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A B S T R A C T

This work presents for the first time a demonstration with satellite data of polarimetric SAR interferometry
(PolInSAR) applied to the retrieval of vegetation height in rice fields. Three series of dual-pol interferometric
SAR data acquired with large baselines (2–3 km) by the TanDEM-X system during its science phase (April–
September 2015) are exploited. A novel inversion algorithm especially suited for rice fields cultivated in
flooded soil is proposed and evaluated. The validation is carried out over three test sites located in geo-
graphically different areas: Sevilla (SW Spain), Valencia (E Spain), and Ipsala (W Turkey), in which different
rice types are present. Results are obtained during the whole growth cycle and demonstrate that PolInSAR
is useful to produce accurate height estimates (RMSE 10–20 cm) when plants are tall enough (taller than
25–40 cm), without relying on external reference information.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Vegetation height is an important agronomic trait related with
crop type and potential yield. The seasonal estimation of vegetation
height at high resolution from satellite synthetic aperture radar
(SAR) data would allow monitoring crop growth status and poten-
tially provides support to agricultural monitoring services. Quanti-
tative information about vegetation height becomes a key input to
the classification of crop types and biomass estimation, to improve
cultivation management practices, such as precision fertilisation
(e.g. to minimise the yield pattern variability within each parcel) and
to assess damages and yield reduction resulted from diseases, pests,
weather disasters and cereal lodging.

Polarimetric SAR interferometry (PolInSAR) is a well-known
radar remote sensing technique for providing structural param-
eters of vegetation covers (Cloude and Papathanassiou, 1998).
It works combining at least two polarimetric SAR images using
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interferometry. Two key aspects to be considered for the right perfor-
mance of this methodology are the effect of temporal decorrelation
and the influence of the spatial baseline. On the one hand, tempo-
ral decorrelation stands for the degradation in phase quality due
to changes occurred in the scene in the time interval between the
acquisitions. These changes may be due to the scene itself (growth
of plants, phenological changes, etc.) or to weather effects like wind,
which causes a movement in the plant elements, or other events
(rain, snow, etc.) which change the scene itself by modifying its
geometry and its dielectric features. To avoid temporal decorrelation
the two images should be acquired simultaneously (also known as
single-pass configuration). When it is not possible, i.e. in a repeat-
pass configuration, the time interval should be as short as possible
in order to reduce the chance of changes in the scene. On the other
hand, the spatial baseline is the distance between the positions of
the radar sensors when they acquire the images. It determines the
sensitivity of the system to the microwave scattering profile of the
scene along the vertical coordinate, being more sensitive when the
baseline is larger.

The potential of PolInSAR to measure vegetation height has been
widely confirmed for forests of different types and latitudes by
means of data acquired with airborne sensors (Garestier et al., 2008;
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Hajnsek et al., 2009; Lee et al., 2013; Papathanassiou and Cloude,
2001; Praks et al., 2007). Airborne data are gathered with time inter-
vals of minutes to hours, and, due to the large height of trees (typi-
cally more than 10 m), the required spatial baseline is not very large.
Regarding the use of satellite data, in the past all SAR sensors pro-
vided revisit times which are too long to avoid an excessive temporal
decorrelation (11 days for TerraSAR-X and 12 days for Sentinel-1a
are the shortest to date) and only a few gathered polarimetric data.
This situation changed with the launch of TanDEM-X, a system in
which two identical satellites operate in close formation (Krieger et
al., 2007). Recently, several authors have reported successful results
in forest height retrieval with PolInSAR by exploiting TanDEM-X data
(Abdullahi et al., 2016; Kugler et al., 2015, 2014; Lee and Fatoyinbo,
2015).

As for agriculture, to date the only examples of PolInSAR-based
retrieval of crop height correspond to data acquired in indoor exper-
iments (Ballester-Berman et al., 2005; Cloude, 2007; Gomez-Dans
et al., 2006; Lopez-Sanchez et al., 2007; Sagués et al., 2000) and
more recently by airborne sensors (Lopez-Sanchez et al., 2012b;
Pichierri, 2016; Pichierri et al., 2016). The spatial baseline provided
by TanDEM-X during its first years of operation, 200–300 m, was
designed for the generation of a global DEM and is also suitable for
forest height estimations, but it is too short for agriculture (Lopez–
Sanchez and Ballester-Berman, 2009). Fortunately, during the science
phase of this mission, from April to September 2015, baselines of
2–3 km were employed, hence opening the opportunity to test PolIn-
SAR over agricultural crops with satellite data for the first time. Erten
et al. (2016) have just published a first work with an example of rice
height retrieval using a single acquisition at the end of the growth
season over an area located in Ipsala (Turkey). The present work is
aimed at completing that study and providing a whole validation on
the retrieval of rice height by means of PolInSAR with TanDEM-X
data by showing its performance over three different test sites, sep-
arated geographically and with different rice varieties, and along the
whole cultivation campaign, from sowing to maturation stage.

Rice has been chosen as the ideal crop for this first experiment
because of its evident socio-economic interest as the main staple
food in the world and, moreover, due to its well-studied radar
response with TerraSAR-X (Kucuk et al., 2016; Lopez-Sanchez et al.,
2011, 2012a, 2015; Yuzugullu et al., 2015). As it will be explained in
the next section, the specific characteristics of rice fields (especially
the flooded soil) impose some modifications in the usual direct
model of the interferometric coherences and the subsequent inver-
sion algorithm. The retrieval algorithm adapted to this type of crop
is proposed in this work for the first time.

The text is organised as follows. Section 2 reviews briefly the for-
mulation employed in PolInSAR and describes the height retrieval
procedure proposed in this work. Then, Section 3 presents the three
test sites, the associated ground campaigns, and the TanDEM-X data
that will be employed, as well as the processing steps carried out
with them. Section 4 shows the results and compares the estimates
with the validation data. Finally, conclusions are drawn in Section 5.

2. Methodology

For readability purposes, this section starts with a brief summary
of the formulation of the PolInSAR observables (complex coherences)
and the model used to describe a scene with vegetation. Then, the
inversion algorithm proposed in this paper is detailed.

2.1. Formulation and direct model

TanDEM-X provides pairs of dual-pol images, in which the polar-
isation channels are chosen by the user. In our case the two co-
polarised channels were employed, i.e. HH and VV. Consequently,

each image can be expressed as a scattering vector �k with two
entries:

�k1 =
[
S1

HH + S1
VV , S1

HH − S1
VV

]T/√
2,

and �k2 =
[
S2

HH + S2
VV , S2

HH − S2
VV

]T
/
√

2, (1)

where Si
PP corresponds to the complex scattering amplitude of the

i-th image (i = 1, 2) at the PP channel, with PP = HH or VV, and the T
superscript denotes transposition. We have expressed the scattering
vectors in the Pauli basis as it is usually done in PolInSAR (Cloude and
Papathanassiou, 1998).

In order to form interferograms, both scattering vectors have to
be converted into scalars. For this purpose, unitary complex vectors
�w are employed to select certain polarisation combination, yielding

S1( �w) = �w∗T • �k1, and S2( �w) = �w∗T • �k2. (2)

The interferometric combination of both scalars results in the
following expression for the complex interferometric coherence c

(Cloude and Papathanassiou, 1998; Kugler et al., 2014):

c(jZ , �w) =
�w∗T [Y12(jZ)] �w√( �w∗T [T11] �w) ( �w∗T [T22] �w) , (3)

where

[Y12(jZ)] =
〈�k1 • �k∗T

2

〉
(4)

[T11] =
〈�k1 • �k∗T

1

〉
(5)

[T22] =
〈�k2 • �k∗T

2

〉
(6)

are the matrices containing polarimetric information ([T11] and [T22])
and both polarimetric and interferometric information ([Y12(jZ)]),
and 〈 • 〉 denotes spatial averaging or multilooking. In this expression
jZ is the interferometric vertical wavenumber, which depends on the
spatial baseline and the incidence angle.

The region on the unit circle defined by the position of the inter-
ferometric coherences for all possible �w is called the coherence
region (grey ellipse in Fig. 1) (Flynn et al., 2002) and is exploited
to understand the polarimetric interferometric signature of the
observed scene. This region serves to quantify the range of variation
of the coherence, both in absolute value and phase, as a function
of polarisation, hence providing a measure of the sensitivity of the
PolInSAR data to the scene properties.

The measured coherences depend on a number of properties of
the sensor and the scene. In order to interpret this dependence and
to isolate the terms related to the scene parameters to be retrieved,
coherence can be expressed as a product of decorrelation terms, with
absolute values bounded between 0 and 1, as follows:

c = ctemp • cgeom • cproc • cSNR • cBQ • c̃ (7)

where the total coherence c and the last term c̃ are complex num-
bers, and the rest of decorrelation terms are real numbers. All these
terms are described next:

• ctemp is the temporal decorrelation due to changes in the scene
occurred during the acquisition times of both images. In a
bistatic single-pass interferometer this term does not affect, i.e.
ctemp = 1.
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Fig. 1. Unit circle on the complex plane with the coherence region (grey ellipse) and
the coherences with maximum ground contribution c(jZ , �wmax) (brown point) and
with minimum ground contribution c(jZ , �wmin) (green point). The line corresponds to
the standard RVoG model, which crosses the unit circumference at the topographic
phase 00. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

• cgeom is the decorrelation due to the spatial baseline, also
named as geometric decorrelation, which causes a wavenum-
ber shift, i.e. a change in the band occupied by the range
coordinate spectrum of both images (Gatelli et al., 1994). This
term can be cancelled by filtering the master and slave images
to the common frequency band, as it has been done in this work
(see Section 3 for processing details).

• cproc includes any decorrelation due to the signal processing
steps, in which the most important is usually the one due to
errors in the coregistration of the images. In our case we con-
sider it is negligible (i.e. cproc = 1) thanks to the high accuracy
of the TanDEM-X products provided in CoSSC format.

• cSNR denotes the decorrelation due to thermal noise in the
sensor, which depends on the signal-to-noise ratio (SNR) at
each pixel. We will discuss it in Section 2.2, since it is quite
significant for TanDEM-X and this type of scene.

• cBQ is the loss of coherence due to the quantisation of the
data with less bits than in the original raw data. Its effect is
extensively discussed by Martone et al. (2015). Attending to the
8:3 block adaptive quantisation employed in the products (at
both TanDEM-X and TerraSAR-X images) and the type of scene
observed (agricultural crops), the average value of decorrela-
tion is around 3.5 %, i.e. cBQ ≈ 0.965. This decorrelation term
will be compensated for by dividing the measured coherences
by this value.

• c̃ is the coherence due to the vertical distribution of scattering
properties of the scene, usually named as volume decorrelation
cvol because it is always present when a vegetation volume is
in the scene. Here we denote it with a tilde, c̃, because it is the
coherence that will be modelled according to the scene features
and, consequently, is the main term to be estimated from the
measured data. This term is explained next.

The estimation of vegetation height, and other biophysical
parameters, by means of PolInSAR is carried out by assuming a model
of the vegetated scenes. The most widely used model considers the
scene is formed by two layers: a vegetation volume and a ground
surface. The scattering from the ground is located at a single point in
the vertical coordinate z0, whereas the scattering from the volume is
distributed according to a scattering function f(z).

Starting from this assumption it is possible to express the coher-
ences c̃ that are obtained at different polarimetric channels �w as a
function of the scene properties and the vertical wavenumber jZ.

The most complete expression for a bistatic system, considering that
the response from the ground can be composed of two contributions
(surface or direct scattering, and double-bounce scattering) is the fol-
lowing (Ballester-Berman and Lopez-Sanchez, 2007, 2011; Kugler et
al., 2014; Treuhaft et al., 1996; Treuhaft and Siqueira, 2000):

c̃(jZ , �w) = ei00
c̃V + mD( �w) + sin kzhv

kzhv
mDB( �w)

1 + mD( �w) + mDB( �w)
(8)

where 00 = jZz0 is the interferometric phase corresponding to
the ground surface; mD( �w) and mDB( �w) are the ground-to-volume
backscatter ratios corresponding to the direct D and double-bounce
DB contributions, respectively; and hv is the vegetation height
(i.e. the depth of the vegetation volume). The first term in the
numerator, c̃V , is the coherence that would produce the volume
alone (without the presence of the ground), which can be expressed
as a function of f(z) as

c̃V =

∫ hv
0 f (z)eijZ zdz∫ hv

0 f (z)dz
. (9)

A note of caution is necessary for Eq. (8). The sin(x)/x term that
appears before the double-bounce ground-to-volume ratio in the
numerator is an extra decorrelation term present whenever a bistatic
configuration is used. It is important to clarify that the argument of
this term is kzhv, not jZhv as was wrongly stated in (Kugler et al.,
2014). The kz wavenumber is defined as (see Ballester-Berman and
Lopez-Sanchez, 2007, 2011, Treuhaft and Siqueira, 2000 for details):

kz = jZsin2
h0. (10)

The scattering function f(z) that appears in Eq. (9) can be
expressed in different ways according to different models or approx-
imations of the scattering properties of the vegetation volume.
The most common expression is an exponential decay which cor-
responds to a homogeneous volume characterised by a constant
extinction coefficient. It is well known that in agricultural crops
the attenuation produced by the propagation of the waves through
the vegetation volume depends on the polarisation of the waves,
being normally larger for vertical polarisation than for horizontal
polarisation due to the predominant vertical orientation of the
plant elements. In such a case, the formulation that takes this
into account leads to the so-called oriented volume over ground
(OVoG) model, in which two extinction coefficients appear (i.e.
vertical and horizontal). However, when this dependence on polar-
isation is not strong, one can use a simpler model named random
volume over ground (RVoG) in which extinction is assumed to not
depend on polarisation and, consequently, a single extinction coef-
ficient is used for all polarimetric channels. The RVoG model is
the most frequent in forest studies (Hajnsek et al., 2009; Kugler et
al., 2014; Papathanassiou and Cloude, 2001). In our case, because
of the reduced dimensionality of the observation space or input
data (TanDEM-X data are dual-pol, not fully polarimetric), we need
to decrease the number of model parameters to design a feasible
inversion strategy. Therefore, we will assume the RVoG model for
the inversion. In other words, we have resorted to ignore differen-
tial extinction in the formulation to keep the problem invertible.
Obviously, this assumption constitutes a source of errors. However,
whenever differential extinction is not strong it is a valid assumption,
and the RVoG model can be inverted properly, as it is also suggested
by Cloude (2009). The same strategy (using RVoG instead of OVoG
regardless of the differential extinction present in the scene) has
been tested recently by Pichierri (2016), who obtained good height
estimates for maize at C-band and for wheat at C- and X-bands.
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In the case of rice fields, the most common agronomic practice
consists of keeping fields flooded during the entire rice growing
period. Thus soil background behaves mostly like a mirror, hence
producing a very low backscattering. Therefore, the dominant
backscattering contribution from the ground is expected to be the
double-bounce produced by the interaction between stems and
flooded soil. Consequently, Eq. (8) can be simplified by neglecting the
direct contribution from the ground (mD ≈ 0), yielding

c̃(jZ , �w) = ei00
c̃V + sin kzhv

kzhv
mDB( �w)

1 + mDB( �w)
(11)

With all these assumptions, the only dependence of coher-
ence (Eq. (11)) on the polarimetric channels comes from the
ground-to-volume ratio mDB( �w). This dependence makes the possi-
ble coherences (predicted by the RVoG model) to lie along a line
on the complex plane (see Fig. 1), which is a geometrical fea-
ture exploited by most of the inversion algorithms based on the
RVoG model (Cloude and Papathanassiou, 2003; Papathanassiou and
Cloude, 2001).

2.2. Inversion algorithm

2.2.1. Inversion strategy
There exist different ways to invert vegetation height (and the

rest of model parameters) from PolInSAR data according to the pre-
vious expressions. In this work we base the inversion procedure on
the algorithm proposed by Kugler et al. (2014) also for TanDEM-X
data. The interested reader is referred to this study for further details
of the algorithm. However, due to the particular properties of rice
scenes (i.e. dominance of the double-bounce ground contribution)
the algorithm has been adapted, and all details are described here.
The proposed algorithm is sketched in Fig. 2. The main steps are as
follows:

1. Line fit to a set of coherences or coherence region, and esti-
mation of the two coherences with maximum and minimum
ground contributions: c(jZ , �wmax) and c(jZ , �wmin).

2. SNR and BQ correction of the two coherences.
3. Numerical estimation of the model parameters: topographic

phase 00, vegetation height hv, extinction s and ground-to-
volume ratios.

The first step consists of a line fit to the coherences, which
can be carried out in several ways (Cloude, 2009). The original
approach published in the literature consists of obtaining a set of
coherences by using a discrete set of projection vectors �w. A common
choice for the set consists in obtaining the coherences in the Pauli
basis, in the linear basis, and the optimum coherences (Cloude and
Papathanassiou, 1998), which would yield a set of 6 coherences for
this dual-pol case. Then, a least square fit on the complex plane
is employed to get the line that best fits the set of coherences
(Cloude and Papathanassiou, 2003). Alternatively, the line fit could
be obtained by using a maximum likelihood approach with respect to
the RVoG model, which was formulated by Ferro-Famil et al. (2009)
for quad-pol data. A third option, which is quite simple, consists in
generating the border of the coherence region (grey ellipse in Fig. 1)
and choosing the coherences with minimum and maximum phase
to define the line (Kugler et al., 2014). This means that we choose
the coherences (from the coherence region) which are closest to
and farthest from the topographic phase 00. In this work we have
used this last approach because its principle also coincides with the
objective of selecting the coherences with maximum and minimum
ground contribution, i.e. c(jZ , �wmax) and c(jZ , �wmin), which are, by
definition, the ones with phases closest to and farthest from the
topographic phase, respectively (see Fig. 1).

Line fit to the coherence region.
Selection of coherences with maximum 

and minimum ground contribution:

INPUT: Multilooked PolInSAR matrices

Compensation of SNR and BQ decorrelation

Initial guess for hv
(e.g. 1 m) Line defined by pair of compensated coherences

Intersection with circumference of radius          :
Estimation of 

Minimisation of distance to modelled coherences:
Estimation of                                                       

Distance < TOL

Yes

No

SOLUTION:

=

Fig. 2. Flow diagram of the proposed inversion algorithm for PolInSAR data and
scenes with a dominant double-bounce ground contribution.

Once this pair of coherences is selected, the effect of signal-
to-noise ratio (SNR) has to be compensated. This is the main
decorrelation contribution (apart from the vegetation volume)
for TanDEM-X (Krieger et al., 2007) once range spectral filtering
has been applied. SNR is known to affect interferometric prod-
ucts according to the following expression (Bamler and Hartl,
1998):

cSNR =
SNR

1 + SNR
(12)

in which the power of signal and noise are considered the same
in both images (master and slave). This decorrelation factor is
usually ignored in interferometric studies because it only affects
areas with low backscatter. Unfortunately, the backscatter level
present in SAR images acquired at X-band over rice fields is
normally in the range from −25 to −5 dB, changing along the
growing season, and these values are not much higher than the
noise level of TanDEM-X data (from −25 to −20 dB approxi-
mately).

The standard TanDEM-X products provide the annotated values
of noise equivalent sigma zero (NESZ) patterns for each channel
in the form of a set of polynomial coefficients for the range coor-
dinate, with an update every 1.5 to 2 s in azimuth time, so NESZ
can be computed by polynomial evaluation and interpolation for
every pixel in the images. The values of NESZ depend on the beam
used for the acquisitions (incidence angle), the polarimetric channel
(HH and VV), and the satellite (they are different for TerraSAR-X
and TanDEM-X). Typical values of NESZ for TanDEM-X are shown in
Kugler et al. (2014).
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For each one of the copolar channels, the SNR can be calcu-
lated by using the corresponding NESZ value and the backscattering
coefficient s0, i.e.,

SNRi
PP =

s i
0PP − NESZi

PP

NESZi
PP

(13)

where subscript PP denotes the channel (HH or VV), and super-
script i = 1, 2 denotes the image (master or slave) because they
are acquired by different satellites (TerraSAR-X or TanDEM-X), hence
showing different noise levels.

For illustration purposes, Fig. 3 shows the evolution of the mea-
sured coherence (after range spectral filtering) and the SNR decor-
relation, cSNR, for the two copolar channels, acquired over a rice
parcel in Sevilla during the 2015 campaign. The influence of SNR
over the total coherence is obvious, especially for the VV channel
because it is characterised by a lower backscatter level (hence a
lower SNR) for most of the season. It is important to note that this
SNR effect in TanDEM-X data acquired over rice fields was already
discussed by Lopez-Sanchez et al. (2013), concluding that the total
coherence was virtually equal to the SNR term. However, in that ref-
erence the spatial baseline was small (the typical height of ambiguity
was above 100 m) compared to the one available during the science
phase (height of ambiguity between 2 and 6 m) so the system did not
provide sensitivity to the volume decorrelation c̃.

The effect of SNR is compensated by dividing the coherences
(at this point the coherences with extreme ground contributions,
c(jZ , �wmax) and c(jZ , �wmin)) by cSNR. Therefore, the SNR decorrelation
has to be obtained for the specific polarimetric combinations �wmax

and �wmin, so we need to compute the NESZ at these specific channels.
This can be done by using the following matrix that corresponds to
NESZ at the linear channels, which is diagonal by definition

[Ni] =

[
NESZi

HH 0
0 NESZi

VV

]
(14)

where i = 1, 2 denotes the image (master and slave). This matrix,
expressed in the linear basis, can be translated into the Pauli basis by
a unitary matrix transformation:

[
NP

i

]
= [U2][Ni][U2]∗T (15)

where

[U2] =
1√
2

[
1 1
1 −1

]
. (16)

From [NP
i ] the noise power at a particular polarisation �w combi-

nation is obtained as

Ni( �w) = �w∗T
[
NP

i

]
�w, (17)

and the backscattering coefficient (degraded by additive noise) is
obtained as usual:

s0i( �w) = �w∗T [Tii] �w. (18)

Finally the SNR at each image results in

SNRi( �w) =
s0i( �w) − Ni( �w)

Ni( �w)
, (19)

and the SNR decorrelation is

cSNR( �w) =

√(
SNR1( �w)

1 + SNR1( �w)

)
•

(
SNR2( �w)

1 + SNR2( �w)

)
(20)

After the SNR compensation, both coherences are also corrected
for the quantisation effects, which is carried out again as a division
by the theoretical cBQ.

Once all these corrections have been applied, we consider the
volume term c̃ to be the only feature present in the coherences and
the inversion of the direct model of the scene (i.e. estimation of all
model parameters) is carried out following the procedure explained
here. The proposed method is essentially the same as the one pro-
posed in Cloude (2009) and Kugler et al. (2014), but there are impor-
tant changes due to the specific properties of rice scenes, namely the
dominant contribution from the ground is the double-bounce, so the
expression to be inverted is Eq. (11), and all polarimetric channels
present some contribution from the ground (i.e. mDB �= 0 for all �w).

The estimation is based on the minimisation of the distance
between the measured coherences c and the modelled ones c̃:

min
00, hv , s , mDBmin , mDBmax

∥∥∥∥ c(jZ , �wmax) − c̃(jZ ,00, hv,s , mDBmax)
c(jZ , �wmin) − c̃(jZ ,00, hv,s , mDBmin)

∥∥∥∥ (21)

Since there are 5 model parameters (unknowns) and only 4 real
observables (two complex coherences), we face an underdetermined
system to solve. Fortunately, the ground phase 00 can be obtained by
applying a geometrical solution (line fit) and then the remaining four
parameters can be found numerically by minimising Eq. (21).

The phase 00 corresponding to the ground topography is usu-
ally obtained by the intersection of the line defined by the two
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Fig. 3. Comparison of the total measured coherence (after range spectral filtering) and the SNR decorrelation term, cSNR, for the two copolar channels obtained for a rice field in
Sevilla during the 2015 campaign. Left: HH. Right: VV.
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coherences, c(jZ , �wmax) and c(jZ , �wmin), and the unit circumference,
moving from c(jZ , �wmin) to c(jZ , �wmax) (see Fig. 1). However, the
extra decorrelation term cDB = sinkzhv/kzhv in the numerator
of Eq. (11) makes the coherence of pure ground contribution
(mDB → ∞) not to be equal to 1 (i.e. it would lie on the unit
circumference) but to be equal to cDB, so we have to find the crossing
of the line with the circumference of radius equal to cDB. The main
consequence for the inversion is that the topographic phase is shifted
with respect to the point at which the line crosses the unit circum-
ference, as it can be observed in Fig. 4 (see Ballester-Berman and
Lopez-Sanchez, 2011 for more details).

Since cDB depends on the vegetation height hv, which is one of
the unknowns, the topographic phase cannot be estimated directly
from any intersection between line and circumference, so an iter-
ative numerical procedure is adopted. As initial guess we consider
an average value for the vegetation height (e.g. hv = 1 m). With
that value we obtain the corresponding cDB and find the intersec-
tion of the line with the circumference of radius cDB, which provides
an initial value for 00. With that 00 value we find the set of hv, s ,
mDBmax and mDBmin which provides the minimum distance between
the modelled and the measured coherences. Then, the new value of
hv is used to update cDB and hence the topographic phase 00, and the
minimisation is carried out again. The iteration continues until con-
vergence to a solution with minimum distance between model and
observations.

2.2.2. Assessment of the numerical inversion
The possible error sources of this technique are related mainly

with three different aspects. The first question is how well the direct
model represents the scene. Scenes not properly represented by the
RVoG model will provide PolInSAR observations (coherences) not fit-
ting the expressions studied here and, consequently, the retrieval
of model parameters will produce wrong or meaningless values.
The main causes of mismatch between the RVoG model and rice
scenes are the presence of non-exponential scattering profiles (e.g.
due to a heterogeneous vegetation volume, along the vertical coor-
dinate, caused by the presence of different plant elements at dif-
ferent heights), the effect of differential extinction (i.e. vertically
polarised waves are expected to be more attenuated than horizon-
tally polarised ones due to the dominant orientation of stalks and
tillers), and a non-negligible direct surface component from the
ground, i.e. Eq. (8) could not be simplified as Eq. (11). The second
aspect producing errors in the retrieval procedure is related to all
system and data processing aspects, including the effect of base-
line and incidence angle on the sensitivity of this technique to the

0.20.40.60.81

´

Radius = 1

Radius = 

Fig. 4. Unit circle on the complex plane with the coherences and the line correspond-
ing to the RVoG model in Eq. (11). cDB is the decorrelation term due to the dominance
of the double-bounce contribution at the ground. The true topographic phase 00 is
defined by the crossing of the line with the circumference of radius cDB , which is dif-
ferent from the phase 0′

0 that would have been obtained by the crossing with the unit
circumference.

scene properties, but also the presence of speckle, the estimation of
coherences using multi-looking, the compensation of SNR and BQ
decorrelation, etc. Finally, the third error source is the numerical
inversion itself (i.e. the algorithm depicted inside the dashed box in
Fig. 2). In this subsection we provide a numerical assessment of this
last aspect. Regarding the other error sources, we will discuss them
further in Section 4.

In single-baseline PolInSAR it is well known that the retrieval
of the RVoG parameters does not provide a single solution, but a
value within a range of possible solutions for which the minimisation
in Eq. (21) is satisfied. Different combinations of model parameters
(topographic phase, vegetation height, extinction, and ground-to-
volume ratios) produce very similar model outputs, so the numerical
minimisation in Eq. (21) can fall in local minima or simply provide
an arbitrary solution depending on the initial guess of these model
parameters.

In order to assess the feasibility of the proposed numerical
inversion (dashed box in Fig. 2), with focus on estimation of
vegetation height, a simulation experiment was carried out. The
theoretical coherences (c(jZ , �wmax) and c(jZ , �wmin)) provided by the
forward model (Eq. (11)) were generated for a wide set of scene
parameters. More specifically, vegetation height was set from 5 cm
to 1.50 m, with a 5 cm sequential increment. For each height in
the set, 500 scenes were simulated with values of extinction (s)
and ground-to-volume ratios (mDBmin, mDBmax) randomly generated
(using a uniform distribution), in the following ranges: 1 to 7 dB/m
for extinction, and −10 to 10 dB for the ground-to-volume ratios.
The topographic phase 00 was fixed to 20◦, and also incidence angle
and jZ remained constant (25◦ and 2 rad/m, respectively). Then,
the model was inverted many times for each scene by employing
different sets of initial guesses. In this experiment we applied the
inversion 500 times for each scene, and the initial guesses were
also generated randomly within the following intervals: 0 to 2 m for
height, 0 to 10 dB/m for extinction, and −10 to 10 dB for the ground-
to-volume ratios. Finally, the heights retrieved (250.000 in total) for
each simulated height were analysed.

Fig. 5 shows the average and standard deviation of the retrieved
heights for all simulated cases and considering all initial guesses.
There is not any noticeable bias produced by the inversion approach.
As for the expected standard deviation, i.e. the variability of the
results produced by the inversion itself, they are in the same order
(8–15 cm) as the results that will be obtained with real data (see
Section 4). It must be noted that some of the combinations of input
model parameters for the simulations and some initial guesses could
be very unrealistic, but we have preferred not to remove them in
the analysis. In the same vein, the retrieved values could be further

Inversion with simulated RVoG data
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Fig. 5. Numerical assessment of the inversion algorithm: vegetation height estimates
(mean and standard deviation) for each simulated value in the range 0.05–1.5m.
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analysed and filtered by considering the final distance from the
modelled coherences (i.e. the norm in Eq. (21)). For instance, we
could keep only the results with the minimum distances, or a per-
centage of them. However, we preferred not to explore further these
options and then focus the rest of the work in the validation with real
data.

3. Test sites and data sets

3.1. Test sites and ground campaign data

3.1.1. Sevilla, Spain
The test site consists of an area of 30km × 30 km in the mouth of

the Guadalquivir river, Sevilla, SW of Spain (37.1 N, 6.15 W), where
rice is cultivated annually from May to October, approximately.

General rice species in this area is Oryza sativa L. The specific
variety cultivated in the monitored fields corresponds to a long
grain type named puntal, quite common in Spain and other similar
temperate regions.

In this specific location, sowing is carried out by spreading seeds
randomly from an airplane over the fields, which are already flooded
at that time. Then, farming practices in this area ensure the presence
of a water layer on the ground during the whole cultivation period,
hence the ground is always flooded and will be considered as a
water surface from the radar point of view. Finally, the cultivation
campaign lasts about 135–150 days.

Since 2008, the local association of rice farmers (Federacion de
Arroceros de Sevilla) has collected detailed ground measurements
on a weekly basis. For this research project, centred in the 2015
campaign, four specific parcels, spread over the whole site (Fig. 6a),
were selected for intensive sampling. The weekly measurements
include phenological stage according to the BBCH (Biologische
Bundesanstalt, Bundessortenamt und CHemische Industrie) scale
and above-water vegetation height. The following information is
known for each parcel: total area (ha), sowing date, surface density of
plants (plants/m2) and panicles (panicles/m2), harvest date, and final
yield (kg/ha). Particular aspects for some of them have been regis-
tered also, such as irrigation conditions, water salinity and presence

of plagues. Note that neither sowing nor harvest are simultaneous in
all parcels of the site, being around 3 to 4 weeks time span between
the first and the last of the monitored parcels in both activities.
Finally, there is also climate information provided by the Spanish
Government under the Sistema de Informacion Agroclimatica para el
Regadio (SIAR), including daily files of temperature, precipitation,
humidity and wind. In this region, a rainy season is common at
the beginning of autumn every year and did not affect the radar
acquisitions available in this study.

This test site has been employed for research purposes in the
field of SAR remote sensing, appearing in the following publications,
among others: Kucuk et al. (2016), Lopez-Sanchez et al. (2011, 2012a,
2014, 2015) and Yuzugullu et al. (2015).

3.1.2. Valencia, Spain
The second study area used in this paper is located in selected

farms within the rice district of Sueca (39.25 N, 0.3 W), situated
in the south of Valencia, in Eastern Spain (see Fig. 6b). This study
area belongs to the Albufera Natural Park, in which only rice crop
practices are allowed. The area has a typical Mediterranean climate,
with an average annual temperature and humidity of 17 ◦C and
65%, respectively. The rice district is a homogeneous rice planting
area of approximately 10km × 20 km and the majority of the paddy
rice fields have an extension of 100m × 200 m. Sowing activities
are around May 10–15th and fields are managed by keeping them
flooded for most of the time during the rice growing period. The
maturity stage is reached in early September, and the rice harvest
begins in mid-September. The two main rice varieties are Senia and
Bomba. The Senia variety has more stacked up stems and leafs, while
the Bomba variety has a considerably greater height. Both vari-
eties are under the guarantee granted by the Regulatory Board of
Designation of Origin Arròs de València (www.arrozdevalencia.org).

Field campaigns were conducted weekly including the acquisi-
tions of leaf area index (LAI) and phenology according to the BBCH
scale within 16 Senia and 5 Bomba parcels (see Fig. 6b). Above-water
rice heights were taken from previous years by considering the same
phenological stage and interpolating for the acquisition dates.
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This test site has been employed for research purposes in the field
of remote sensing, appearing in the following publications, among
others: Campos-Taberner et al. (2015, 2016a,b).

3.1.3. Ipsala, Turkey
The study area is a rice-agricultural site of approximately 6km ×

16 km situated along the Maritza river, Ipsala, NW of Turkey (N 40.8,
26.2 E). Ipsala site is one of the major rice producing areas in Turkey,
providing more than 35% of the total rice production.

The main rice species present are long-grain Oryza sativa L. types:
Baldo and Rocca. Recently, the hybrid types such as Osmancık,
Ergene, Serhat and İpsala have been increasingly planted. The seeds
are sowed by broadcasting once per year at about the end of May
and harvested in late October. Maritza river and its tributaries form
the drainage system for irrigated rice fields, which are to be under
about 13–15 cm of water. The fields are continuously flooded up
to 30–35 days after germination. Fields are managed according to
the different owners’ planning. The diversity of irrigation amount
and dates has an impact on temporal behaviour of the crops among
the fields. Recently, the prevalence of red wild weeds coupled with
global warming (long winter without rain) threatens yield in the
region.

During the ground measurements conducted by the Directorate
of Trakya Agricultural Research Institute, information on total area
(ha), water depth, stalk height, height above water, # stalk/m2, leaf
length, leaf width, panicle length and # tiller was collected over 5
fields with 11-day intervals from June to August. The fields, shown
in Fig. 6c, were selected as a representative of the region in terms of
agricultural practice diversity.

Ipsala agricultural site has been extensively analysed over the last
years in the context of monitoring rice growth and mapping rice
planting area with SAR images (Erten et al., 2016, 2015; Rossi and
Erten, 2015; Yuzugullu et al., 2015).

3.2. TanDEM-X data

The TanDEM-X data employed in this study were acquired during
the science phase of this mission, from April to September 2015, and
are provided in the Coregistered Single-Look Slant-range Complex
(CoSSC) format, which is the standard for this data type and sensor.
Each acquisition is composed by a pair of images: a monostatic image
in which the same satellite is transmitter and receiver (which will
be considered as master image), and a bistatic image in which the
second satellite acts as a receiver (and which will be regarded as
slave image). Both images are already coregistered in the standard
CoSSC products. The main parameters of the TanDEM-X system and
the resulting images are shown in Table 1.

The list of available acquisitions over each test site is included in
Tables 2–4. There are 8 images in Sevilla and Ipsala, and only 6 in
Valencia. The data in Sevilla presents the steepest incidence angle
of the three datasets, approx. 23◦, in contrast to the 29 and 30◦ of
Valencia and Ipsala, respectively. The largest baselines are present
also in the dataset of Sevilla, resulting in a height of ambiguity (HoA)
around 2.5 m. The HoA over Valencia is around 3.4 m and it is around
3.9 m in the Ipsala acquisitions (but for the last one with 5.09 m).
The extremely stable geometry of acquisition provided by this sensor

Table 1
Parameters of TanDEM-X.

Centre frequency 9.65 GHz
Bandwidth 150 MHz
Polarimetric channels HH and VV
Azimuth resolution 6.6 m
Pixel spacing in azimuth 2.18–2.45 m
Slant-range resolution 1.17 m
Pixel spacing in slant-range 0.91 m

Table 2
List of TanDEM-X image pairs over Sevilla.

Date (yyyymmdd) DoY Master/slave Incidence angle
(degrees)

jZ (rad/m) HoA (m)

20150604 155 TDX/TSX 22.71 2.48 2.53
20150615 166 TDX/TSX 22.71 2.48 2.53
20150626 177 TDX/TSX 22.73 2.48 2.53
20150707 188 TDX/TSX 22.73 2.47 2.54
20150718 199 TDX/TSX 22.73 2.48 2.53
20150729 210 TDX/TSX 22.74 2.48 2.53
20150809 221 TDX/TSX 22.73 2.49 2.52
20150820 232 TDX/TSX 22.73 2.48 2.53

Table 3
List of TanDEM-X image pairs over Valencia.

Date (yyyymmdd) DoY Master/slave Incidence angle
(degrees)

jZ (rad/m) HoA (m)

20150522 142 TDX/TSX 28.83 1.83 3.42
20150602 153 TDX/TSX 28.84 1.83 3.43
20150624 175 TDX/TSX 28.84 1.83 3.43
20150705 186 TDX/TSX 28.83 1.84 3.41
20150807 219 TDX/TSX 28.83 1.83 3.42
20150818 230 TDX/TSX 28.83 1.84 3.42

along the whole campaign must be noted, which makes it very well
suited for research and monitoring purposes. Regarding the acquisi-
tion time, the images over Sevilla were acquired at 06:30, the images
over Valencia at 17:45, and the images over Ipsala at 04:30.

3.3. SAR data processing

Starting from the CoSSC product of each acquisition, the first step
in the processing chain consists in the common range spectral filtering
to compensate for the geometrical or baseline decorrelation cgeom
cited in Section 2.1. This term is specially important for data acquired
during the science phase of TanDEM-X, since the large baseline yields
important shifts in the wavenumber, reaching values of cgeom below
0.8.

After the range filtering we removed the flat Earth and topo-
graphic phase terms from the interferograms, so the remaining inter-
ferometric phase only contains topographic information with respect
to an arbitrary reference. When data are processed locally or at par-
cel level, one can also estimate locally the main fringe frequency and
remove that contribution from the data. In our case, we assumed a
constant topography over the processed subscene and computed the
phase terms by exploiting the orbital information. Both approaches
are valid for the PolInSAR algorithms applied afterwards, since all
vegetation height estimations are carried out in relative terms. It
must be noted that the absolute phase compensation employed by
Rossi and Erten (2015) is not required. It is also important to mention
that the use of external digital elevation models (DEM), such as the
one provided by SRTM, may produce unwanted effects in this sort of
scenes in which rice fields are located. The whole area of all three
test sites is extremely flat, but the SRTM DEM exhibits a quantisation

Table 4
List of TanDEM-X image pairs over Ipsala.

Date (yyyymmdd) DoY Master/slave Incidence angle
(degrees)

jZ (rad/m) HoA (m)

20150606 157 TDX/TSX 29.99 1.61 3.89
20150617 168 TDX/TSX 29.99 1.61 3.89
20150709 190 TDX/TSX 29.99 1.62 3.89
20150731 212 TDX/TSX 29.99 1.62 3.89
20150811 223 TDX/TSX 29.99 1.62 3.88
20150822 234 TDX/TSX 29.99 1.61 3.90
20150902 245 TDX/TSX 29.99 1.61 3.89
20150913 256 TSX/TDX 29.76 1.23 5.09
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effect, with ±1 m jumps, which degrades importantly the quality of
the interferometric phase and even its visual interpretation. Instead,
we used arbitrary DEM’s with constant values around the average
height of each test site, i.e. 0 m for Valencia, 2 m for Sevilla, and 4 m
for Ipsala.

Once the previous steps are carried out we formed the
covariance/coherency matrices defined in Eqs. (4)–(6) using a 21×21
boxcar speckle filter for multilooking. At this point we translated the
polygons defining the regions of interest (ROI) of every parcel, orig-
inally in geographical coordinates, to radar coordinates (i.e. range
and azimuth), so the ROIs of each parcel in the images could be
analysed. An erosion with a kernel of size 11 was applied to the
ROIs for avoiding the influence of the edges of the parcels, since the
mentioned multilooking blurred the parcel borders and mixed the
responses from outside the parcel with the inner parts. Alternatively,
the multilooked data could have been geocoded or orthorectified and
the subsequent processing done for pixels expressed in geographical
coordinates.

Finally, the PolInSAR inversion algorithm was applied to each
pixel inside the eroded ROI of each parcel. A single initial guess was
employed in all cases: hv = 1 m, s = 3 dB/m, mDBmin = −3 dB, and
mDBmax = 3 dB. We run also some trials with different initial guesses
but the resulting estimates, analysed at field scale, were very similar.
Statistics of the obtained estimates within each field (histograms,
average values and standard deviations) were computed and anal-
ysed, as it is shown in Section 4.

4. Results

In order to properly illustrate the methodology and the working
principle of PolInSAR for rice height retrieval, this section starts by
showing the appearance of the input data. Fig. 7 shows the inter-
ferometric coherences and phases of the two copolar channels, for
all dates, in the area in which a monitored field of the Sevilla site is
located. Moreover, the border of the resulting regions of coherences
(computed for the central pixel of the field) is displayed in the last
column.

At the first date the coherences of both channels are very low,
since plants have just emerged from the water surface and the
backscattered power is very low (−19 dB at both linear channels), i.e.
the flooded ground acts like a mirror. Consequently, the SNR decor-
relation dominates both coherences. At the second date this situation
changes dramatically and both coherences are very high. In this case
the backscatter is much stronger (−7 dB at both linear channels) and
can be interpreted as a direct surface contribution, since HH+VV is
very close to the total span and much higher than HH-VV (i.e. HH
and VV are in phase). Taking into account the steep incidence angle
(23◦) and the condition of the plants at this date (first stalks and
tillers around 20 cm tall), it seems that the scattering corresponds
to the one from a very rough surface, i.e. the ensemble of short
plants and flooded ground act like a (very conducting) rough surface
from the viewpoint of the radar. In addition, some water roughness
is expected due to the presence of wind, which also contributes in
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Fig. 7. Maps of interferometric coherence, phase, and phase difference for the two copolar channels (HH and VV) in the area around field 1 of the Sevilla site, for all TanDEM-
X acquisitions (8 dates). The field is marked with a red polygon in the first image. The last column shows the coherence regions obtained at the central pixel of the field. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the same way. This type of scattering mechanism produces a very
localised radar response at ground level, hence the high coherence,
but it also entails that all interferometric phases correspond to the
same point along the vertical coordinate. This can be observed in the
region of coherences, since it is very small and is close to the unit
circumference. The lack of phase diversity at these early stages is the
source of wrong height estimates, as will be discussed later in the
text.

From the third date onwards, the coherence at the HH channel
decreases slowly, whereas the coherence at the VV channel exhibits a
more pronounced decreasing trend. This is the same behaviour illus-
trated in Fig. 3, and is due to the lower backscattered power at VV
than at HH, widely studied in the literature (the HH/VV ratio shows
a peak, which is very characteristic of rice). In addition, as plants
grow there start to appear a difference between the interferometric
phases of the two copolar channels, which also translates into bigger
coherence regions on the unit circle. These bigger coherence regions
constitute a good sign for the performance of PolInSAR, since the
retrieval of height is based on a necessary diversity in coherences and
phases when observing the scene at different polarimetric channels.

Finally, it is important to clarify that the phases appearing in
Fig. 7, and hence the position of the coherence region on the complex
plane, can differ from date to date because no calibration with
respect to a reference phase has been applied. Nonetheless, this
does not affect the subsequent height retrieval, as it is mentioned in
Section 2.2, since PolInSAR exploits only the relative phases between
channels, not their absolute phases. Regarding the phase difference
between HH and VV, shown also in Fig. 7, it is very small but
increases with the development of the plants (as commented in the
previous paragraph), reaching its maximum value, around 45◦, at the
last date.

Figs. 8, 9 and 11, present the temporal evolution of the height
estimates at the three test sites, Sevilla, Valencia and Ipsala, respec-
tively. In the case of Sevilla and Ipsala, each plot corresponds to a

different field. Instead, we show only two plots for the Valencia site,
each one corresponding to a different rice type and including all
fields of that type.

The results obtained in Sevilla, shown in Fig. 8, exhibit two
intervals with different performances. For all parcels the retrieved
heights and the ground data are close from the third or fourth acqui-
sition onwards (DoY > 170–180), whereas before these dates the
resulting heights are clearly overestimated and far from the actual
values. In other words, the actual vegetation height must be above
25–30 cm to get accurate results. The first two or three acquisitions
suffer an evident lack of interferometric sensitivity since for such
short plants the spatial baselines should be even longer than the ones
provided during the science phase of TanDEM-X. In the absence of
sensitivity the retrieved heights are very noisy and strongly overes-
timated. Regarding the values obtained in the last 4 or 5 dates, at
some fields there exits slight over- or underestimations, depending
on field and date, but in general the correspondence is quite good. In
addition, the variability inside the fields (indicated by the standard
deviations) is small in terms of the vegetation heights.

The results obtained at the Valencia test site (Fig. 9) are somehow
similar to the Sevilla site, but in this case there are only 6 acquisi-
tions, so some intervals of the temporal evolution cannot be studied.
For Senia rice type, only for the last two dates the estimates are close
to the actual plant heights, whereas for Bomba rice the last three
dates produce good results. As in the Sevilla case, it is clear that the
plants have to exceed some height threshold for the technique to be
applicable. In this case, the minimum required height is between 40
and 60 cm, but it can not be defined better due to the lack of data
in that interval. When compared to Sevilla, the smaller baseline, and
hence the lower vertical sensitivity, justifies the requirement of a
greater height threshold.

The results of the last three dates are shown for the individual
fields in Fig. 9c and d, for Senia and Bomba rice types, respectively.
For both rice types the standard deviations (i.e. intra-field variability)
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Fig. 8. Temporal evolution of the vegetation height estimates and ground data for the four individual fields monitored in the Sevilla test site. Circles denote the average value and
error bars denote ±one standard deviation, both computed for all pixels inside a field.
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Fig. 9. Top row: Temporal evolution of the vegetation height estimates and ground data for all the fields monitored in the Valencia test site, grouped by rice variety: (a) Senia, and
(b) Bomba. Bottom row: Estimates obtained on the last three dates for each field separately, grouped by rice variety: (c) Senia, and (d) Bomba. Circles denote the average value
and error bars denote one standard deviation, both computed for all pixels inside a field. Ground-truth (green line) is the average values of measured heights per variety and date,
which showed a small variability (i.e. standard deviation values about 3cm) for both varieties. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

decrease consistently with time, being below 10 cm at the last date.
At DoY 219 all heights for Senia rice are overestimated, but only in
3 fields this overestimation is greater than 10 cm. Then, at the last
date, the same 3 fields are the only ones to overestimate clearly the
vegetation height, whereas the estimates for the other 13 fields are
around the in situ data. Regarding the Bomba rice type, all 5 fields
behave quite similarly, showing a significant underestimation only at
DoY 219, whereas at the other dates the retrieved values are around
the ground-truth data.

For illustration purposes, Fig. 10 shows an orthorectified image of
the vegetation height estimates obtained in the rice fields of a large
area of the Valencia test site on 18-Aug-2015 (i.e. on the last available
acquisition date). One can easily distinguish the Bomba rice fields
from the Senia rice ones thanks to their much greater height at this
advanced stage. In addition, the fields of Bomba rice exhibit a very
homogeneous height, whereas more variability can be found among
the Senia rice fields present in the test site.

Finally, Fig. 11 shows the results for the five fields monitored
in Ipsala, which are similar to the ones obtained over Sevilla.
Once again, we observe that from the third or fourth date onward
(once vegetation is high enough) the retrieved values are in the same
range as the validation data. The minimum height with accurate esti-
mates is around 20–25 cm. Unfortunately, for all fields except the
first one, there is a clear underestimation of the height in the dates
between DoY 220 and 250. Only for the last acquisition the esti-
mates of all fields increase and, in some cases, are higher than the
actual values. We have to remind that the last acquisition was gath-
ered with a baseline smaller than the rest (HoA = 5.09 m instead of

3.89 m, see Table 4), so a worse performance was expected for the
last date.

The justification of the resulting underestimation in Ipsala during
the period with tall plants is not straightforward. At this point it is
necessary to remind the main error sources outlined in Section 2.2.2,
and in particular the potential mismatch between model and obser-
vations, and the influence of acquisition parameters (e.g. baseline
and incidence angle). In order to know quantitatively the influence
of these aspects on the performance of this technique, a compre-
hensive study on the potential and limitations of PolInSAR for rice
height estimation should be carried out. Such an analysis requires
the use of simulations for the main features of the scenes and the
system with implications in PolInSAR, i.e. form of the coherency
matrices of ground and vegetation, effect of available ground-to-
volume ratios, presence of non-exponential scattering profiles, effect
of differential extinction, influence of incidence angle and baseline,
etc., following a procedure similar to that employed by Pichierri
et al. (2016). This in-depth analysis has not been carried out for
rice and single-transmit data yet, so it will be part of our future
research on this topic. Besides simulations, a more complete valida-
tion with real data is also required, for which PolInSAR data acquired
in additional configurations are needed. For instance, data gathered
with the same incidence angle but with varying baseline, and vice
versa, should be available over the same test site to ensure a proper
comparison and to extract the separate and joint influence of each
one of these two system parameters. In our case, we have worked
with a single configuration for each test site and the baselines (i.e.
heights of ambiguity) were different in all of them. Finally, for a really
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Fig. 10. Vegetation height estimates obtained in the rice fields of a large area of the Valencia test site on 18-Aug-2015 (DoY 230), overlaid on a grey-scale orthophoto of the site.
The borders of the monitored fields are shown in white colour.

complete interpretation of all the mentioned aspects, in situ mea-
surements should comprise also biomass, plant water content, and
other crop-specific variables that help the physical characterisation
of the scene.

A quantitative comparison between estimates and validation data
for all test sites is illustrated in Fig. 12. We show here the average
values of retrieved heights per field and date, plotted against the
data provided by the ground campaign. This representation confirms
the previous comments regarding the height thresholds for a proper
performance.

Following the discussion initiated in the Introduction about the
necessity of large spatial baselines to provide enough sensitivity
to the vertical distribution of scattering, some authors have
suggested an optimum range of baselines which depends on the
vegetation height to be retrieved and the rest of radar parameters
(frequency and incidence angle) (Cloude, 2009; Lopez-Sanchez and
Ballester-Berman, 2009; Pichierri, 2016). The best way to express
this optimum range is by means of kv, defined as the product of
the vertical wavenumber jZ and half of the vegetation height: kv =
jZhv/2. This parameter is indeed the vertical coordinate employed
in polarimetric coherence tomography (PCT) (Cloude, 2006, 2007), a
technique derived from PolInSAR to estimate the vertical profile of
scattering in vegetated scenes. Cloude (2009) showed that the best
interval is 1 � kv � 1.5. Values lower than 1 do not guarantee
enough volume decorrelation to be sensitive, whereas values higher
than 1.5 compromise the coherence (it becomes very low) and hence
its estimation itself.

According to the jZ values shown in Tables 2–4, a kv greater than
1 entails vegetation heights greater than 0.80 m, 1.08 m and 1.24 m
for Sevilla, Valencia and Ipsala, respectively. Therefore our TanDEM-
X data are out of the optimum range in most of the cases, since only

the last dates in Sevilla and in Valencia (for Bomba rice) comply this
criterion. The values of kv provided by the height thresholds at which
the performance of PolInSAR starts to be satisfactory, attending to
the analysis of Figs. 8–11, are shown in Table 5, being all of them well
below the suggested optimum range.

Table 5 also shows the determination coefficient R2 and the root
mean square error (RMSE) obtained at all test sites when consider-
ing only the range of estimates for which the ground data are above
the mentioned thresholds. The number of cases n is also shown in
the table to interpret the statistical significance of these correlation
indicators. We observe that R2 is high and RMSE is small (above 0.7
and around 10 cm, respectively) in Sevilla and Valencia. As for Ipsala,
R2 is lower than for the other two sites (0.44) and the corresponding
RMSE has doubled (21 cm).

5. Conclusions

The work presented here constitutes the first complete demon-
stration of crop height retrieval based on PolInSAR with satellite
data. This technique has been tested with rice fields located in
three different sites, covering the whole growth season. The pro-
posed methodology is fully automatic without relying on external
reference information. Besides the novelty of the source of data,
a modified inversion algorithm has been proposed, which is espe-
cially adapted to scenes in which the main ground contribution is
the double-bounce between stalks and ground, as it happens in rice
fields when the ground is flooded, and is suitable for data acquired in
single-transmit mode (also known as bistatic mode in the TanDEM-X
mission).

The proposed methodology is useful to monitor the development
of rice fields, since satisfactory results have been obtained in all test
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Fig. 11. Temporal evolution of the vegetation height estimates and ground data for the five individual fields monitored in the Ipsala test site. Circles denote the average value and
error bars denote one standard deviation, both computed for all pixels inside a field.

sites, with RMSE from 10 to 20 cm. The main limitation appears at
the early cultivation dates because the available spatial baselines are
not large enough to monitor very short vegetation, even the ones
provided during the science phase of TanDEM-X. For each test site
a height threshold for right performance has been found. The actual
value of this threshold depends on the baseline, the incidence angle
and the scene properties, since not all rice types present the same
radar and interferometric pattern.

The retrieved height values have shown to capture the seasonal
rice growth variations present along the cultivation cycle. In addi-
tion, estimated plant height allows discriminating between varieties
with distinctive height and morphology, such as Bomba and Senia
rice in the Valencia test site.

This research will continue with an analysis and interpretation
of the estimates of the rest of model parameters (extinction and
ground-to-volume ratios). The potential use of an external DEM,
obtained when there is no vegetation on the field, employed as
a topographic reference to help PolInSAR, could improve the esti-
mation performance. A comprehensive study on the potential and
limitations of PolInSAR for rice height estimation will be carried out
by exploiting simulations to test the influence of the main features
of the scenes and the system configuration, and assessing all theo-
retical and numerical aspects involved in this approach. Finally, the
same general approach has to be assessed with other agriculture
landscapes, by adapting the formulation and the inversion procedure
to crops with non-flooded ground conditions.
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Fig. 12. Comparison of the average height estimates per field against the ground data for the three test sites (Sevilla, Valencia and Ipsala). Different symbols correspond to
different fields in Sevilla and Ipsala, and to different rice varieties in Valencia. The last acquisition in Ipsala is excluded due to its larger baseline.
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Table 5
Statistics of the correlation between height estimates and validation data.

Sevilla Valencia Ipsala

hv threshold (cm) 25 40–60 25
kv threshold 0.31 0.37–0.55 0.20
R2 0.81 0.79 0.44
RMSE (cm) 9.9 10.0 21.1
Number of cases (n) 24 47 29
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