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Abstract—This paper addresses the potential and limitations of
polarimetric synthetic aperture radar (SAR) interferometry (Pol-
InSAR) inversion techniques for quantitative forest-parameter
estimation in tropical forests by making use of the unique data set
acquired in the frame of the second Indonesian Airborne Radar
Experiment (INDREX-II) campaign—including Pol-InSAR, light
detection and ranging (LIDAR), and ground measurements—over
typical Southeast Asia forest formations. The performance of
Pol-InSAR inversion is not only assessed primarily at L- and
P-band but also at higher frequencies, namely, X-band. Critical
performance parameters such as the “visibility of the ground”
at L- and P-band as well as temporal decorrelation in short–
time repeat-pass interferometry are discussed and quantitatively
assessed. Inversion performance is validated against LIDAR and
ground measurements over different test sites.

Index Terms—Forest height, polarimetric SAR interferometry
(Pol-InSAR), synthetic aperture radar (SAR), temporal decorre-
lation, tropical forest.

I. INTRODUCTION

T ROPICAL RAIN forest ecosystems are highly complex

and heterogeneous in terms of species composition and

structure and are often difficult to access. Today, radar re-

mote sensing is, for many tropical regions, the only regular

available information source. Indeed, Japan Aerospace Explo-

ration Agency’s (JAXA) L-band spaceborne synthetic aperture

radar (SAR) sensors onboard Japan Earth Resources Satellite-1

(JERS-1) [1] and Advanced Land Observing Satellite (ALOS)

[2] demonstrated, in an impressive way, the potential of low-

frequency SAR imaging for mapping and monitoring tropical

forest ecosystems.

Toward a continuous quantitative forest monitoring, informa-

tion about horizontal and vertical structures and/or integrative

forest parameters such as forest biomass is essential. In contrast

to qualitative applications, quantitative approaches by means of

SAR are less developed particularly in tropical environments

due to the limited data availability and the complexity of

such environments. Most of the quantitative approaches are
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developed on temperate and/or boreal test sites where reference

and validation data are easier to collect. The very different

structure of tropical forests makes an offhand generalization not

possible and requires dedicated experiments for development

and validation. Pioneering work based on early airborne SAR

experiments addressed tropical forest biomass classification

and estimation, hence demonstrating the potential of low-

frequency polarimetric SAR (PolSAR) measurements [3], [4].

However, the complexity of radar scattering in forest environ-

ments makes the interpretation and inversion of individual SAR

and PolSAR observables on the basis of empirical, semiem-

pirical, or theoretical models difficult. The establishment of

interferometric SAR (InSAR) techniques for forest monitoring

in the late 1990s triggered the first InSAR experiments in the

tropics that indicated the potential of interferometric observ-

ables at low frequencies for the estimation of vertical structure

parameters [5]–[9].

In the last years, the coherent combination of both inter-

ferometric and polarimetric observations by means of PolSAR

interferometry (Pol-InSAR) was the key for an essential break-

through in quantitative forest-parameter estimation [10], [11].

Indeed, the quantitative-model-based estimation of forest

parameters—based on a single-frequency fully polarimetric

single-baseline configuration—has been successfully demon-

strated at L- and P-band and, more recently, even at X-band.

Several experiments demonstrated the potential of Pol-InSAR

techniques to estimate with high accuracy key forest parameters

like forest height and above-ground forest biomass over a

variety of natural and commercial temperate and boreal test

sites characterized by different stand and terrain conditions.

Validated results for boreal forests at X- and L-band are shown

by [12]. Validated results for temperate forests at X-, L-,

and P-band were presented in [11], [13]–[15]. However, the

performance in tropical forest conditions could not be validated

due to the lack of suitable data.

This lack of actual tropical and subtropical forest Pol-InSAR

data sets including both adequate SAR and ground measure-

ments, and the importance of these forest ecosystems with

respect to a global forest mapping and monitoring was one

of the main drivers for the second Indonesian Airborne Radar

Experiment (INDREX-II) that took place in 2004. The analysis,

inversion, and validation using this unique data set are pre-

sented in this paper. In Section II, the INDREX-II campaign

objectives, test sites, and collected data sets are introduced.

Section III reviews the physical background and the implemen-

tation of Pol-InSAR forest-parameter inversion. In Section IV,
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the key issue of the “visibility” of the ground at L- and P-band

in dense tropical forest conditions is addressed and evaluated.

The accuracy of the obtained forest-height estimates at L- and

P-band is assessed against light detection and ranging (LIDAR)

and ground measurements in Section V. In addition, a con-

strained modification of the conventional Pol-InSAR inversion

scheme adapted to single channel X-band interferometry is

introduced and validated against the LIDAR measurements. In

Section VI, short-time temporal decorrelation effects are quan-

tified. Finally, the obtained results are reviewed and discussed

in Section VII.

II. INDREX-II CAMPAIGN

A. Campaign Objectives

The main objective of the INDREX-II mission was to build

up a unique database of tropical and subtropical test sites with

adequate SAR and ground measurements to support the de-

velopment and validation of bio-/geophysical forest-parameter

inversion techniques from multiparameter SAR data. It was

expected that the data collected in the frame of the campaign

would answer key scientific questions and validate inversion

techniques not only at higher (X- and C-bands) but also mainly

at lower SAR frequencies (L- and P-band).

Regarding Pol-InSAR inversion techniques, the interest was

focused on two main points.

1) The polarimetric diversity of the interferometric coher-

ence and, thus, the information content of the Pol-InSAR

observation space depends—in forest environments—on

the visibility of the ground under the vegetation layer.

This makes the question about the capability of P- or

even L-band to penetrate through dense tropical vegeta-

tion layer of fundamental importance with respect to the

performance of Pol-InSAR techniques in tropical forest

environments.

2) The demonstration and quantitative evaluation of the

Pol-InSAR inversion performance in different tropical

and subtropical forest conditions.

Both points will be addressed, discussed, and analyzed in the

following sections.

B. Test Sites and Ground Measurements

Two main test areas both located on the island of Borneo,

Kalimantan, Indonesia, have been selected for INDREX-II.

The first test site is the Mawas conservation area (latitude:

−2.15◦, longitude: 114.45◦) located in Central Kalimantan in

the vicinity of its capital city Palangkaraya. The second area

is located in East Kalimantan in the vicinity of the city of

Balikpapan (latitude: −1.10◦, longitude: 116.82◦). The two ar-

eas comprise the main broad forest types in Indonesia: lowland

dipterocarp, peat swamp, and mangrove forest, as well as a

variety of the common plantation types such as oil palm and

rubber tree. Eight test sites have been defined, two located in the

Mawas area and six in the Balikpapan area. Our investigations

concentrate on two of the eight test sites that represent typical

forest formations of Southeast Asia like lowland dipterocarp

and peat-swamp forests with disturbed and undisturbed stands

at very different terrain conditions.

1) The Sungai Wain test site is a hilly area with steep

slopes located close to the city of Balikpapan in East

Kalimantan. It is covered by typical lowland dipterocarp

forests with biomass levels up to 400 t/ha and tree heights

up to 60 m. On a large scale, this forest type can be seen

as rather homogeneous, while on a small scale, patches

of different succession stages go along with changes in

height. Large areas were burnt during the El Niño events

of 1982 and 1998. They are now covered with Macaranga,

a secondary forest type.

A 15.4-ha large forest plot was established in the

Sungai Wain dipterocarp forest, with a 540-m length and

286-m width. Within this plot, 26 blocks of 26 × 32 m

(in total, 2.1 ha) have been registered. The catalogue

includes diameter at breast height (DbH) and tree height

measurements for each canopy tree with DbH ≥ 10 cm.

2) The Mawas test site is located in central Kalimantan. It

is, in general, flat including several large (ombrogenous)

peat domes and is covered by tropical peat-swamp forest

types. Forest height varies gradually from relatively tall

(30 m) and dense forests at the edges toward small (15 m

or lower) and open forests at the center of a dome with

biomass levels from 20 to 350 t/ha. Mixed swamp (some

topogenous) and floodplain forests are located along the

river flow. The southern and eastern parts are disturbed by

excessive drainage (through canals) and peat forest fires.

In August 2007, LIDAR measurements were performed with

a swath width of about 300 m along a 22-km-long strip located

in the middle of the SAR swath. The spatial resolution is of

3–4 m, dependent on the amount of returning samples; the pixel

density decreases from the center (nadir) to the corners of the

image. From the LIDAR raw data, forest-height and ground

terrain digital elevation models (DEM) have been processed

[16], [17]. During the three years between the LIDAR and the

radar campaign, changes in the forest caused by tree growth

(on the order of 1–2 m), tree dieback, and human impact may

be an additional error source when comparing LIDAR and radar

measurements to each other.

C. SAR Data

The SAR data acquisitions have been performed with the

German Aerospace Center (DLR)’s experimental airborne SAR

system (E-SAR) in November and December 2004. For each

test site, the following modes have been acquired:

1) one X-band single-pass InSAR acquisition at a single

channel (VV polarization) for DEM generation;

2) two C-band dual-polarization acquisitions (one in the

VH–HH and the other in the HV–VV mode);

3) three L-band quad-polarization acquisitions flown in a

repeat-pass InSAR mode;

4) four P-band quad-polarization acquisitions flown in a

repeat-pass InSAR mode.

The spatial (repeat-pass) baselines at L- and P-bands have been

chosen to cover the same height sensitivity and to allow an
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TABLE I
INDREX-II DATA SETS

optimum inversion performance with respect to the expected

forest conditions.

As INDREX-II was performed at the beginning of the rainy

season, some of the data acquisition flights had to be flown

under windy conditions. Consequently, some of the repeat-

pass acquisitions (i.e., at L- or P-band) particularly in the

Mawas Dome test site have been affected by wind-induced

temporal decorrelation. For this reason, the acquisitions have

been repeated, providing the possibility to analyze temporal

decorrelation effects. Table I provides a summary of the SAR

data sets used in this work. Note that the Mawas Dome data sets

are strongly affected by temporal decorrelation.

III. Pol-InSAR PARAMETER INVERSION

The key observable used in Pol-InSAR applications is the

complex interferometric coherence γ̃ (including both the in-

terferometric correlation coefficient and interferometric phase)

measured/estimated at different polarizations (indicated by the

unitary vector �w [10], [11]). γ̃ is given by the normalized

cross correlation of the two SAR images obtained from the

interferometric acquisition s1 and s2

γ̃(�w) :=
〈s1(�w)s∗2(�w)〉

√

〈s1(�w)s∗1(�w)〉 〈s2(�w)s∗2(�w)〉
. (1)

The coherence depends on instrument and acquisition para-

meters as well as on dielectric and structural parameters of

the scatterer. A detailed discussion of system-induced coher-

ence errors can be found in [18]. After the calibration of

system-induced decorrelation contributions and compensation

of spectral decorrelation in azimuth and range, the estimated

interferometric coherence can be decomposed into three main

decorrelation processes [19]

γ̃ := γ̃Temp γSNR γ̃Vol. (2)

1) Temporal decorrelation γ̃Temp can be real (i.e., effecting

the absolute value of γ̃ only) or complex (i.e., biasing the

phase of γ̃). It depends on the structure and the temporal

stability of the scatterer, the temporal baseline of the in-

terferometric acquisition, and the dynamic environmental

processes occurring in the time between the acquisitions.

2) Noise decorrelation γSNR is introduced by the additive

white noise contribution on the received signal [20],

[21]. It affects primarily the scatterers with low (back-)

scattering and is, in general, of secondary importance

when looking at a forest at conventional frequencies.

3) Volume decorrelation γ̃Vol is the decorrelation caused

by the different projection of the vertical component of

the scatterer into the two images s1(�w) and s2(�w). γ̃Vol

is directly linked to the vertical distribution of scatter-

ers F (z) through a (normalized) Fourier transformation

relationship

γ̃Vol = exp(iκzz0)

hV
∫

0

F (z′) exp(iκzz
′)dz′

hV
∫

0

F (z′)dz′
(3)

where hV is the height of the volume and κz is the effec-

tive vertical (interferometric) wavenumber that depends

on the imaging geometry and the radar wavelength λ

κz =
κ∆θ

sin(θ0)
κ = n

2π

λ
(4)

and ∆θ is the incidence angle difference between the two

interferometric images induced by the baseline. z0 is a

reference height, and ϕ0 = κzz0 is the corresponding in-

terferometric phase. For monostatic acquisitions, as flown

in INDREX-II, n := 2, while for bistatic acquisitions,

n := 1. Accordingly, γ̃Vol contains the information about

the vertical structure of the scatterer and is therefore the

key observable for quantitative forest-parameter estima-

tion [10], [11].

The estimation of vertical forest structure parameters from

interferometric measurements can be addressed as a two-step

process: In the first step (modeling), F (z) is parameterized

in terms of a limited set of physical forest parameters that

are related through (3) to the interferometric coherence. In

the second step (inversion), the volume contribution of the

measured interferometric coherence is then used to estimate

F (z) and to derive the corresponding parameters. A widely

and successfully used model for F (z) is the so-called random

volume over ground (RVoG), a two-layer model consisting of a

volume and a ground layer [22], which can be described as

F (z) = m̃V e

(

2σ

cos(θ0)
z
)

+ mG e

(

2σ

cos(θ0)
hV

)

δ(z − z0) (5)

where mV and mG are the ground and volume scattering

amplitudes and σ is a mean extinction coefficient. Equation (5)

leads to

γ̃Vol = exp(iκzz0)
γ̃V 0 + m

1 + m
. (6)

The phase ϕ0 = κzz0 is related to the ground topogra-

phy z0, and m is the effective ground-to-volume ampli-

tude ratio accounting for the attenuation through the volume
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m = mG/(mV I0). γ̃V 0 is the volume decorrelation caused by

the vegetation layer only, given by

γ̃V 0 = exp(iκzz0)

hV
∫

0

exp(iκzz
′) exp

(

2σz′

cos θ0

)

dz′

hV
∫

0

exp
(

2σz′

cos θ0

)

dz′
. (7)

Neglecting temporal decorrelation and assuming a sufficient

calibration/compensation of system- (e.g., SNR) and geometry-

(range/azimuth spectral shift) induced decorrelation contribu-

tions, (6) can be inverted in terms of a quad-polarization

single-baseline acquisition [11], [13], [23], [24]. Assuming no

response from the ground in one polarization channel (i.e.,

m3 = 0), the inversion problem has a unique solution and is

balanced with five real unknowns (hV , σ,m1−2, ϕ0) and three

measured complex coherences [γ̃(�w1) γ̃(�w2) γ̃(�w3)] each

for any independent polarization channel [23]

min
hV ,σ,mi,φ0

∥

∥

∥

∥

∥

[

ρ ρ ρ
γ̃(w1) γ̃(w2) γ̃(w3)

]T

− [ γ̃Vol(hV , σ,m1) γ̃Vol(hV , σ,m2) γ̃V 0 exp(iφ0) ]T

∥

∥

∥

∥

∥

. (8)

Equation (8) is used to invert INDREX-II data sets at L- and

P-band. The same regularization (m3 = 0) has been used at

L-band as well as at P-band. Because of the dense vegetation

layer, a modified regularization at P-band is not required. Note

that the assumption for no ground response is not necessarily

linked to the HV channel.

IV. EFFECT OF THE GROUND

Starting with the first scientific question expected to be

answered from INDREX-II, the visibility of the ground is inves-

tigated. The investigation is focused on the densest vegetated

test site, the Sungai Wain test site covered by dense lowland

dipterocarp forests with individual tree heights up to 60 m

and a mean biomass level up to 400 t/ha. A secondary low-

vegetation layer located on the ground additionally increases

the attenuation of any ground-scattering component. However,

the hilly terrain of the site can be used to evaluate the terrain

dependence of the individual parameters and conclude on the

visibility of the ground.

The strong polarized behavior of ground scattering (includ-

ing direct ground and/or dihedral scattering) combined with

the directivity of the dihedral scattering component make the

type and amount of ground scattering strongly dependent on

the terrain slope in range direction. This supports the idea of

“seeing” the ground through the modulation of the polarimetric

signature by the terrain slope in the Sungai Wain data set.

Fig. 1 shows the 2-D histogram of the polarimetric alpha

angle [25] that characterizes the nature of the polarimetric scat-

tering process as a function of the terrain range slope at L- (top)

and P-band (bottom). Positive slopes indicate an inclination

toward the radar, while negative slopes indicate inclinations

away from the radar. In both cases, the alpha angles are around

Fig. 1. Polarimetric alpha-angle histogram as a function of range terrain
slopes at (top) L- and (bottom) P-band.

50◦ that, combined with the high polarimetric entropy levels

obtained, indicates a dominant volume scattering component.

The absence of any slope dependence at L-band as well as at

P-band can be seen as an indicator for the absence of a ground-

scattering component signature.

A far more sensitive indicator for the visibility of the ground

is the location of the scattering phase center estimated in the

interferogram. According to (6), the location of the interfero-

metric phase center within the vegetation layer depends on the

ground-scattering amplitude. Larger ground-to-volume ampli-

tude ratio m values correspond to stronger ground-scattering

amplitudes and move the phase center toward the ground

and vice versa. The polarization dependence of m relates the

variance of the interferometric phase center as a function of

polarization directly to the variance of the amplitude of the

ground-scattering component. In order to illustrate this, Fig. 2

shows the coherence region of the interferometric coherence

[28]–[30] as a gray cloud of coherence loci plotted on the

unit circle for a stand within the Sungai Wain site at L- (top)

and P-band (bottom). The coherence region is defined as the
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Fig. 2. Coherence region at (top) L- and (bottom) P-band for the same forest
stand (Sungai Wein test site).

region that includes the loci of the (complex) interferometric

coherences obtained for all polarizations [31]. Consequently,

the angle δ that corresponds to the maximum variation of the

phase center with polarization is a sensitive indicator for the

amount of ground scattering visible. In the case of an increased

attenuation of the ground-scattering component, the coherence

region shrinks and becomes a point in the limit. In this case,

δ = 0. Of course, one has to account for the variance of the

amplitude and, primarily, the phase of γ̃(�wi) induced by the

nonunity coherence using a sufficient large number of looks

when estimating γ̃(�wi). In the case of Fig. 2, 81 independent

looks have been used. In order to make a direct comparison

possible, the stand is located on flat terrain and has a similar

wavenumber at both frequencies. The variation of the inter-

ferometric phase at L-band in Fig. 2 shows the visibility of

a polarized ground-scattering component under the vegetation

layer. The phase difference is on the order of 22◦ corresponding

to 9.5 m. At P-band, the height difference between the phase

centers is larger, about 43◦ corresponding to 13.5 m, indicat-

ing a stronger ground-scattering component at P-band than at

L-band. Note that a polarization-dependent propagation through

the volume layer caused by orientation effects in the vegetation

structure and expressed by a polarization-dependent extinction

coefficient in (7) can also introduce a variance of the phase

center with polarization. However, this is rather unusual for

dense forest vegetation at L-band but also at P-band.

Fig. 3 shows the 2-D histogram of the δ angle (scaled by

using the vertical wavenumber in meters) as a function of ter-

rain range slope obtained at L- (top) and P-band (bottom). The

height difference decreases monotonically at both frequencies

as the range slope decreases, indicating the expected stronger

Fig. 3. Phase center height difference (maximum) histogram as a function of
range terrain slopes at (top) L- and (bottom) P-band.

ground response at higher (i.e., positive) slopes and, thus, the

visibility of the ground at L- and P-bands across the whole

site. Positive slopes are tilted toward the radar while negative

slopes are tilted away from the radar. The height difference

is, as expected, larger at P-band than at L-band through the

whole range of slopes, indicating the visibility of a stronger

ground component in P-band compared to L-band. Because

there is no reason that orientation effects in vegetation are

correlated to terrain slope, Fig. 3 is a direct proof for the

visibility of the ground at both frequencies in dense tropical

forest environments.

V. INVERSION RESULTS

Forest height was estimated and validated against the ground

measurements for both test sites: the Mawas peat-swamp forest

(i.e., Mawas River test site) and the Sungai Wain lowland

dipterocarp forest. As the reference height for validation, the so-

called “H100” from forest measurements [32] was used, which
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Fig. 4. Sungai Wain test site. (Left) L-band HH amplitude image (grayscale)
near range left side. (Right) DEM calculated from X-band data (black = 50 m,
white = 180 m AMSL) 3.5 × 6.5 km.

is defined as the mean height of the 100 highest trees per hectare

[33]. H100 is a forestry standard canopy top height measure and

corresponds quite well to radar forest-height estimates, as it is

calculated out of the trees forming the canopy, i.e., the height

of the volume.

For the Sungai Wain test site, the ground measurements

where converted to H100 values for each block individually.

In the Mawas test site, the H100 has been obtained from the

LIDAR data by taking the maximum value of a 10 × 10 m

window (corresponding to 1/100 of a hectare) [33], [34].

A. Sungai Wain Test Site

Fig. 4, on the left, shows an L-band HH amplitude image of

the Sungai Wain scene while, on the right, the X-band DEM

is shown. The scene is completely covered with forest situated

in hilly terrain with steep slopes (up to 30◦). Variations in the

amplitude are only due to changes in topography. For accurate

inversion, the estimation of incidence angle and interferometric

baseline needs to account for the topographic variation. In

addition, terrain adaptive range spectral filtering using the low-

pass filtered X-band InSAR DEM has been applied, on the price

of a variable spatial range resolution across the image.

The measured forest heights (H100) are ranging from 20 up

to 40 m, whereas most of the plots have heights between 24 and

28 m as shown by the blue histogram in Figs. 5 and 6.

The normalized histograms of the heights obtained at L- and

P-bands over the whole plot of 200 × 500 m are shown in red in

Figs. 5 and 6, respectively. The L-band height estimates range

Fig. 5. Forest-height histograms. (Blue) Ground measured heights.
(Red) Pol-InSAR height estimates at L-band (Sungai Wain test site).

Fig. 6. Forest-height histograms. (Blue) Ground measured heights.
(Red) Pol-InSAR height estimates at P-band (Sungai Wain test site).

from 15 to 45 m with a mean forest height of about 28 m. At

P-band, the obtained results range from 13 to 43 m with a

similar mean of about 26 m. Overestimation (i.e., estimated

heights above 45 m) appears as a consequence of temporal

or other uncompensated decorrelation contributions. This can

be due to remaining SNR and processing decorrelation contri-

butions. In particular, accurate image coregistration becomes

challenging in sloped terrain and low coherence levels. At both

frequencies, the radar estimates cover the same range of heights

and have a similar height distribution and a mean value better

than 10% of the mean given by the ground measurements

(i.e., 27 m, see blue histogram in Figs. 5 and 6). The maxima

and minima diverge on the order of 5 m, probably due to an
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Fig. 7. Mawas River test site. (Left) (grayscale; near range: Left) P-band
amplitude image with (color) LIDAR H100 measurements. (Right) P-band
forest-height map, combination of four baselines, scaled from 0 to 50 m (region
larger than 50 m are white). 3.5 × 6.5 km.

insufficient number of ground measurement samples. It appears

that P-band is able to resolve the bimodal height distribution

(see Fig. 6) as measured on the ground while L-band is able

to resolve only the envelope distribution (see Fig. 5). As the

spatial resolution and the vertical wavenumber are almost the

same for both frequencies, and furthermore, the interferometric

coherence levels are comparable, the reason can be a higher

sensitivity of L-band to temporal decorrelation effects that lead

to a reduced estimation accuracy.

B. Mawas River Test Site

The amplitude image of the P-band HH channel for the

Mawas River test site is shown in Fig. 7 (left). The amplitude

image already indicates the terrain flatness. The transition from

the burned area located on the top of the image to the forested

area covering 2/3 of the image is characterized partly by low

(up to 2 m) secondary shrublike vegetation and, particularly at

the edge of the forest, by patches of heavily disturbed forest.

The river crosses the upper part of the image embedded in a

secondary riverine forest. The LIDAR strip is superimposed on

the amplitude image. Forest height along the LIDAR strip is

constant within ±5 m around 27 m with lower heights in the

parts close to the river and the disturbed forest areas. The terrain

rises from the middle to the right part of the image toward the

peat dome (covered by the relevant forest part) from 20 to 25 m

above mean sea level (AMSL) in height while the area around

the river has a constant height of 17.5 m AMSL.

Fig. 8. Pol-InSAR height estimates at L-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).

Forest heights were estimated at L- and P-bands using a

multiple-baseline inversion approach. The reason for this is in

the E-SAR acquisition geometry at L- and P-bands where the

radar look angle changes from near to far range from 25◦ to 55◦

[35]. This variation of the look angle goes along with a change

of baseline (up to a factor of four), implying an inversion

performance that varies along range. An optimum inversion

performance across the whole range can then be achieved by

combining the optimum range of multiple baselines. Accord-

ingly, regions with low inversion performance caused by too

high or too low volume sensitivity characterized by a vertical

wavenumber larger than 0.20 or smaller than 0.05 are masked

out for each individual baseline. Also, areas with a coherence

lower than 0.3 are masked. The valid areas of each baseline

are then combined together toward a single height image. In

the case of two valid height estimates, a weighted height is

used, reducing, in these areas, errors caused by nonsystematic

uncompensated decorrelation contributions [23], [24].

Results were validated against the H100 derived from the

LIDAR data. For this, the LIDAR H100 strip was divided into

100 subplots, and for each plot, the mean H100 is validated

against the corresponding mean forest height as obtained from

the Pol-InSAR inversion.

An L-band Pol-InSAR height map was obtained by combin-

ing height estimates from three baselines (5, 10, and 15 m). The

comparison against the LIDAR H100 is shown in Fig. 8: with an

r2 of 0.91 and an RMSE of 1.97 m, for a height range from 5 to

28 m, indicating an estimation accuracy better than 10% which

lies within the estimation accuracy of the LIDAR H100 set.

The P-band Pol-InSAR height map has been obtained by

combining height estimates from four baselines (15, 30, 30, and

40 m) and is shown on the right of Fig. 7. The black dots in

the near range are masked according to the wavenumber and

coherence criteria discussed previously. In the forested part,

the logging trails caused by logging activities 10–15 years ago

appear clearly. For validation, two independent 30-m baselines

formed by four different tracks (first baseline using track 1402
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Fig. 9. Pol-InSAR height estimates at P-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples, tracks 1402 and 1408).

Fig. 10. Pol-InSAR height estimates at P-band versus LIDAR H100 valida-
tion plot for the Mawas River test site (100 samples, tracks 1405 and 1411).

and 1408, second baseline using track 1405 and 1411) were

used. In this case, a single baseline is sufficient as the optimum

performance region for both baselines covers the whole LIDAR

strip. Figs. 9 and 10 show the corresponding validation plots:

The correlation coefficient with an r2 of 0.94 for both baselines

is quite high, and the RMSE is 1.73 m for the first and 1.74 m

for the second baseline clearly below 2 m, hence showing an

estimation accuracy better than 10% of the mean forest height.

Clearly, the estimation performance is within the LIDAR esti-

mation performance used as reference. Individual single points

located particularly in the higher forest region tend to be over-

estimated probably due to uncompensated decorrelation effects.

The comparison of the heights obtained from the two 30-m

baselines is shown in Fig. 11 and is characterized by an r2 of

0.94 and an RMSE of 1.28 m for a height range from 5 to 28 m,

Fig. 11. Pol-InSAR height estimates at P-band (tracks 1405 and 1411) versus
Pol-InSAR height estimates at P-band (tracks 1402 and 1408) for the Mawas
River test site (3000 samples).

Fig. 12. Pol-InSAR height estimates at P-band (all tracks) versus Pol-InSAR
height estimates at L-band (all scenes) for the Mawas River test site (3000
samples).

indicating the high consistency in the obtained results. The

differences may be caused by the different amount of temporal

decorrelation in the individual interferograms. The comparison

was performed over 3000 samples distributed over the whole

optimum performance region.

Compared to P-band, the L-band estimates (see Fig. 8)

appear slightly noisier. This is because L-band is more affected

by temporal decorrelation (see Section VI). The comparison

of the L-band against the P-band estimates shown in Fig. 12

is based on the forest-height maps obtained by combining all

available baselines (i.e., the 15-, 30-, 30-, and 40-m baselines

at P-band and the 5-, 10-, and 15-m baselines at L-band) in

order to obtain a performance comparison over 3000 samples

distributed over the whole image: The obtained r2 of 0.94 and
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Fig. 13. InSAR height estimates (9) at X-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).

an RMSE of 1.42 m manifest the consistency of the obtained

estimates, indicating the validity of the physical structure

underlying the Pol-InSAR inversion process. Divergences on

the order of 2–3 m can be due to the variance introduced by

temporal decorrelation and/or geolocation inaccuracy when

transforming the P-band results to the L-band geometry.

In contrast to L- and P-band, X-band interferometry was

performed in a single-pass mode. Consequently, the X-band

interferometric coherence estimates are unaffected by temporal

decorrelation. However, the availability of a single X-band

channel (VV polarization) only makes the inversion of (6)

by means of (8) not possible. A solution can be enforced by

simplifying F (z) and/or making use of a priori information. At

higher frequencies, the vegetation extinction increases, attenu-

ating more and more the strongly polarized ground-scattering

contribution. One obvious approximation toward a simplified

single-channel inversion scenario is to discard the ground-

scattering component [assuming that m = 0 in (6)]. In this

case, the single-channel interferometric inversion problem has

three unknowns (i.e., height, extinction, and topographic phase)

and only one (complex) observable. Using the ground phase

obtained from the LIDAR ground DEM, it is then possible to

obtain a balanced inversion problem

min
hV ,σ0

‖γ̃(�w) − γ̃V (hV , σ|φ0 = φDEM)‖ . (9)

Equation (9) can be inverted by a single interferometric channel

providing forest-height estimates.

Similar to the L- and P-band validation, the LIDAR H100

strip was divided into 100 subplots. For each of the subplots, the

mean H100 is used to validate the corresponding mean forest

height as obtained from the X-band inversion. The validation

plot is shown in Fig. 13. An r2 of 0.94 and an RMSE of 1.77 m

for a height range of 5–29 m prove a surprisingly good esti-

mation performance at X-band. The estimated extinction values

range from 0.1 up to 0.9 dB/m with a mean value on the order of

0.3 dB/m.

Fig. 14. InSAR phase center height at X-band versus LIDAR H100 validation
plot for the Mawas River test site (100 samples).

One has to keep in mind that (6) assumes a homogeneous

vegetation layer. Volume inhomogeneities that introduce an

additional variation of the phase center, for example, in the

case of sparse forests with high single tree extinction (i.e., at

higher frequencies), can bias the estimated volume coherence

by an additional decorrelation term that corresponds to the

“forest topography” variation within the estimation window.

However, the fact that the obtained inversion results are not

biased indicates that, at least for the Mawas case, the introduced

bias is of secondary importance.

In Fig. 14, the height of the scattering center at X-band is

plotted against the LIDAR H100 height: The comparison of

the estimated phase centers with the ground makes it obvious

that the scattering center of X-band is located clearly below

the forest canopy. The RMSE of 9 m corresponds to the mean

penetration depth into vegetation at X-band, indicating a higher

estimation variance compared to forest top height (H100).

The r2 of 0.87 is lower than the corresponding r2 of 0.94

obtained from the height estimates of (9). This is a significant

result indicating the systematic error that underlies height-

estimation approaches based on the assumption that the X-band

phase center is located on the top of the canopy [5], [26],

[27]. On the other hand, it indicates the potential of Pol-InSAR

inversion schemes.

In the absence of an external ground DEM, an alternative

way to enforce a balanced inversion problem is to fix the

extinction value. Ignoring the ground phase, by considering the

absolute values only, a single parameter inversion problem is

obtained

min
hV

‖ |γ̃(�w)| − |γ̃V (hV , φ0|σ = σ0)| ‖ . (10)

Inversion has been performed using different extinction val-

ues; the best performance has been obtained for extinction

around 0.3 dB/m that corresponds to the mean extinction value

obtained from (9). Fig. 15 shows the validation plot for the for-

est-height estimates obtained by applying (10) and assuming an
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Fig. 15. InSAR height estimates (10) at X-band versus LIDAR H100 valida-
tion plot for the Mawas River test site (100 samples).

extinction of 0.3 dB/m. The r2 of 0.52 and an RMSE of 4.24 m

indicate a clearly inferior performance when compared to the

inversion results obtained by means of (9). This is a direct

consequence of the strong variation of the extinction value

across the forest: An underestimation of the real extinction

leads to overestimated forest heights and vice versa. Looking

at Fig. 15, one sees that, particularly in the middle and lower

forest parts, the height is overestimated due to the underesti-

mation of extinction. Finally, under the assumption that both

ground topography or extinction level are known, a height

inversion independent of the ground-to-volume ratio becomes

theoretically possible. However, also in this case, the varia-

tion of the extinction value across the forest will limit the

performance.

VI. TEMPORAL DECORRELATION

The quantification of temporal decorrelation in repeat-

pass interferograms is discussed next based on the data sets

acquired over the Mawas Dome test site that, in contrast to

the Mawas River data sets discussed in the previous section,

are significantly affected by temporal decorrelation. The most

common temporal decorrelation effect over a forested terrain

is the wind-induced movement of scatterers within the canopy

layer, for example, leaves, branches, etc. In terms of the RVoG

model, this corresponds to a change in the position of the

scattering particles within the volume. However, in this case,

the scattering amplitudes as well as the propagation properties

of the volume remain the same. Assuming further that the scat-

tering properties of the ground do not change, the RVoG model

with temporal decorrelation in the volume component becomes

[23], [36]

γ̃Vol(�w) = exp(iκzz0)
γTempγ̃V 0 + m(�w)

1 + m(�w)
(11)

where γTemp denotes the correlation coefficient describing the

temporal decorrelation of the volume scatterer. Inversion of for-

est height by means of (11) without accounting or compensat-

ing for γTemp leads to overestimated results [10]. In the special

case of a zero spatial baseline interferogram (i.e., κz = 0 and

γ̃V 0 = 1), γTemp and γ̃V 0 can be separated from each other

γ̃Vol(�w) =
γTemp + m(�w)

1 + m(�w)
. (12)

However, in a general case of nonzero spatial baselines, the two

contributions are superimposed and cannot be separated from

each other on a single-baseline basis and/or without a priori

information.

One way to obtain sensible estimates for γTemp at L- or

P-band is to make use of the forest heights obtained by

the X-band inversion hX
V as derived by means of (10). The

X-band forest-height estimates can be used to approximate the

volume decorrelation contributions |γ̃L
Vol(HV )| at L- or P-band.

However, this is not offhand possible and requires additional

assumptions. Constraining the analysis to the HV channels, one

can assume zero ground scattering (m(HV ) = 0). Assuming

further a zero extinction (i.e., σL = 0), (7) becomes

∣

∣γ̃L
Vol(HV )

∣

∣ =
∣

∣γ̃L
V 0(HV )

∣

∣ = sinc

(

κL
z hV

2

)

. (13)

Having an estimate of the (absolute) volume decorrelation

contribution at HV permits now to estimate the temporal

decorrelation contribution at L- or P- band

γTemp = |γ̃(HV )| /
∣

∣γ̃L
V 0(HV )

∣

∣ . (14)

Equation (14) has been finally used to estimate the temporal

decorrelation in two L-band and one P-band wind-affected

repeat-pass interferograms. The temporal baseline for all three

interferograms is on the order of 40 min. A relative homo-

geneous area of about 1000 × 1000 m has been selected

in order to reduce the impact of forest inhomogeneity. An

X-band amplitude image of the selected area is shown in the top

figure of Fig. 16, demonstrating the homogeneity of the forest.

The estimated γTemp maps are shown below in Fig. 16. The

decorrelation patterns do not correlate with the forest structure

and change from interferogram to interferogram; the wisplike

decorrelation patterns are typical for wind-induced decorrela-

tion. The corresponding histograms are shown in Fig. 17. At

L-band, γTemp is about 0.89 for the first interferogram and 0.85

for the second, while at P-band, γTemp is, as expected, higher

and about 0.93.

Note that a potential underestimation of the forest height by

using (14) (caused, for example, by saturation) will bias the

volume decorrelation estimation and lead to an underestimation

of the temporal decorrelation. On the contrary, an overestima-

tion of the forest height (due to an underestimated extinction)

will lead to an overestimation of the temporal decorrelation or

even to ratios larger than one. The localized high decorrelation

“points” visible at L-band and even more at P-band are due to

single large trees that are underestimated when inverting the

X-band coherence, leading therefore to high temporal decorre-

lation regions.
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Fig. 16. (Top; grayscale) Amplitude and (middle two) estimated temporal
decorrelation images at L- and (bottom) P-band for the Mawas Dome test site
scaled from black: γTemp = 0 to white: γTemp = 1. 1000× 1000 m.

VII. DISCUSSION AND CONCLUSION

In this paper, the analysis, inversion, and validation of Pol-

InSAR data collected in the frame of the INDREX-II campaign

Fig. 17. Histograms of estimated temporal decorrealtion, (Solid and dashed
lines with a mean of 0.89 and 0.85 respectively) at L-band and (dotted line with
a mean of 0.93) at P-band for temporal baselines on the order of 40 min at
Mawas Dome test site.

have been addressed and discussed. From the six INDREX-II

test sites, the two most important in terms of available ground

measurements and forest conditions have been selected for the

investigations presented. The selected test sites include typical

(disturbed and undisturbed) forest formations of Southeast Asia

like dense lowland dipterocarp and peat-swamp forests which

are the most important regional forest types.

First, the question about the visibility of the ground was

faced. The polarimetric and interferometric analysis of the

Sungai Wain data in Section IV demonstrated clearly the ca-

pability of both frequencies, L- and P-band, to penetrate until

the ground through dense dipterocarp forests, with individual

tree heights up to 60 m and local biomass levels even beyond

600 t/ha. This is a significant result toward the implementation

of a low-frequency spaceborne SAR observation system.

The forest-height inversion performance has been assessed

in Section V. In the case of the Sungai Wain test site, the

Pol-InSAR estimates have been validated against H100 values

estimated from the ground measurements. For forest heights

ranging from 15 up to 45 m, the L- and P-band estimates where

within 10% accuracy, even in hilly terrain. For the Mawas River

test site, the validation was done against the LIDAR-derived

H100. For forest heights ranging from 5 to 27 m, L-band

estimates where characterized by an r2 of 0.91 with an RMSE

of 1.97 m, while the best P-band estimates show an r2 of 0.94

with an RMSE of 1.74 m. The overall estimation accuracy for

both test sites was better than 10% for both frequencies. The

key limiting factor in estimation accuracy appears to be the un-

compensated nonvolumetric decorrelation effects, particularly

temporal decorrelation.

A key element in the quantitative assessment of temporal

decorrelation was the single-pass single-channel (VV) X-band

Authorized licensed use limited to: Deutsches Zentrum fuer Luft- und Raumfahrt. Downloaded on February 13, 2009 at 04:16 from IEEE Xplore.  Restrictions apply.



492 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 47, NO. 2, FEBRUARY 2009

data set. In a first step, a modification of the conventional

Pol-InSAR forest-height inversion scheme has been proposed,

adapted to the single-channel X-band interferometric observa-

tion space. The neglect of the ground-scattering component and

the use of an external (LIDAR-derived) ground DEM allowed

us to obtain sensitive height estimates and to validate them

against the LIDAR measurements for the Mawas River test

site. In the less-dense peat-swamp forest, X-band is able to

penetrate until the ground, providing estimates characterized

by surprisingly high r2 values on the order of 0.94 with an

RMSE of 1.77 m. This is a strong indication for the potential

Pol-InSAR performance expected in the absence of temporal

decorrelation. The generalization of the X-band performance

is however critical as the visibility of the ground required

for unbiased inversion gets lost when going to denser forest

conditions. Nevertheless, keeping in mind the high-resolution

single-pass X-band Pol-InSAR spaceborne configuration of

TanDEM-X [37] scheduled for launch in 2009, the results

become significant, particularly with respect to the wall-to-wall

mapping of less-dense forest ecosystems as the boreal ones.

In a second step, in Section VI, the X-band height estimates

have been used to assess the amount of temporal decorrelation

at L- and P-band. Looking at temporal baselines of about

40 min, the obtained results indicate, as expected, a higher tem-

poral stability at P-band (with temporal decorrelation on the or-

der of 0.93) than at L-band (with temporal decorrelation on the

order of 0.85–0.89). However, the decorrelation levels are, at

both frequencies, sufficient to cause—if not compensated—an

overestimation on the order of 30%–40% depending on the

actual forest-height level.

In closing, it is important to make clear that the results

achieved up to now and the conclusions drawn from the evalu-

ation of this unique data, set point out the scientific importance

of challenging and successful campaigns such as INDREX-II.
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