-
looking interferograms [6]. Given nominal system parameters
of ALOS phased-array type L-band SAR (PALSAR), the flat-
Earth phase difference from the near to far range of a SAR
image is about 20◦ when ΔB⊥ is 0.1 m. Suppose that the MAI
is processed using n = 0.5 and a resulting fringe (360◦) is 8.9 m
[as with the previous one from (1)]. In this case, the flat-Earth
phase difference corresponds to 50 cm of apparent along-track
deformation. The topographic phase contribution is

φMAI − φMAI,f ≈ 4π

λρ
· ΔB⊥
· sin θ

· h (3)

where φMAI,f is the flat-Earth phase and h is the topographic
height. Given the parameters of ALOS PALSAR, a topographic
difference of 2000 m contributes 1.1◦ to the MAI phase
(or 2.72 cm in along-track deformation) when ΔB⊥ is 0.1 m.

B. Determination of 3-D Deformations

Following the notation given by [3], let d = (dx, dy, dz)T be
the 3-D deformation vector in a local (east, north, up) reference

Fig. 1. Shaded relief map for Kilauea Volcano. Campaign and continuous
GPS stations are labeled as solid diamonds. The arrows and colors represent
the horizontal and the vertical components of surface deformation measured by
GPS, respectively.

frame, and u = (ux, uy, uz)T be the unit LOS deformation
or along-track deformation vector expressed in the same local
reference frame. If u is the LOS deformation vector, u =
(− sin θ · cos ϕ, sin θ · sin ϕ, cos θ)T, where θ is the radar in-
cidence angle from the vertical and ϕ is the satellite-track angle
from north of the LOS vector, respectively. Calculations of θ
and ϕ are performed on a pixel-by-pixel basis. If u is the along-
track deformation vector, u = (− sin ϕ,− cos ϕ, 0)T. The de-
formation r measured from an InSAR or MAI is given by

r = −uTd (4)

Suppose we produce a total of n InSAR and MAI interfero-
grams (observations); then, we obtain R = (r1, r2, . . . , rn)T.
The weighted least square solution (d̂) for d is defined as
follows:

d̂ = −(UTΣ−1U)−1 · (UTΣ−1R) (5)

where Σ is the covariance matrix for errors in the ob-
served deformation observations, and U and R are given
by U = (u1, u2, u3, . . . , un)T and R = (r1, r2, r3, . . . , rn)T,
respectively.

In the case that we assume the covariance matrix as a
diagonal matrix, we get Σ = diag(σ2

1 , σ2
2 , σ2

3 , . . . , σ2
n), where

diag(·) denotes a diagonal matrix. To determine the relative
weighting factors for the InSAR and MAI measurements, we
estimate the corresponding standard deviations in the InSAR
and MAI images. This calculation is performed on a pixel-by-
pixel basis using a 5 × 5 moving window.

III. APPLICATION

Since January 1983, the eruptive activity at Kilauea Volcano,
Hawaii, has been nearly continuous from Pu’u ‘Ô’ô and other
vents along the volcano’s ERZ [8]. On the morning of June 17,
2007 (Father’s Day), a new episode of volcanic activity began



36 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 8, NO. 1, JANUARY 2011

TABLE I
CHARACTERISTICS OF INTERFEROMETRIC PAIRS USED IN THIS STUDY

Fig. 2. LOS and along-track surface deformation measured from (a) and (b),
InSAR and MAI interferograms of ALOS PALSAR ascending pair acquired
on May 5, 2007, and June 20, 2007, and (c) and (d), InSAR and MAI
interferograms of ALOS PALSAR descending pair acquired on February 28,
2007 and July 16, 2007.

as rapid deflation at the Kilauea’s summit and an increase in
earthquake activity. Simultaneously, ground tilt in the vicinity
of Mauna Ulu indicated a magmatic intrusion along the ERZ
about halfway between the summit and Pu’u ‘Ô’ô (Fig. 1).
A small eruption occurred just north of Makaopuhi Crater on
June 18–19 as a result of the intrusion, and by the late morning
of June 19 (local time), the summit began to inflate, signaling
an end to the activity [7].

We resolved the 3-D surface deformation associated with the
June 2007 intrusion and eruption along the ERZ of Kilauea
Volcano by combining the InSAR and MAI techniques. We
used the ALOS PALSAR ascending and descending orbit pairs
(see Table I). In the MAI interferograms, the flat-Earth phase
distortions were 22.7 ◦ and 90.7 ◦ (or 56.1 and 224.3 cm in the
along-track direction) in the ascending and descending pairs,
respectively. The topographic phase distortions were 1.1 ◦ and
4.5 ◦ (or 2.8 and 11.1 cm in the along-track direction) in the as-
cending and descending pairs, respectively. We corrected these
apparent flat-Earth and topographic phase distortions using the
method proposed by [6].

Both an InSAR image and an MAI interferogram were
obtained from each interferometric pair using a complex mul-
tilook operation, with four looks in the range direction and 16
looks in the azimuth direction, resulting in a pixel dimension of
about 60 m by 50 m in ground-range and azimuth directions,

respectively. For MAI processing, the forward- and backward-
looking SLC images were generated using a normalized squint
of n = 0.5 and an effective antenna length of l = 8.9, and the fi-
nal MAI interferograms were formed by the complex-conjugate
operation of the forward- and backward-looking differential
interferograms created using the corresponding perpendicular
baselines and a DEM. The processing parameters of the inter-
ferometric pairs are summarized in Table I.

Fig. 2 shows LOS and along-track deformation maps mea-
sured from InSAR and MAI interferograms for the ascending
and descending pairs. Deflation at Kilauea’s summit and uplift
due to dike intrusion between Mauna Ulu and Makaopuhi
Crater are clear in the LOS surface-deformation maps [Fig. 2(a)
and (c)], and opening of the upper ERZ is obvious from
azimuth surface deformation [Fig. 2(b) and (d)]. The time
spans in the ascending and descending pairs are 46 and
138 days, respectively. Despite the difference in time spans, the
deformation apparent in the ascending interferogram is similar
to that of the descending one because the surface-deformation
field is dominated by the June 17–19, 2007 intrusion and
eruption [7].

We determined the east (ux), north (uy), and up (uz) com-
ponents of 3-D deformation vectors from two LOS InSAR
measurements and two along-track MAI measurements. We
calculated the standard deviations in the InSAR and MAI
using a 5 × 5 moving window on a pixel-by-pixel basis. The
average standard deviations of the ascending InSAR and MAI
measurements were 1.0 and 3.6 cm, respectively, and those of
the descending InSAR and MAI measurements were 2.3 and
9.7 cm, respectively. We then constructed the covariance matrix
in order to determine the relative weighting for the two LOS
InSAR measurements and two along-track MAI measurements.
This inversion was performed on a pixel-by-pixel basis. Fig. 3
shows the estimated 3-D deformation field for the Kilauea’s
June 2007 intrusion and eruption. Fig. 4 shows the 3-D defor-
mation along a profile across the ERZ where opening due to
dike intrusion was the largest. Within a zone of 500 m over the
center of the intrusion, no deformation can be obtained due to
loss of InSAR coherence. Figs. 3 and 4 show a classic picture
of surface deformation due to dike opening. The maximum
displacements as a result of the intrusion and eruption are
about 0.8, 2, and 0.7 m in the east, north, and up components,
respectively.

In order to assess the overall accuracy of the 3-D surface-
deformation field derived from our method of combin-
ing InSAR and MAI techniques, we compared the InSAR/
MAI-derived deformation with that from GPS data that span the
June 2007 intrusion and eruption. The 3-D deformation images
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Fig. 3. Three-dimensional surface-deformation field for the Father’s Day in-
trusion and eruption measured from two LOS and two along-track MAI images:
(a) East (ux), (b) north (uy), and (c) up (uz) components of deformation
field constructed by the integration of MAI and InSAR images. (d) The 3-D
deformation field. (e) Detailed blow-up view of the near-field deformation
in (d). Arrows and colors represent the horizontal and vertical components,
respectively.

along with the SAR backscattering intensity images were pre-
cisely georeferenced to a geographic coordinate system through
a terrain-correction procedure (Fig. 3). We then extracted the
InSAR/MAI-derived 3-D surface-deformation values at the
GPS stations using spline interpolation and compared them
with the 3-D GPS components. The GPS data come from both
campaign and continuous sites. Serendipitously, the campaign
sites were occupied only days before June 17, 2007, and were
occupied again immediately following the cessation of activity;
thus, the GPS campaign data include only deformation that
is a result of the June 17–19, 2007 intrusion and eruption.
Displacements at continuous GPS sites were similarly con-
strained. Fig. 5 shows the comparison between InSAR/MAI
results and 3-D deformation measurements from 24 continuous
and campaign GPS stations (Fig. 1). The root-mean-square
errors (rmses) between InSAR/MAI and GPS in the east, north,
and up components are 1.6, 3.6, and 2.1 cm, respectively. The
agreements between InSAR/MAI and GPS in the east and
up components are better than that for the north component
because the determination of the east and up components is
dominated by the InSAR LOS deformation, which is more
precise than the along-track deformation estimate from MAI.
The relatively large rmse in the up component (compared with
that for the east component) is because the precision of the
horizontal component in the GPS data is better than that of the
vertical component.

Fig. 4. (a) East (ux), (b) north (uy), and (c) up (uz) components of surface
deformation along the profile A−A′ shown in Fig. 3.

The presented method is a significant improvement upon
the 3-D displacement estimates from four interferograms
with different viewing geometries. Compared with other 3-D
deformation-construction techniques [9], our method can derive
3-D deformation images from two pairs of SAR images alone
and does not assume that the derived deformation field be
smooth. The improvement in our InSAR/MAI result is primar-
ily due to the MAI technique, which can measure the along-
track deformation more precisely. For example, the standard
deviation of along-track deformation of the ascending pair es-
timated by MAI is 3.57 cm, which is significantly less than the
7.1 cm achieved by pixel-offset tracking of the same interfero-
gram [10]. Furthermore, MAI does not depend on SAR image
resolution, while the azimuth pixel-offset method relies on SAR
azimuth pixel resolution. This has significant implication for
measuring along-track deformation from future SAR missions.
For example, the main operational mode for European Space
Agency’s Sentinel-1 radar mission [11] has an azimuth pixel
resolution of 20 m, which is about five times worse than
those for Envisat or ALOS PALSAR. Therefore, the preci-
sion of azimuth deformation from the pixel-offset tracking of
Sentinel-1 images will be significantly reduced. However, the
reduction in SAR azimuth resolution will not significantly af-
fect the azimuth-deformation measurement derived from MAI.
Therefore, we expect that the precision of along-track deforma-
tion from MAI processing of Sentinel-1 images will be five–ten
times better than that from the pixel-offset tracking method.

The 3-D surface-deformation images estimated from the
combination of InSAR and MAI techniques will allow for
better resolution of the parameters of deformation models for
earthquakes, volcanic activity, and other processes, including
the geometry of the deformation source. In particular, for the
dominantly north–south horizontal deformation, the resolution
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Fig. 5. Comparison of 3-D deformation estimated from ALOS InSAR and MAI techniques with GPS displacements at 24 stations on Kilauea Volcano.
(a) East component. (b) North component. (c) Up component. Circles and bars denote uncertainties of InSAR/MAI and GPS measurements at two standard
deviations, respectively.

of deformation model parameters would be improved. Source
geometry is ambiguous if it is estimated from vertical-
deformation data alone [12]; thus, the combination of tech-
niques to recover 3-D displacements with the high spatial
resolution of InSAR offers important constraints that can be
used to resolve deformation sources at a higher level than has
previously been possible.

IV. CONCLUSION

We have shown that 3-D surface deformation can be re-
covered with a high degree of accuracy from ascending and
descending SAR data using InSAR and MAI techniques. Our
estimates of 3-D deformation associated with the June 17–19,
2007, ERZ intrusion and eruption at Kilauea Volcano agree
with the GPS data spanning the event, with rmses of 1.6, 3.6,
and 2.1 cm in the east, north, and up components, respectively.
The remarkable improvement of accuracy in the north com-
ponent over other techniques is primarily due to the improved
deformation measurement in the north–south direction by MAI
technique. A 3-D deformation mapping by combining InSAR
and MAI techniques will provide data that can result in im-
proved deformation source models for various applications.
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