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a b s t r a c t
Interferometric Synthetic Aperture Radar (InSAR) is a powerful tool to monitor large-scale ground deformation at
active volcanoes. However, vegetation and pyroclastic deposits degrade the radar coherence and therefore the
measurement of 3-D surface displacements. In this article, we explore the complementarity between ALOS–
PALSAR coherence images, airborne LiDAR data and in situ measurements acquired over the Piton de La Fournaise
volcano (Reunion Island, France) to determine the sources of errors that may affect repeat-pass InSAR measurements. We investigate three types of surfaces: terrains covered with vegetation, lava ﬂows (a′a, pahoehoe or
slabby pahoehoe lava ﬂows) and pyroclastic deposits (lapilli). To explain the loss of coherence observed over
the Dolomieu crater between 2008 and 2009, we ﬁrst use laser altimetry data to map topographic variations.
The LiDAR intensity, which depends on surface reﬂectance, also provides ancillary information about the potential sources of coherence loss. In addition, surface roughness and rock dielectric properties of each terrain have
been determined in situ to better understand how electromagnetic waves interact with such media: rough and
porous surfaces, such as the a′a lava ﬂows, produce a higher coherence loss than smoother surfaces, such as
the pahoehoe lava ﬂows. Variations in dielectric properties suggest a higher penetration depth in pyroclasts
than in lava ﬂows at L-band frequency. Decorrelation over the lapilli is hence mainly caused by volumetric effects.
Finally, a map of LAI (Leaf Area Index) produced using SPOT 5 imagery allows us to quantify the effect of vegetation density: radar coherence is negatively correlated with LAI and is unreliable for values higher than 7.5.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
Surface deformations are key indicators for the earth's crustal dynamics: they are directly linked to natural disasters such as earthquakes,
volcanic eruptions or landslides. Understanding the forces that shape
our planet requires having accurate topographic data, as well as an adequate spatial and temporal coverage. Over the past years, interferometric synthetic aperture radar (InSAR) proved to be an effective tool
to map terrain topography and measure high-resolution and largescale ground displacements with a vertical accuracy of a few centimeters (Massonnet & Feigl, 1998). The deformations of the Piton de la
Fournaise (Reunion Island, France) are routinely monitored this way
(i.e. Froger et al., 2004; Fukushima, Cayol, & Durand, 2005;
Sigmundsson, Durand, & Massonnet, 1999). However, our ability to assess such deformations using SAR interferometry relies on our ability to
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maintain phase coherence over large areas. The required measurement
accuracy may be affected by vegetation that introduces a signiﬁcant bias
by scattering of electromagnetic waves (Slatton, Crawford, & Evans,
2001). Moreover, in case of frequent eruptions, the availability of an accurate and updated digital terrain model (DTM) remains challenging.
Those factors lead to spatial–temporal ambiguities that substantially
compromise our ability to monitor pre-eruptive displacements. Hence
a better knowledge of surface texture and DTM in active volcanic
areas is crucial. In the past decade, light detection and ranging (LiDAR)
systems emerged as a powerful tool to complete this task. Laser altimetry can be used to collect high-resolution topographic data and generate
DTM with decimetric horizontal and centimetric vertical accuracy
(Baltsavias, 1999; Wehr & Lohr, 1999). Due to ability of the laser beam
to penetrate low-density vegetation, it provides unique information
on both surface topography and vegetation structure (Haugerud &
Harding, 2001; Nillson, 1996). Aerial surveys, for instance, are widely
used in geophysics to obtain information on the geomorphology of active volcanoes (Csatho, Schenk, Kyle, Wilson, & Krabil, 2008; Fornaciai,
Bisson, Landi, Mazzarini, & Pareschi, 2010; Mazzarini et al., 2005; Neri
et al., 2008; Pyle & Eliott, 2006a,2006b; Webster, Murphy, & Gosse,
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2006). Lava ﬂow rheology (Harris, Favalli, Mazzarini, & Pareschi, 2007)
and effusion rates (Favalli, Fornaciai, & Pareschi, 2009; Hofton,
Malavassi, & Blair, 2006; Mazzarini et al., 2005) have been also inferred
from accurate vertical topographic measurements. LiDAR intensity allows
identifying and mapping volcanic products such as lava ﬂows and pyroclastic deposits (Fornaciai et al., 2010; Mazzarini et al., 2007; Spinetti et al.,
2009). That is how Mazzarini et al. (2007) separated lava ﬂows of different
ages in the Mount Etna (Italy) and deﬁned a relative chronology of
emplacement.
The complementarity between InSAR and LiDAR has been poorly investigated. The perspective of the NASA DESDynI (Deformation, Ecosystem Structure and Dynamics of Ice) mission, recommended by the
decadal report of the National Academy of Sciences in 2007, gave rise
to some exploratory studies to provide insights to the researchers.
Solid earth deformation was one of the main issues addressed, but
most were focused on the assessment of ecosystem structure, i.e. plant
canopy height (Sexton, Bax, Siqueira, Swenson, & Hensley, 2009) and
biomass (Hyde, Nelson, Kimes, & Levine, 2007; Lucas, Lee, & Williams,
2006; Nelson et al., 2007; Sun et al., 2011). Attempts have been also
made to measure topography under foliage to improve InSAR-derived
elevation estimates (Slatton, Crawford, & Evans, 2000, Slatton et al.,
2001). However, the physical correlation between the two techniques
has been rarely demonstrated in solid earth sciences.
In this paper, we combine airborne LiDAR data with ALOS/PALSAR (Advanced Land Observing Satellite/Phased Array type L-band Synthetic Aperture Radar) coherence images acquired over the Piton de la Fournaise, one of
the most active basaltic shield volcanoes in the world, to examine the main
sources of decorrelation. Our study has focused on different sites: bare surfaces (pahoehoe, slabby pahoehoe and a′a lava ﬂows, lapilli) or surfaces
covered with vegetation at various plant densities. In the next section the
InSAR theory is reviewed, with the prospect of emphasizing the sources
of errors. The geological settings of the volcano as well as the studied
areas are described in Section 3. The airborne LiDAR and spaceborne
InSAR data sets are presented in Section 4. Finally, the comparison of in
situ measurements with remote sensing-derived parameters allows
discussing the potential of these ancillary data for interpreting InSAR images and quantifying radar coherence loss.
2. Components of radar coherence
SAR pixels contain information about the amplitude and the phase of
the backscattered signal, which is digitized as a complex number. Thus
the result is a complex digital image. Differential SAR interferometry
exploits the information contained in the radar phase of at least two complex images acquired over the same zone at two different dates and
separated by a small baseline (Ulaby, Moore, & Fung, 1982). Terrain displacements can be detected over large areas in the slant range direction
(line-of-sight, LOS). Among the different concepts of SAR interferometry,
the repeat-pass conﬁguration consists in acquiring data at different times
with the same sensor. This technique, however, suffers important limitations: surface displacement accuracy largely depends on the system itself,
surface physical properties, atmospheric conditions (ionospheric and
tropospheric delay), and even the software used to process the data
(Hanssen, 2001). These effects may compromise our ability to monitor
pre-, syn- and post-eruptive phases. The absolute value of InSAR coherence is an accuracy criterion of ground displacement: the higher the coherence, the more accurate the deformation detection. The coherence
parameter γ is deﬁned as the magnitude of the cross-correlation coefﬁcient between two co-registered complex images z1 and z2:
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of pixels averaged in azimuth and range. |γ| varies from 0 (no correlation)
to 1 (perfect correlation).
The appraisal of all sources of decorrelation requires to infer the geophysical properties of the surface and to understand the sensor effects.
According to Zebker and Villasenor (1992), the total observed correlation γ is the product of three components that are affected by thermal,
spatial, and temporal decorrelation:
γ ¼ γthermal  γspatial  γtemporal :

ð2Þ

They can be assessed separately.
2.1. Thermal decorrelation
γthermal is related to the thermal signal-to-noise ratio (SNR). It may
be written as:
γthermal ¼

1
1þ

1
SNR

:

ð3Þ

Since ALOS SNR is very high (Wei & Sandwell, 2010), we ﬁxed
γthermal to 1.
2.2. Spatial decorrelation
γspatial is due to a non-zero baseline and to the local terrain slope. It
consists of two terms related to surface and volume scattering:
γspatial ¼ γsurface  γvolume :

ð4Þ

Surface decorrelation γsurface mainly depends on terrain slope and
can be written as (Wei & Sandwell, 2010):
γsurface ¼ 1−

2jB⊥ jRy cos2 ðθ−αÞ
λR

ð5Þ

with λ the radar wavelength, R the slant range distance, Ry the ground
range resolution, B⊥ the baseline perpendicular to the LOS, θ the incidence angle and α the local terrain slope. The difference in viewing
angle between two observations results in a slightly different coherent
sum of the echo returns within a scattering cell on the ground. Over uneven terrain, spatial decorrelation due to the slope and the baseline may
dominate the other factors. The longer the perpendicular baseline between the radar images, the higher the likelihood of spatial decorrelation
(Zebker & Villasenor, 1992). Each radar system is characterized by a critical perpendicular baseline that corresponds to a complete decorrelation
of the interferometric phase and that is expressed as:
Bc ¼

λR
:
2Ry cos2 θ

ð6Þ

Volume decorrelation γvolume is inﬂuenced by the physical properties
and vertical distribution of the scatterers. Radar wave penetration into
the medium tends to decrease interferometric coherence. It happens in
vegetation (Wei & Sandwell, 2010), ice or snow (Hoen & Zebker, 2000)
which produce signiﬁcant volume scattering. For instance, Ahmed,
Siqueira, Hensley, Chapman, and Bergen (2011) calculate the volumetric
decorrelation of a homogeneous forest canopy as:


κz hv
2
κz hv

2 sin
γvolume ¼

ð1Þ

where adjacent pixels contained in a small box are averaged. The sign *
stands for the complex conjugate and L = naz × nr is the total number
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ð7Þ

where hv is the tree height and κz the vertical wavenumber expressed as:
κz ¼

4πB⊥
:
λR sinðθÞ

ð8Þ
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According to Eq. (7), volume scattering should increase with the perpendicular baseline, whereas small baselines should reduce the sensor
sensitivity to volumetric decorrelation. To quantitatively determine
the volume scattering in volcanic deposits, we can assess the penetration depth δp which depends on pyroclast textural and dielectric properties (Kruse, Mora, Ramirez, & Alvarado, 2010; Russel & Stasiuk,
1997). For a homogeneous medium, it may be approximated by
(Massonnet & Souyris, 2008):
δp ≈

pﬃﬃﬃﬃ
λ ε0
2π ε″

ð9Þ

where ε′ and ε″ are the real and imaginary parts of the complex dielectric constant of the medium. ε′ describes the ability of matter to store
energy, whereas ε″ represents the amount of lost energy. They are directly related to mineralogy and moisture content, and may vary rapidly
in space and time. Their ratio is deﬁned as the loss tangent:
tan δe ¼

ε″
:
ε0

ð10Þ

δe varies inversely as the value of the frequency: low frequency waves
(L and P bands) propagate deeper into the medium than high ones
(C and X bands), but in turn, the resolution decreases (Gómez-Ortiz
et al., 2006). The rapid increase in dielectric constant with volumetric
moisture constant tends to decrease the penetration depth (Rust &
Russel, 2001). Moreover, the magnitude of the permittivity displays a
strong dependence on ground porosity (Russel & Stasiuk, 1997; Rust,
Russel, & Knight, 1999) and bulk density (Campbell & Ulrichs, 1969).
2.3. Temporal decorrelation
γtemporal refers to changes in target scattering properties between
two acquisitions. Temporal decorrelation may be caused by vegetation
growth or modiﬁcation of soil dielectric properties. In volcanic areas,
landscape changes are primarily due to surface deformations associated
with volcano activity. The longer the timeslot between two images
(temporal baseline), the higher the decorrelation. Modeling this effect
is not straightforward. If anthropogenic changes generally cannot be
assessed quantitatively, natural processes may be accounted for in
models. Zebker and Villasenor (1992) showed that:

 

1 4π 2  2
2
2
2
 σ x sin θ þ σ z cos θ
γtemporal ¼ exp −
2 λ

ð11Þ

with σx and σz the horizontal and vertical standard deviations, respectively. For incidence angles less than 45°, Eq. (11) shows a greater sensitivity to vertical than to horizontal changes. So, the signal decorrelates
faster over surfaces displaying signiﬁcant volume scattering, such as forests, and at shorter wavelengths.

Fig. 1. Visible image of the Piton de la Fournaise showing the location of the Plaine des
Sables, the Enclos Fouqué and the Grand Brûlé (BDOrtho®, IGN, 2008).

to the surface are mainly caused by the deposition of young pyroclasts
and ﬂows associated with recent eruptive events, by erosion, but also
by vegetation growth in the older parts of the ediﬁce.
The Piton de la Fournaise offers a wide range of volcanic terrains and
vegetation canopies. Such an environment offers a unique opportunity
to analyze and better understand the causes of coherence loss. Three
main regions characterized by different landscape typologies have
been investigated (Fig. 2):
1. The Plaine des Sables (average elevation of 2290 m) located on the
west part of the volcano is relatively ﬂat. It is mainly covered with lapilli deposits, sometimes interlinked with historical slabby pahoehoe
lava ﬂows. They contain a series of closely spaced slabs, a few meters
across and a few centimeters thick. The oldest lava ﬂows near the
Rempart de Bellecombe have been colonized by sparse vegetation
dominated by shrubs.
2. The Enclos Fouqué (average elevation of 2270 m) is ﬁlled by a large
lava ﬁeld essentially formed by pahoehoe lava, the surface of which
can be smooth, ropy or even bumpy, and a′a lava ﬂows that look
darker and display fragmentary, spiny surfaces with irregularly
shaped vesicles.
3. The Grand Brûlé (average elevation of 100 m) located on the East
ﬂank of the volcano exhibits a juxtaposition of several individual a′
a and pahoehoe ﬂows that are partly covered by vegetation such as
lichens, ferns or trees.

3. Studied area
4. Data sets and survey setup
The Piton de la Fournaise is a basaltic shield volcano located in the ESE
part of Reunion Island in the Indian Ocean roughly 800 km east of
Madagascar (Fig. 1). It has been active for 0.15 My (Gillot & Nativel,
1989) and is still considered as one of the world's most active volcanoes.
The central cone within the Enclos Fouqué depression is 2635 m high
and 3 km large at its base, with a mean slope of 15–20°. The summit
cone shows two collapsed structures: the Dolomieu crater in the east
and the Bory crater in the west. The recent activity of the volcano, mainly effusive, is concentrated in the Dolomieu crater and along two curved
rift zones which diverge towards the north–east (N10°) and the south–
east (N170°) from the summit (Bachèlery, 1981), allowing the transport
of magma outside the Enclos Fouqué down to the ocean. The morphology of the volcano results from consecutive lava ﬂows, ash deposits and
geological phenomena such as collapses and landslides. Hence changes

4.1. ALOS/PALSAR data
The PALSAR (polarimetric Phased Array L-band Synthetic Aperture
Radar) instrument has been designed to provide consistent earth's surface observations at ﬁne resolution. It operates at 1.270 GHz (L-band,
23.6 cm) in ﬁve modes with different off-nadir angles: Fine Beam Single
polarization (FBS), Fine Beam Dual polarization (FBD), polarimetric
mode (POL), ScanSAR mode, and Direct Transmission (DT). The viewing
angle ranges from 9.9° to 50.8° for both the FBS and the FBD modes, and
from 9.7° to 26.2° in the full-polarimetric mode (Furuta, Shimada,
Tadono, & Watanabe, 2005; Rosenqvist, Shimada, Ito, & Watanabe,
2007). PALSAR performs cloud-free and day-and-night surface measurements with a 46-day repeat pass cycle. It can measure topography,
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(a) Lapilli deposits in the Plaine des Sables,
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(b) Slabby lava flows in the Plaine des Sables.

west of the Enclos Fouqué caldera.

(c) Pahoehoe lava flows in the Enclos Fouqué.

(d) A’a lava flows in the Grand Brûlé.

(e) Sparse vegetation (Philippia montana (Willd.)

(f) Tropical vegetation (Nephrolepis biserrata and

Klotzsch and Stoebe passerinoides) located in the
Plaine des Sables.

Agauria salicifilia) in the Grand Brûlé.

Fig. 2. Studied areas of the Piton de la Fournaise volcano, Reunion Island. (a) Lapilli deposits in the Plaine des Sables, west of the Enclos Fouqué caldera. (b) Slabby lava ﬂows in the Plaine des
Sables. (c) Pahoehoe lava ﬂows in the Enclos Fouqué. (d) A′a lava ﬂows in the Grand Brûlé. (e) Sparse vegetation (Philippia montana (Willd.) Klotzsch and Stoebe passerinoides) located in the
Plaine des Sables. (f) Tropical vegetation (Nephrolepis biserrata and Agauria saliciﬁlia) in the Grand Brûlé.

detect crustal deformations associated with volcanic eruptions, earthquakes, landslides and subsidence with a high spatial resolution of
~ 20 m at sub-centimetric vertical accuracy (e.g. Hanssen, 2001;
Massonnet & Feigl, 1998).
PALSAR operation over Reunion Island is in the nighttime ascending
acquisition, which minimizes phase decorrelation due to ionospheric effects (Pi, Freeman, Chapman, Rosen, & Li, 2011). We used 8 images acquired from March 2008 to September 2010 in HH polarimetric mode,
with an off-nadir angle of 34.3° (path 539). The single look complex images (SLC) were processed using the SARscape module for ENVI to obtain square pixels of about 25 m × 25 m. The ﬁnal images are
georeferenced in the WGS-84 Universal Transverse Mercator (UTM)
40S cartographic system.

4.2. LiDAR data
In 2008–2009, two airborne mapping campaigns were conducted
over the volcano by the Institut national de l'information géographique
et forestière (IGN) using an Optech ALTM 3100 LiDAR (Table 1). This system provides accurate information about the earth's surface elevation
and vegetation height by measuring the round-trip travel time of the
laser pulses from the aircraft to the target. LiDAR data were acquired
over the study area with a pulse repetition frequency of about
50,000 Hz, an operating laser wavelength λ = 1064 μm, a 50 Hz scan
frequency, and a minimum ﬂight speed of about 85 m/s. The ﬂying altitude ranged from 1000 m to 3500 m above ground level and the scanning angle ranged from 0° to 16.5° using a rotating mirror. Due to
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Table 1
LiDAR data collection over the Piton de la Fournaise.
Acquisition date

Region

Acquisition mode

Scanning angle

Flying altitude

Sept. 2008
Oct. 2008
Sept.–Oct. 2009
Oct.–Nov. 2009

Coastline
Enclos Fouqué–Plaine des Sables
Heard of island
Enclos Fouqué

2 points/m2
5–10 points/m2
0.5 point/m2
5–10 points/m2

±16.5°
±5°
±9°
±5°

1000 m
1000–2000 m
2200–3500 m
1000–2000 m

diffraction of light, the ground footprint size depends on the laser beam
divergence and the distance from the sensor to the target. The 0.8 mrad
divergence of our system leads to a small footprint, about 1.1 m in diameter at an altitude of 1400 m (2.8 m at an altitude of 3500 m), resulting
in a point density ranging from 0.5 to 10 points/m2. Each point is
georeferenced in the WGS-84 Universal Transverse Mercator (UTM)
40S cartographic system. Topographic data are acquired with different
attributes, namely the ﬁrst and last echoes, the ﬂight height, the scanning angle and the raw intensity value. Topographic data and intensity
values are used to create a high-resolution digital terrain model and
an intensity map of volcanic surfaces, respectively.
4.3. Geological survey
To validate the sources of decorrelation observed in the InSAR data,
we measured some geophysical variables over several zones during a
geological survey set up in October 2011 (Fig. 1).
1. Surface roughness was studied in situ over fourteen sites corresponding to four types of lava ﬂows: pahoehoe and a′a lava ﬂows
(Grand Brûlé and Enclos Fouqué), slabby pahoehoe lava ﬂow and lapilli (Plaine des Sables). We ﬁrst generated local digital terrain models
(5.9 to 24.6 m2) at 1.3 mm spatial resolution and 0.66 mm vertical
resolution using a commercial camera and applying a photogrammetric method. Then we derive ﬁve roughness parameters: the
root-mean-square height ξ, the correlation length Lc, the Zs parameter (Zribi & Dechambre, 2002), the tortuosity index τ (Bertuzzi,
Rauws, & Courault, 1990) and the fractal dimension D (Malinverno,
1990). The parameters and the underlying methodology are detailed
in Bretar et al. (2013).
2. To provide information about near-surface stratigraphy, heterogeneity and dielectric properties, high-frequency ground-penetrating
radar proﬁles were acquired on speciﬁc sites in the Plaine des Sables
and in the Enclos Fouqué using two MALÅ GPR shielded antennae
operating in wide bands centered on 500 and 800 MHz. Moreover,
the real and imaginary parts of the complex dielectric constant of lapilli, a′a and pahoehoe lava were measured in the lab between 300
and 1200 MHz to assess the ground loss tangent. We used a capacitive cell (Agilent 16453A; 15 mm in diameter and 3 mm in thickness)
connected to an impedance analyzer (Agilent E4991A) that ensures
3% error within the abovementioned frequency band (Heggy et al.,
2001). The measurements were performed both on room temperature and dried samples.
3. The leaf area index (LAI) (e.g., Baret & Guyot, 1991) which reﬂects
vegetation density was measured in situ along several transects
over sparse (shrubs in the Plaine des Sables) and dense (ferns and
tropical forest in the Grand Brûlé) vegetation using the LAI-2000
Plant Canopy Analyzer. We also produced a NDVI (Normalized Difference Vegetation Index) (Rouse, Haas, Schell, & Deering, 1974)
map at 10 m spatial resolution using a SPOT 5 image acquired on
May 2011 and calibrated into reﬂectance (http://kalideos.cnes.fr/).
These measurements were used to investigate the relationships
between canopy density and InSAR decorrelation.
4. Surface reﬂectance was collected over several volcanic terrains in the
Plaine des Sables, the Enclos Fouqué and the Grand Brûlé using a
FieldSpec portable spectroradiometer (Analytical Spectral Device).

Five spectra were averaged in each site to obtain their mean
reﬂectance.
5. Results
5.1. Radar coherence calculation
PALSAR image pairs with the shortest temporal and perpendicular
baselines were selected to minimize the temporal and spatial effects
on radar coherence (Table 2). The perpendicular baseline B⊥ for these
particular interferometric pairs varies from 80.6 m to 1294.4 m. The critical perpendicular baseline Bc calculated by Eq. (6) ranges from 6.6 km
to about 13 km on ﬂat areas. The correlation coefﬁcient was generated
using Eq. (1) with one look in the range direction and eight looks in
the azimuth direction. It yields a square pixel size of ~25 m. Before estimating the coherence, a slope-adaptive spectral ﬁltering is applied to
the interferogram to compensate for the image geometry. The LiDARderived DTM is used to remove the topographic effects and obtain an
earth-ﬂattened phase factor using the phase unwrapping algorithm.
The theoretical value of the spatial decorrelation γsurface calculated by
Eq. (5) varies from 0.88 to 0.99.
5.2. LiDAR-derived DTM
The separation of ground from above-ground points is performed by
application of a ﬁltering algorithm. If the height difference between two
adjacent points exceeds a given value, they are likely to belong to separate classes. Discrimination of low vegetation from bare soils may be
challenging. The LiDAR point cloud has been ﬁrst classiﬁed using the
Terrascan software dedicated to the processing of laser-scanning data.
Then a triangulated irregular network (TIN) model of the surface was
produced based on a Delaunay triangulation algorithm (Axelsson,
2000).
Vertical accuracy and horizontal accuracy of the DTM may be affected by the optics of the laser system, the GPS/INS unit, or surface characteristics (e.g. slope, surface roughness, reﬂection properties) (Schenk,
2001; Vosselman & Maas, 2001; Zhang & Liu, 2004). To evaluate the absolute error of DTM elevations, GPS points have been recorded along
transects on September 2008 in the Plaine des Sables (linear density of
0.2 point/m) and the Enclos Fouqué (linear density of 0.1 point/m). It is
estimated by subtracting the LiDAR-derived DTM elevation map from
the GPS points. Assuming that GPS vertical accuracy ranged from 0.05

Table 2
InSAR parameters calculated for several PALSAR image pairs.
First date

Second date

03-06-2008

04-21-2008

Interval (days)
46

07-22-2008

09-06-2008

46

09-06-2008

10-22-2008

46

07-28-2010

09-12-2010

46

09-06-2008

03-09-2009

184

B⊥ (m)

γsurface

80.6
(Bc = 13,276)
1294.4
(Bc = 13,204)
357.0
(Bc = 6635)
772.8
(Bc = 6602)
724.5
(Bc = 6635)

0.99
0.90
0.89
0.88
0.89
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m to 0.1 m, comparable offsets were obtained in the two regions: Δz =
0.25 ± 0.14 m in the Plaine des Sables and Δz = 0.31 ± 0.29 m in the
Enclos Fouqué. This larger error is due to the accentuated topography
and rougher surfaces. This study conﬁrms the accuracy of the LiDARderived DTM that can be used to characterize small topographic
features.
5.3. Normalized LiDAR intensity
LiDAR intensity, often expressed as a whole number, is the amplitude of the laser-return signal measured by the system. It depends on
the peak power of the optical pulse and on the integrated energy distribution across the whole footprint (Coren & Sterzai, 2006; Höﬂe &
Pfeifer, 2007). It is affected by atmospheric transmission, the ﬂying altitude, the local incidence angle, surface roughness and ground reﬂectance (Coren & Sterzai, 2006; Höﬂe & Pfeifer, 2007). However it is
independent of the local incidence angle, especially for low scanning angles (e.g., Mazzarini et al., 2007). Thus raw data can be used to generate
a land cover classiﬁcation (Maas & Vosselman, 1999). In this study, we
applied a radiometric correction model based on the radar equation
(Höﬂe & Pfeifer, 2007). It takes into account the inverse range square
dependency of the received signal, the local incidence angle, and atmospheric attenuation. In clear weather, scattering and absorption of photons by gases, especially water vapor, can be neglected. Thus the
simpliﬁed model giving the corrected intensity Icorrected is expressed as:
Icorrected

 2
R
1
¼ Imeasured 

Rs
cosðαÞ

ð12Þ

with Imeasured the measured intensity, R the actual range, Rs the standard
altitude and α the angle of incidence. LiDAR intensity is normalized to a
standard distance of 1400 m, corresponding to the mean ﬂying altitude,
by multiplying all values by a factor of (R/1400)2. This step is necessary
when high elevation differences are observed. Finally, LiDAR intensity
values were converted into a grid with a 1 m spatial resolution.
6. Analysis of coherence variation
6.1. Temporal decorrelation
Lava ﬂows, pyroclastic deposits or fallen rocks cause spatial and temporal surface changes, the mapping of which is essential for understanding the evolution of the area. To evaluate the topographic changes, we
compared the LiDAR data acquired in October 2008 to those acquired
in November 2009. The difference between the two DTM is low,
14.9 ± 4.8 cm over the whole ediﬁce, except over the Dolomieu crater
where changes are signiﬁcant. Fig. 3 shows the variations in altitude
over the crater between 2008 and 2009. Negative values in dark blue
point out erosion, positive values in green to red suggests deposition,
and near zero values in light blue suggest no topographic changes.
Such a map clearly indicates the emplacement of new lava ﬂows in
the Dolomieu crater from October 2008 to November 2009, due to the
occurrence of three eruptive phases.
Fig. 4 shows the north–south and west–east topographic proﬁles
centered in the Dolomieu crater, as well as the difference in elevation
measured between 2009 and 2008. The crater ﬂoor was at an altitude
of about 2200 m in 2008 and 2225 m in 2009: the area of this 25 m
thick lava ﬂow has been assessed at ~ 0.16 km2 and its volume at
~2.23 × 106 m3. This agrees with the value of 2.2 ± 0.3 × 106 m3 determined from the edge of the crater using a ground laser (Staudacher,
2010).
The PALSAR images acquired on September 6, 2008 and March 9,
2009 (Btmp = 184 days, B⊥ = 725 m, γsurface = 0.85) conﬁrm the
LiDAR observations. Fig. 5 shows a very low coherence over the
Dolomieu crater (γ = 0.38 ± 0.11) because of the difference in altimetry displayed in Figs. 3 and 4. Decorrelation observed over lava ﬂows in

Fig. 3. Altimetry variations (in meter) between 2008 and 2009 derived from LiDAR data
acquired over the Dolomieu crater. The dashed lines indicate the direction of two proﬁles,
1 (North–south) and 2 (West–East). (For interpretation of the references to color in this
ﬁgure, the reader is referred to the web version of this article.)

the Enclos Fouqué, lapilli in the Plaine des Sables and vegetation in the
Grand Brûlé and outside the caldera is basically related to the terrain
type since the topographic changes are minor. This will be investigated
in the next section.
6.2. Interferometric coherence vs. terrain type
Fig. 6 shows four L-band InSAR coherence maps obtained in HH
polarization, with a spatial resolution of 25 m and a 46 day time interval: 3/06/08–4/21/08, 7/22/08–9/06/08, 9/06/08–10/22/08, and 7/28/
10–9/12/10. Similar patterns corresponding to ﬁve distinct areas
can be observed despite different baselines: the Dolomieu crater (site
A), a′a lava ﬂows in the Enclos Fouqué (site B), lapilli in the Plaine des
Sables (site C), vegetation in the Grand Brûlé and outside the Enclos
Fouqué (site D), and pahoehoe lava ﬂows in the Enclos Fouqué (site E).
Variations in coherence from one map to another may be attributed to
changes in geophysical properties of the surface between two satellite
tracks. The pahoehoe lava ﬂows west of the Enclos Fouqué are characterized by high coherence (site E). They are made of a hard smooth crust,
which is not much affected by wind or water. On the contrary, lower coherence values are observed over a′a lava ﬂows (site B) and vegetation
(site D). In the ﬁrst case, it is both explained by multiple scattering from
a rough surface and volume scattering in a porous material. In the second case, it is related to volume scattering and/or plant growth. In the
Plaine des Sables, coherence degrades over lapilli (site C) owing to
ground moisture variation, wind erosion or radar wave penetration
into pyroclastic layers. This area is ﬂat, reducing the topographic effects
on coherence. Knowledge of the penetration depth will determine
whether the radar echo is dominated by return from the surface or
the subsurface.
Lu and Freymueller (1998) analyzed the SAR interferometric coherence in C-band for ﬁve typical volcanic surfaces in the Katmai volcano
group, Alaska. Their results suggest that fresh lava ﬂows have the
highest coherence, followed by either weathered lava ﬂows or ﬂuvial
deposits, and ﬁnally tephra. Lava ﬂows maintain a good coherence
since they are blocky and thus not easily modiﬁed over time unlike looser materials such as tephra. To sum up, interferometric coherence is
highly spatially variable over the Piton de la Fournaise since it depends
on surface physical properties and vegetation density. To address this
issue, we will determine such variables using LiDAR and in situ ancillary
data.
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Fig. 4. North–south (a) and west–east (b) LiDAR topographic proﬁles of the Dolomieu crater. Left-hand scale: elevation proﬁle before (green line) and after (red dashed line) the eruptions.
Right-hand scale: difference of elevation (black line) between October 2009 and October 2008. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

6.2.1. Interferometric coherence as a function of LiDAR intensity
To quantify the cross-relation between L-band radar phase and
LiDAR intensity observations, we selected the best radar images pair
on three criteria listed below: (1) the slot between two radar images
must overlap the LiDAR survey period; (2) the spatial baseline separation must be smaller than 1 km; and (3) the time separation of the images must be short to limit geometric and temporal decorrelation. Since

few images were available in 2009, we chose those acquired on Sept. 6,
2008 and Oct. 22, 2008 in HH polarimetric mode. The spatial perpendicular baseline has been estimated at 357 m (critical perpendicular baseline = 6635 m) and the slot equals 46 days (Fig. 6.c).
The optical properties of volcanic terrains (e.g. reﬂectance) express
their composition, but also their age because of surface chemical transformation arising from erosion and oxidization or vegetation growth

Fig. 5. Interferometric coherence map of the Piton de la Fournaise calculated between two PALSAR images in HH polarization acquired on September 6, 2008 and March 9, 2009. The data are
processed to a multi-look pixel size of 25 m × 25 m in ground coordinates.
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(a) 3/06/08 – 4/21/08.
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(b) 7/22/08 – 9/06/08.
B = 772.8 m
Btmp= 46 days

(c) 9/06/08 – 10/22/08.

(d) 7/28/10 – 9/12/10.

Fig. 6. Coherence maps obtained in HH polarization for four PALSAR image pairs. The data are processed to a multi-look pixel size of 25 m × 25 m in ground coordinates. The ﬁve types of
volcanic surface (A, Dolomieu crater; B, a′a lava ﬂows; C, lapilli; D, vegetation; E, pahoehoe lava ﬂows) are annotated in the ﬁrst map. (a) 3/06/08–4/21/08. (b) 7/22/08–9/06/08. (c) 9/06/
08–10/22/08. (d) 7/28/10–9/12/10.

(lichen, moss, and shrub). LiDAR intensity, which has been arbitrarily
normalized between 0 and 1 in this study, is consequently very useful
to segment the images and therefore to analyze interferometric coherence variability (Fig. 7). Vegetation can be easily distinguished from
bare soils or lava ﬂows. The tropical forest covering the Grand Brûlé
(site E) displays the highest values because of high near-infrared reﬂectance values. On the contrary, the lava ﬂows and volcanic deposits are
dark: the a′a lava ﬂows (site D) have the lowest values, followed by
the lapilli (site A), the pahoehoe lava ﬂows (site C) and the slabby
pahoehoe lava ﬂows (site B).
In order to analyze the correlation between interferometric L-band
radar coherence and LiDAR intensity, we identiﬁed representative regions displaying a wide range of behaviors in the solar and microwave
domains. Fig. 8 allows to extract several textural surface properties:
i) pyroclastic deposits and a′a lava ﬂows display low radar coherence
(γ = 0.48 ± 0.07 and γ = 0.62 ± 0.06) and low LiDAR intensity (I =
0.11 ± 0.007 and I = 0.20 ± 0.02) with high coherence standard deviation; ii) pahoehoe and slabby lava ﬂows display high radar coherence
(γ = 0.90 ± 0.01 and γ = 0.86 ± 0.03) and low LiDAR intensity (I =
0.25 ± 0.008 and I = 0.31 ± 0.008), with low standard deviation.
Over dense vegetation canopies, radar coherence decreases while
LiDAR intensity increases.

6.2.2. Effect of surface roughness on interferometric coherence
What is the impact of surface roughness on interferometric coherence? This question has been seldom treated in the literature and mostly using theoretical models. Luo, Askne, Smith, and Dammert (2001)
showed that surface roughness effects on decorrelation were strongly
related to the variability of dielectric constant and hence to the moisture
variability within a resolution cell. Therefore the effects of roughness are
very complex.
Table 3 includes the mean and standard deviation of ﬁve roughness
parameters calculated over several volcanic terrains (Bretar et al.,
2013). The root-mean-square height ξ takes into account vertical features of the surface while the horizontal features are described by the
correlation length Lc. The Zs parameter deﬁned as Zs = ξ2/Lc mixes
both effects as well as the tortuosity index τ. Finally, the fractal dimension D characterizes the self-similarity of the surface. It transpires from
Table 3 that Zs is more suitable to discriminate the four surfaces, followed by ξ, τ and D, Lc being the less reliable. It conﬁrms something intuitive, namely that the a′a lava ﬂows are rougher than the pahoehoe
and slabby lava ﬂows, whereas the lapilli deposits are smoother.
In the absence of PALSAR image in 2011, the year of the ﬁeld experiment, we used two images acquired in HH polarimetric mode on Jul. 28,
2010 and Sept. 12, 2010 (temporal baseline = 46 days; B⊥ = 772.8 m;
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Fig. 7. Normalized intensity map at 1 m spatial resolution and corresponding shaded image of the DTM at 5 m spatial resolution derived from airborne LiDAR data acquired in 2008 and
2009 over the Piton de la Fournaise. (a) Plaine des Sables; (b) Enclos Fouqué; (c) Grand Brûlé. An appropriate color table is applied to each image to highlight the difference between the
terrain types. The ﬁve types of volcanic surface (A, lapilli; B, slabby pahoehoe lava ﬂow; C, pahoehoe lava ﬂow; D, a′a lava ﬂows; E, vegetation) are annotated. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

γsurface = 0.88) to investigate the effect of surface roughness on interferometric coherence (Fig. 6.d). Results are illustrated in Fig. 9 that
plots the relationship between the coherence and the ﬁve
abovementioned roughness parameters for three types of lava ﬂows.
The lapilli deposits in the Plaine des Sables, the mean coherence of
which equals γ = 0.52 ± 0.08, have been excluded from this study because the coherence loss is mainly caused by volume scattering of the
radar waves as seen earlier. Pahoehoe lava ﬂows have the highest coherence values, around 0.87, with the lowest dispersion. The a′a lava
ﬂow coherence ranges from 0.66 to 0.75 and is very variable. Finally
slabby pahoehoe ﬂows have intermediate values with an average of
0.71. They are also very scattered. Fig. 9 shows a decrease of coherence
globally with surface roughness, whatever the roughness parameter,
except the fractal dimension D that does not display any particular

feature. Luo et al. (2001) found similar results when moisture is homogeneous within the resolution cell: coherence increases with the correlation length and decreases when the root-mean-square height
becomes larger. Such results help us better understand how electromagnetic waves interact with volcanic surfaces: for instance a′a lava
ﬂows which are very rough at radar wavelength scales produce multiple
scattering so that the sum of backscatter signals in a radar cell is less coherent than for a smoother surface such as pahoehoe lava ﬂows.
6.2.3. L-band penetration
In order to quantify L-band penetration depth, we investigated the
dielectric properties of four volcanic rocks at the PALSAR frequency
(L-band, 1.27 GHz). Table 4 displays the real and imaginary parts of
the complex dielectric constant, the loss tangent (Eq. 10), the velocity
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Fig. 8. Correlation between interferometric coherence in HH polarization and LiDAR intensity calculated for six homogeneous areas. (For interpretation of the references to color in
this ﬁgure, the reader is referred to the web version of this article.)

pﬃﬃﬃﬃ
of the electromagnetic wave deﬁned as υ ¼ c= ε0 and the penetration
depth (Eq. 9).
ε″ ranges from 5.85 × 10−2 for the lapilli in the Plaine des Sables to
3.01 × 10− 1 for the a′a lava ﬂow of 2007 in the Grand Brûlé. The a′a
lava ﬂows have similar ε′, whereas ε″ differs by a factor of 3. This difference may be caused by residual moisture, the sample porosity and/or
the mineral composition of the rock fragments. For instance, we observed a more important concentration of olivine in the 2007 lava
ﬂow. The loss tangent ranges from 6.32 × 10−2 for the 2007 a′a lava
ﬂow to 1.13 × 10−2 for the lapilli, and shows intermediate values for
the lava ﬂows located in the Enclos Fouqué. These quantitative results indicate a stronger attenuation of the radar wave in the 2007 lava ﬂow
layers and a lower attenuation in the lapilli. The velocity of the electromagnetic wave is lightly faster in lava ﬂows than in lapilli and ranges
from 0.132 to 0.138 m·ns−1. This trend is also observed by Russel and
Stasiuk (1997) and Gómez-Ortiz et al. (2006): using GPR proﬁles realized at 100 MHz over volcanic terrains located in Canada and Spain,
they found that the velocity of the radar wave was faster in lava ﬂows
(υ ≈ 0.1 m ⋅ ns1) than in pyroclastic deposits (υ ≈ 0.07 m ⋅ ns1). Moreover, the penetration depth ranges from 0.27 m (lava ﬂows) to 1.46 m
(lapilli). Additionally, seven 500 m-long GPR proﬁles have been acquired over pahoehoe lava ﬂows, a′a lava ﬂows, and lapilli deposits
(point-to-point mode at uniform interval of 0.1 m) to characterize
their internal structure and subsurface thickness. The penetration
depth of radar waves has been estimated both from the radargrams
and calculations at 500 MHz and 800 MHz (Table 5): depending on
the method, it equals 2.3 m or 3.2 m at 500 MHz for the lapilli deposits;
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at 800 MHz, laboratory estimates are twice higher than ﬁeld measurements. This difference is due to scattering losses that are not considered
in Eq. (9).
Russel and Stasiuk (1997) also noted discrepancies between the
two methods and overestimated the velocity in ashfall deposits when
using laboratory measurements (υ ≈ 0.14 m·ns− 1 instead of υ
≈ 0.07 m·ns−1). They concluded that the latter were inadequate to determinate the dielectric properties of such samples because of their heterogeneity. Three typical proﬁles resulting from the GPR survey are
shown in Fig. 10. For each trace, we can identify the direct surface signal
at 0.1 m, and a depth below which the signal decreases. Fig. 10.a clearly
shows the horizontal stratiﬁcation of the pyroclastic layers and several
reﬂections from isolated blocks characterized by hyperbola limbs. We
also note a sloping interface between pyroclastic deposits and a rigid
structure at a depth of 0.6–0.8 m. The Plaine des Sables consists of
superimposed pyroclastic layers set up at different periods and overhanging older lava ﬂows or craters. The thickness of the lapilli depends
on the site and can reach several meters. The a′a lava ﬂow displays irregular and discontinuous reﬂectors owing to their chaotic and rough
structure (Fig. 10.b). The signal is strongly attenuated at a depth of
0.3–0.4 m. Over the pahoehoe lava ﬂow, we observe an interface variation at a depth of 0.3 m probably related to the overlap of two different
lava ﬂows (Fig. 10.c).
This conﬁrms that electromagnetic waves penetrate deeper in lapilli
deposits than in basalt lava ﬂows, where the velocity is faster and the attenuation greater. This phenomenon is responsible for the interferometric decorrelation observed over the smooth pyroclastic covers in
the Plaine des Sables. Over lava ﬂows, surface roughness seems to be a
ﬁrst-order variable compared to dielectric properties since coherence
is lower over rough surfaces for similar radar wave penetration.
6.2.4. Effect of vegetation on interferometric coherence
The leaf area index has been measured in situ over 8 sites located in the Plaine des Sables and the Grand Brûlé. It ranges from 1.72 ±
0.3 m2/m2 to 9.80 ± 0.5 m2/m2 (Table 6). The lowest values correspond
to sparse canopies located near the Rempart de Bellecombe (altitude of
2300 m) and the highest to tropical vegetation in the Grand Brûlé
(altitude of 120–165 m).
To extend these measurements to the whole volcano, we established
a LAI–NDVI relationship using a SPOT 5 image (10 m spatial resolution)
acquired on May 30, 2011. The NDVI is deﬁned as (Rouse et al., 1974):
NDVI ¼

ρnir −ρr
ρnir þ ρr

ð13Þ

where ρr and ρnir are the red (0.61–0.68 μm) and near-infrared (0.78–
0.89 μm) wavebands of SPOT 5. The lowest values corresponds to lava
ﬂows located in the Enclos Fouqué (~0.04–0.11) and to airfall deposits

Table 3
Mean and standard deviation of the roughness parameters (root-mean-square height ξ, correlation length Lc, Zs parameter, tortuosity index τ, and fractal dimension D) calculated for ﬁfty
4 m-linear proﬁles extracted at random over the Plaine des Sables (PDS), Enclos Fouqué (ENC) and Grand Brûlé (GB).
Terrain type

Site name

ξ (cm)

Lapilli

PDS1813
PDS2021
PDS2102
PDS1927
PDS2135
PDS3043
ENC2683
ENC2798
GB3215
GB3247
ENC2597
ENC2698
GB3114
GB3332

0.50
0.73
0.92
5.12
2.43
3.47
5.07
4.30
2.62
4.47
6.15
8.27
8.45
6.98

Slabby pahoehoe lava ﬂows

Pahoehoe lava ﬂows

A′a lava ﬂows

±
±
±
±
±
±
±
±
±
±
±
±
±
±

Lc (cm)
0.04
0.10
0.17
2.04
0.52
0.62
2.36
1.26
0.97
1.37
1.80
1.68
1.47
0.50

44.49
47.68
49.62
30.22
28.73
20.34
31.02
31.34
23.97
29.34
11.50
13.30
30.56
25.24

±
±
±
±
±
±
±
±
±
±
±
±
±
±

τ

Zs (cm)
8.74
8.06
8.55
13.82
10.98
10.16
12.20
12.11
9.57
12.22
7.03
4.85
12.53
9.90

0.01
0.01
0.02
1.04
0.22
0.71
0.96
0.68
0.33
0.81
4.28
5.62
2.77
2.22

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.01
0.02
0.69
0.07
0.32
0.64
0.34
0.24
0.67
3.59
2.08
1.46
0.85

1.06
1.12
1.18
1.47
1.28
1.72
1.42
1.30
1.40
1.36
2.45
2.25
1.76
1.97

D
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.02
0.06
0.21
0.10
0.13
0.11
0.07
0.14
0.13
0.38
0.11
0.14
0.10

1.68
1.78
1.75
1.31
1.36
1.40
1.32
1.30
1.38
1.22
1.33
1.27
1.22
1.25

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.06
0.04
0.06
0.11
0.06
0.04
0.05
0.07
0.07
0.07
0.04
0.05
0.05
0.04
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Fig. 9. InSAR coherence in HH polarization over three types of lava ﬂows as a function of (a) the root mean square height ξ, (b) the correlation length Lc, (c) the Zs parameter, (d) the tortuosity index τ, and (e) the fractal dimension D.

Table 4
Real part ε′ and imaginary part ε″ of the complex dielectric constant, loss tangent tanδe,
velocity υ and penetration depth δp of the electromagnetic waves measured for four
volcanic terrains at 1.27 GHz.
Terrain type

ε′
ε″
tanδe
υ (m/ns)
δp (cm)

Lapilli

Pahoehoe ﬂow

Old a′a ﬂow

2007 a′a ﬂow

Plaine des Sables

Enclos Fouqué

Enclos Fouqué

Grand Brûlé

5.18
5.85 × 10−2
1.13 × 10−2
0.132
146.1

4.81
1.29 × 10−1
2.69 × 10−2
0.137
63.9

4.75
1.03 × 10−1
2.16 × 10−2
0.138
79.5

4.77
3.01 × 10−1
6.32 × 10−2
0.137
27.3

in the Plaine des Sables (~ 0.09). Over vegetation, they vary from 0.5
(sparse vegetation in the Plaine des Sables) to 0.91 (tropical vegetation
in the Grand Brûlé or outside the caldera). In agreement with other
Table 5
Penetration depth δp of the radar waves estimated at two frequencies from GPR data and
from dielectric constant measurements for three volcanic surfaces.
Method

GPR

Frequency

500 MHz

800 MHz

500 MHz

Dielectric constant
800 MHz

Lapilli (Plaine des Sables)
A′a lava ﬂow (Enclos Fouqué)
Pahoehoe lava ﬂow (Enclos Fouqué)

~2.3 m
–
–

~1.1 m
~0.6 m
~0.5 m

~3.2 m
~2.0 m
~1.7 m

~2.0 m
~1.2 m
~1.0 m
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Fig. 10. Examples of three raw radargrams at 800 MHz realized over (a) lapilli in the Plaine des Sables, (b) a′a and (c) pahoehoe lava ﬂows in the Enclos Fouqué.
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Table 6
Mean LAI values measured over several vegetated sites in the Plaine des Sables and the Grand brûlé in October 2011.
Studied region

Altitude

Surface characteristics

Mean LAI (m2/m2)

Plaine des Sables
Grand Brûlé
Grand Brûlé
Grand Brûlé
Grand Brûlé
Grand Brûlé
Grand Brûlé
Grand Brûlé

2310
105
145
108
135
140
121
165

Sparse vegetation (lichen, shrub)
Tropical forest colonizing the 2002 ﬂow
Tropical forest colonizing between the 2003 and 2007 lava ﬂows
Tropical forest near the 2004 lava ﬂow
Tropical forest colonizing the 2004 lava ﬂow
Tropical forest colonizing the 2004 lava ﬂow
Tropical forest colonizing the 2002 lava ﬂow
Tropical forest colonizing the 2004 lava ﬂow

1.72
2.60
7.01
7.33
8.46
9.39
9.50
9.80

m
m
m
m
m
m
m
m

studies (e.g. Duchemin et al., 2006; Steltzer & Welker, 2006) NDVI increases exponentially as a function of LAI and reaches a plateau for
values higher than 8 m2/m2 (Fig. 11). The following model was ﬁt to
this scatter plot (Steltzer & Welker, 2006):

±
±
±
±
±
±
±
±

0.3
0.5
0.2
0.4
0.4
0.6
0.6
0.5

use it to propose a threshold, LAI = 7.5, over which deformation
measurements are altered and become unreliable in L-band.

7. Conclusions
−KLAI

NDVI ¼ NDVI∞ þ ðNDVIsoil −NDVI∞ Þ  e

ð14Þ

where NDVI∞ = 0.9 is the NDVI of an inﬁnitely-dense canopy
(in practice the maximum value found in the image) and NDVIsoil =
0.083 is the mean NDVI of bare volcanic terrains measured in situ. The
extinction coefﬁcient K = 0.31 was ﬁtted by model inversion.
Finally, LAI is easily inferred from Eq. (14).
LAI ¼



−1
0:90−NDVI
 ln
:
0:31
0:82

ð15Þ

To study the inﬂuence of vegetation density on interferometric coherence loss, we generated a LAI map with 25 m spatial resolution
using Eq. (15) and compared it with the coherence map calculated
from two PALSAR images acquired on Jul. 28, 2010 and Sept. 12, 2010
in HH polarimetric mode (Fig. 6.d). Fig. 12 shows the relationship
between LAI and radar coherence. One clearly observes that coherence
linearly decreases with LAI. We calculated the regression line as:
γHH−HH ¼ −0:054  LAI þ 0:96:

ð16Þ

This relationship, which is derived for the ﬁrst time in this paper,
highlights the sensitivity of InSAR signals to vegetation density. We

This work deﬁnitely improves our understanding of spatial and temporal variations in L-band InSAR coherence arising from textural changes as measured using LiDAR. Our cross-relation study mixes ALOS/
PALSAR coherence images, airborne LiDAR data, and LAI and GPR ﬁeld
measurements acquired over the Piton de la Fournaise. The main conclusions that can be drawn are twofold: (1) LiDAR data provided very detailed elevation maps of the Piton de la Fournaise in 2008 and 2009.
They permitted the estimation of the lava volume emplaced on the
Dolomieu crater ﬂoor, which explains the temporal variation of the interferometric coherence observed over the main crater. (2) The analysis
of normalized intensity LiDAR allowed us to identify different volcanic
products and vegetation covers because of their spectral signature,
and hence contributed to the understanding of the link between
InSAR coherence and terrain type. To sum up, dense vegetation in the
Grand Brûlé and outside the caldera produces signiﬁcant temporal
decorrelation. Region covered by lapilli or a′a lava ﬂows also induce
decorrelation whereas pahoehoe lava ﬂows have good coherence. We
also investigated the dependence of InSAR coherence on surface roughness, microwave dielectric properties of rocks and vegetation density.
Such studies allowed us to discriminate between scattering and volumetric effects: we observed high coherence loss over rough a′a lava
ﬂows caused by radar wave multiple scattering and over pyroclastic
deposits caused by radar wave penetration into the medium. Over veg-
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Fig. 11. LAI–NDVI relationship. Symbols are centered on ﬁeld-averaged LAI and NDVI
values. Horizontal and vertical bars show the LAI and the NDVI standard deviations, respectively. The ﬁve points at LAI = 0 correspond to bare ground (lava ﬂows, lapilli
deposits).
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Fig. 12. Correlation between LAI and InSAR coherence in HH polarization. Symbols are centered on ﬁeld-averaged LAI and coherence values. Horizontal and vertical bars show the
LAI and the coherence standard deviation, respectively.

M. Arab-Sedze et al. / Remote Sensing of Environment 152 (2014) 202–216

etated areas, the radar coherence was directly related to the LAI: the
higher the LAI, the lower the coherence.
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