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Abstract—This work compares the performance of four differ-
ent interferometric synthetic aperture radar techniques for the
estimation of rice crop height by means of bistatic TanDEM-
X data. Methods based on the interferometric phase alone, on
the coherence amplitude alone, on the complex coherence value,
and on polarimetric interferometry (PolInSAR) are analyzed.
Validation is conducted with reference data acquired over rice
fields in Spain during the Science Phase of the TanDEM-X
mission. Single- and dual-polarized data are exploited to provide
also further insights into the polarization influence on these ap-
proaches. Vegetation height estimates from methodologies based
on the interferometric phase show a general underestimation
for the HH channel (with a bias that reaches around 25 cm in
mid July for some fields), whereas the VV channel is strongly
influenced by noisy phases, especially at large incidences (RMSE
= 31 cm). Results show that these approaches perform better at
shallower incidences than the methodologies based on coherence
amplitude and on PolInSAR, which obtain the most suitable
results at steep incidences, with RMSE values of 17 and 23 cm. On
the contrary, at shallower incidences, they are highly affected by
very low input coherence levels. Hence, they tend to overestimate
vegetation height.

Index terms— Bistatic radar, height, InSAR, PolInSAR,
rice, TanDEM-X.

I. INTRODUCTION

EGETATION height is a key feature in crop and forest

monitoring from which other important variables, such
as yield and biomass, can be retrieved. Therefore, a systematic
acquisition of quantitative information about vegetation height
from remote sensing data is of major relevance to support
agricultural and forest management services. The exploitation
of vegetation height information in the agricultural domain
presents diverse objectives. For instance, during the vegetative
stage of cereals, the growth rate is a clear indicator of the right
development of the crops which serves to detect anomalies and
cultivation problems. Then, crop height during the reproduc-
tive and maturation stages is frequently associated with total
biomass, which in turn is related to the final yield. Among
all remote sensing techniques, synthetic aperture radar (SAR)
provides a reliable observation scheme thanks to its all-weather
day-and-night imaging capability. SAR offers different types
of data which can be exploited as inputs for vegetation height
retrieval. Most techniques are based on intensity data (i.e.
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backscattering coefficient), polarimetry and/or interferometry.
A comparison of different SAR-based approaches for the
retrieval of crop height was recently published in [1].

Interferometric SAR (InSAR) approaches are based on the
exploitation of the correlation (i.e. coherence) and phase
difference between two SAR acquisitions [2]. Notably, these
two magnitudes are dependent on the vertical distribution of
elements in the scene, hence providing an explicit sensitivity
to vegetation height [3]. However, a successful crop height
retrieval from data acquired by airborne or spaceborne sensors
is bound to a short temporal separation between the SAR
acquisitions [4], [5]. Otherwise, temporal decorrelation affects
the interferometric products and the results are not valid. In
this regard, conventional repeat-pass systems based on SAR
satellites are of limited use for InSAR-based crop height esti-
mation due to the rapid growth of crops and to the movement
of the plants associated with wind. This situation changed with
the launch of the TanDEM-X system [6], a two-satellite flying
formation characterized by single-pass acquisitions, i.e. two
images acquired simultaneously, hence in absence of temporal
decorrelation. In addition, during the Science Phase of the
TanDEM-X mission, from April to September 2015, large
spatial baselines (2—3 km) were available, which provided, for
the first time, the sensitivity requirements for the estimation
of agricultural crop variables from space-based single-pass
InSAR data [7]. To date, several studies have demonstrated
the potential of the TanDEM-X sensor in retrieving vegetation
height in crop scenarios through a variety of InSAR tech-
niques [1], [8]-[12].

This work is aimed at comparing all available InSAR tech-
niques for crop height estimation based on the exploitation of
TanDEM-X data. On the basis that the interferometric phase is
proportional to the height of the scattering phase center, Rossi
and Erten reported successful results in measuring crop height
by using only the interferometric phase as input feature [8].
Later on, single-polarization InSAR data were employed to
retrieve forest height using only the coherence amplitude [13]—
[16]. However, this approach has not been applied to crops
yet. In another study, the complex interferometric coherence
(i.e. both amplitude and phase) was employed by Lee et
al. to estimate rice height [12]. Finally, polarimetric SAR
interferometry (PolInSAR), which combines polarimetric and
interferometric information, has been also tested in agricultural
scenarios in [1], [9]. It is important to note that in the com-
parison of methods published in [1] the approaches based on
the coherence amplitude and on the complex coherence were
not considered. Therefore, this work is aimed at filling this
gap and comparing all the known InSAR-based approaches.
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For this purpose, dual-pol TanDEM-X data acquired during
the Science Phase are used. Previous works have revealed the
polarization dependence of the penetration capability of the
SAR signal [8], [17]. Therefore, the separate study of both
polarization channels available in the dual-pol data set, i.e.
HH and VYV, is relevant to shed some light into the extent of
the polarization influence on crop monitoring. Moreover, the
interest of using each polarization channel separately relies
on the fact that the standard acquisition mode of TanDEM-
X is single-pol [6], which presents a much wider coverage
and better azimuth resolution than dual-pol. Furthermore, the
influence of incidence angle and baseline on the performance
of these techniques is analyzed in order to assess the accuracy
and robustness under different conditions.

The structure of this paper is as follows. Section II presents
the test site and the TanDEM-X data set employed. The
InSAR methodologies under study, including the common
processing prior to the inversion, are described in Section III.
In Section IV, the results from all inversion methodologies
are compared and discussed. In the end, the conclusions are
drawn in Section V.

II. TEST SITE AND DATA SET
A. Test site and ground campaign data

A paddy rice area in Spain is selected for the assessment of
rice crop height retrieval (see Fig. 1). The test site covers an
area of 30 km X 30 km around the mouth of the Guadalquivir
river, Sevilla, SW of Spain (37.1 N, 6.15 W). As opposed
to other cultivation practices [8], [12], the parcels are kept
flooded during the whole rice growth cycle (from May to
October), and not only in the early vegetative stage.

During a campaign in 2015, the local association of rice
farmers gathered some agricultural descriptors of four rice
fields on a weekly basis. The specific location of these fields
is shown in the right part of Fig. 1. The four fields are
characterized by the same rice species, which corresponds to
Oriza sativa L. This species is the dominant monoculture in the
Guadalquivir marshes, with a stable area of around 37,000 ha
over the last twenty years. Among the different rice varieties,
the one of the monitored fields is an Indica long grain type
named puntal, which represents more than 50% of rice paddies
in the last ten years in the Sevilla province [18]. Phenolog-
ical information according to the BBCH (Biologische Bun-
desanstalt, Bundessortenamt und CHemische Industrie) [19]
scale and above-water vegetation height are available. This
study area has been widely evaluated for rice crop monitoring
in previous studies, e.g. [9], [20]-[24].

B. TanDEM-X data and InSAR processing

In the present study, we have exploited dual-pol TanDEM-X
SAR data acquired during the Science Phase of this mission.
The acquisition period covered most of the phenological cycle
of the monitored rice crops, from May to early September
in 2015. The TanDEM-X data acquired during this phase
was especially chosen due to its large spatial baseline (2—
3 km) and short height of ambiguity (HoA), e.g. 2.5 m for
22.7 degrees of incidence angle. This is a key parameter

(described in Section III) in determining the sensitivity of the
interferometric system, which was for the first time suitable
for crop monitoring. Moreover, the advantage of using dual-
pol images is that they allow us to compare vegetation height
estimates obtained from single-pol approaches using the two
different polarimetric channels, i.e. HH and VV. The main
characteristics of these images are summarized in Table 1.

TABLE I
TANDEM-X SYSTEM PARAMETERS AND ACQUISITION DATES OF THE
DATA SETS OVER SEVILLA TEST SITE

Incidence  HoA Kz Date range Day of Year
angle [m] [rad/m] g (DoY)

22.7 deg.  2.53 248 2015.06.04-08.31 155-243
30 deg. 3.49 1.80 2015.05.04-09.02 124-245
39 deg. 5.81 1.08 2015.05.30-08.26 150-238

The data sets were gathered with three different incidence
angles, which correspond to three different relative orbits. It
is worth mentioning that the vertical wavenumber (xz) and
HoA are expressed in absolute value in Table I. However,
depending on the relative position of the master and slave
images at the moment of acquisition, their sign can be either
positive or negative. This needs to be accounted for in the
InSAR inversion methodologies.

Each TanDEM-X product contains a pair of dual-pol images
acquired at HH and VV polarization channels [6]. Each dual-
pol acquisition is expressed as a scattering vector El =
[SE,53,]T and Ky = [S2,,52,]7, where SZ, represents the
complex scattering amplitude at the n-th end of the spatial
baseline. The effective spatial baseline, i.e. physical separation
between satellites, drives the vertical wavenumber <z [25],
[26] as follows:

2B 1

"2 =\ Reinby’

(D
where B is the perpendicular baseline, A is the wavelength,
R is the slant-range distance, and 6y is the incidence angle.
Parameter m accounts for the acquisition mode: m = 2
for monostatic acquisitions, and m = 1 for bistatic acqui-
sitions [27]. From equation (1), the maximum height that
can be unambiguously estimated is defined as HoA = 27/x .
The smaller the HoA, the higher sensitivity to small height
changes.

For the analysis, the SAR data processing starts from
the standard Coregistered Single-Look Slant-range Complex
(CoSSC) product of each acquisition. The spatial resolution
of the dual-pol images is 6.6 m in azimuth for all incidences,
whereas in ground-range is 3.1 m for 22.7 degrees, 2.3 m for
30 degrees, and 1.8 m for 39 degrees. In all cases, the pixel
spacing (pixel size) is around 2.4 m in both coordinates. It
must be noted that TanDEM-X single-pol images present the
same range resolution, but the azimuth resolution is 3.3 m,
i.e. half the one in dual-pol case. The large spatial baselines
that characterize the input data lead to a notable geometrical
decorrelation derived from shifts in the wavenumber. There-
fore, range spectral filtering is applied to compensate for this
decorrelation. Then, a 21 x 21 boxcar filter was applied to the
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Fig. 1. On the left, the location of the test site in Sevilla (Spain), covering the entire area of 30 km X 30 km, is presented. Coherence amplitude of the VV
channel acquired on June 26 2015 is shown. Location of the test fields of the ground campaign are highlighted and zoomed in on the right.

data for multi-looking. After the low-pass filtering, the spatial
resolution is around 50 m in both directions. The flat Earth and
topographic phase contributions were removed before forming
the interferograms, so they are actually differential interfero-
grams. This yields to an interferometric phase containing only
topographic information with respect to an arbitrary phase
reference (that was computed from the DEM). A 5 m grid size
DEM provided by the Spanish National Center for Geographic
Information (CNIG) [28] is used in this study.

III. INSAR HEIGHT RETRIEVAL METHODOLOGIES
A. Single-pol InSAR methodologies

1) Common pre-processing. DEM calibration and ground
phase estimation: Interferometric SAR methodologies are
based on the exploitation of the complex interferogram [2].
Therefore, in some approaches a DEM calibration and an abso-
lute phase retrieval are crucial pre-processing steps to estimate
crop height from differential interferometric phases [29].

First, a DEM calibration is necessary to cancel the arbitrary
phase value that appears in any interferogram. This phase
offset term is constant for the whole interferogram, and is
caused by the SAR processing of the image pair.

To this end, once the topographical component has been
removed (i.e. input DInSAR data), for each date ¢ in the time
series, a stable target (e.g. bare surface) in which the height
does not change and the phase is assumed to be constant over
time is selected. The topographic phase for that stable point
P is affected by the offset term as follows

P _ P P P
ref,i — R Zref,i * Prefi + (rboff,iv (2

where 2% ; is the height of the ground surface and ¢ ; is
the phase offset. Since the input data are differential interfero-
grams, the phases at those points where the height is equal to
that of the DEM are supposed to be zero. Thus, K7 . ;- 2ot ; 1S
assumed null in the reference point. Consequently, ¢

in (2)
is a measure of the phase offset term at point P:

£f,i = ¢c1)3ff,i‘ 3)

Considering that the height at point P is constant over
time, together with the fact that all data are processed with
the same DEM, the process described above applies to all
interferograms. For all dates, the phase is then calibrated with
respect to the reference point:

ref,i

bealyi = bi — D, &5
in which ¢; = Kz - z; + Qorr,s, and qbr]zm as in (3) leads to
Geali = KZ,i - % (5)

In (5), the arbitrary offset term present in all acquisitions
has been removed. Hence, ¢, which is the phase of the
measured coherence, is expected to be directly proportional
to the height of the scattering center of the plants [30]. The
resulting calibrated interferogram can be expressed as follows:

Qug,cai = Qo - exp (—jdpers) - (6)

To test the performance of the DEM calibration, Fig. 2
shows an example of the temporal evolution of the reference
point phase ¢*. and the calibrated phase ¢,. Field 1 (see

ref
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—2.4 phase estimation for each rice field. In single-pol inversion
— approaches, many studies have employed an external DEM to
% estimate the ground phase in forest scenarios [27], [31]-[33],
2 =231 = — Ry — XX and also in crop cases [8]. More recently, other studies have
< proposed to estimate the underlying topography without the
6 . . . . . . . . use of external information. In such a case, flat topography
is assumed in scenes characterized by a flooded condition,
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Fig. 2. Temporal evolution of the vertical wavenumber xz, the phase of
the reference point ¢r’:f, and the calibrated phase ¢.,. Results correspond to
field 1 and 22.7 degrees of incidence angle. Average values are presented,
and error bars denote Fone standard deviation, both computed for all pixels
inside field 1.

Fig. 1) for a 22.7 degree acquisition (see Table I) has been
selected.

The vertical wavenumber remains almost constant over
time, around -2.5 rad/m. Thus, it does not affect the phase
of the stable reference point. On the contrary, the phase of
the reference point shows an arbitrary behavior due to the
influence of the offset term. The calibration aims to get rid
of this variability in all acquisitions. Indeed, the calibrated
phase after removing the offset term does not show an arbitrary
behavior but a decreasing trend along time (due to the negative
sign of the kz), with the exception of the second acquisition
(June 15). The decrease in phase is more noticeable in the last
three dates, especially for the VV polarimetric channel. These
results corroborate the proportionality of the scattering phase
center to height, thus ensuring a proper DEM calibration.
The inversion with methodologies based on the interferometric
phase (Sections III-A2 and III-A4) is only possible thanks to
the proportional variation of the phase center with time. Prior
to this calibration process, which, to our knowledge, is detailed
here for the first time, the estimation of vegetation height based
only on the interferometric phase is not possible. Unfortu-
nately, the evolution of the calibrated phase in Fig. 2 does
not show a large slope until the last two dates, which means
that the vegetation height increase during July does not impact
strongly the phase. Consequently, retrieval methods based on
the phase are expected to underestimate the vegetation height
during that period.

After the phase calibration, the second step is the ground

like mangroves [34] or rice fields [12]. Similarly to this latter
study [12], the present work focuses on rice crops, and the
ground phase is obtained directly from the calibrated inter-
ferogram. In the area under study, the fields are kept flooded
during the entire cultivation period, until the maturation stage,
when the fields are emptied to let crops dry. Thus, the ground
is considered as a water surface from the radar point of view.
In these circumstances, the reference ground topography is
extracted from the first acquisitions at the early vegetative
stages, right after the plants have emerged. These acquisitions
are characterized by a high coherence thanks to the dominance
of the double-bounce backscatter coming from the water-stems
interaction. This usually corresponds to the first date of June
available in the TanDEM-X time series (see Section II-B and
Table I), denoted by iy. Let P~ be a point in the center of the
parcel under evaluation. The calibrated phase at that point for

the selected date, i.e. ¢£ﬁi0, is then the ground phase:
b0 = Gy, (7
From this initial phase, the topography is obtained as follows:
20 = Go/K5S,, (8)

and it is used to correct the remaining acquisitions:
Q12,(:01‘r,i = Ql2,cal,i : eXp(*jZO/‘”vZ,i) (9)

This interferogram, already calibrated and compensated by the
topographic phase (9), is the input to the single-pol InSAR
inversion methodologies.

Fig. 3 illustrates every step of the pre-processing for an
area surrounding field 1 in the site. Data are presented for the
VV polarimetric channel, since it has shown greater sensitivity
to changes in the vegetation height, i.e. the scattering phase
center is closer to the top of the canopy (see Fig. 2) [8].
The input interferometric coherence and phase are compared
with the phase after DEM calibration and after topographic
phase correction, respectively. In addition, the histogram of the
phase calibrated and compensated by the topographic phase
computed for all points inside the parcel is displayed.

The effect of the arbitrary phase offset term present in
the input interferometric coherences is clearly visible, i.e.
each acquisition presents a different dominant phase value.
After the calibration, the offset term is removed, and the
phases in which the height corresponds to that of the DEM
are expected to be zero. The calibrated phases of the parcel
under study (i.e. third column of Fig. 3), present a zero mean
phase value, which predominates in the first acquisitions. This
value gradually decreases as the plants start to grow, as it
was also observed in Fig. 2. Comparing the interferometric
coherence with the calibrated phase results, lower coherence
levels produced by a growing volume decorrelation are also
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Fig. 3. Maps for the VV polarization channel in the area around field 1 (red polygon) in the Sevilla test site. From left to right the maps represent:
interferometric coherence, phase before calibration, phase after calibration, and phase after calibration and topography correction. Histograms in the last
column represent the calibrated and compensated phase of field 1. Results are shown for all TanDEM-X acquisitions at 22.7 degrees of incidence (9 dates).

related to a decreasing phase value. Once the topographic
phase has been compensated, the difference between the
phases of later acquisitions with respect to the ground phase
correspond to changes in the vegetation height. These changes
can be observed in the histograms of the last column. At the
early stages of the growth cycle, i.e. at early June, the values
within the parcels are around O rad. Then, as the plants start
to grow, the predominant phase value decreases. Considering
a negative kz for 22.7 degrees, this decrease is associated
with an increasing vegetation height. At the end of August,
the dominant phase value is around -2.7 rad.

The phase histograms in Fig. 3 reveal that plants growth

is not homogeneous within a field. The observed phase his-
tograms do not correspond to an approximately Gaussian
shape, as expected from a homogeneous area. This can be
also observed in the phase images, where the left and right
halves of the parcel have different dominant phase values.
Accordingly, the histograms of the corrected phase exhibit
a bimodal behavior at some dates, i.e. 15 and 26 June, 18
August and 31 September. This means that the growing rate,
and thus, the height of the plants, is different at different parts
of the same field. Since the ground-truth data provides a single
average height value per field and date, this inhomogeneity
adds uncertainty in the final vegetation height estimates.
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2) Interferometric phase-based methodology: Rossi and
Erten [8] demonstrated that the differential interferometric
phase can be used to detect changes in vegetation height, and
thus, to measure the evolution of rice height along time.

Taking as only input the phase of the interferogram properly
calibrated and compensated, as in (9), a direct relationship with
the vegetation height is established by the vertical wavenumber
Kz (1). For each time series, the difference between heights
extracted in subsequent images and the reference in (8) con-
stitute the final vegetation height estimates.

The location of the phase center depends on the morpholog-
ical properties of the canopy and its interaction with the radar
signal. According to the penetration capability of the signal,
the estimated height of the scattering phase center may differ
from one polarimetric channel to another [8], [17]. Therefore,
both TanDEM-X HH and VV channels are considered for the
analysis.

3) Coherence amplitude-based methodology: Among the
different InSAR and PolInSAR methodologies to retrieve
vegetation parameters, the Random Volume over Ground
(RVoG) [26], [35], [36] model is the most extended approach
to link interferometric data (complex coherences acquired at
any polarimetric channel) to scene parameters (topographic
phase, vegetation height, extinction, and ground-to-volume
ratios). Based on this model, the vegetated scene is composed
of two layers: a homogeneous volume layer of randomly
oriented scatterers on top of an impenetrable ground layer.
The scattering from the volume is distributed according to a
vertical reflectivity function f(z) of thickness h,,, whereas the
scattering from the ground is located at a single point z = z;.

The RVoG model can be simplified in order to use the in-
terferometric coherence amplitude as a single input parameter
for height retrieval. This approach has been widely used for
forest height estimation using single-polarization TanDEM-
X data [15], [16]. For a feasible inversion, extinction in
the vegetation volume and the ground-to-volume ratio at the
available polarimetric channel need to be fixed. Therefore,
the inversion allows for the estimation of only one model
parameter, i.e. vegetation height. The simplest assumption
consists in null extinction and null ground contribution, which
leads to the following SINC model:

K Zh/u
)

where h, is the vegetation height, 7 is the measured coherence,
and 7y is the coherence due to the vegetation volume alone.
The inversion is then carried out following two main
steps. The first step is the compensation of the nonvolumetric
decorrelation contributions [6]. After range spectral filtering
(Section II-B), the main nonvolumetric decorrelation in bistatic
TanDEM-X mode is the additive noise, ysng. For each polar-
ization channel, it is defined by the signal-to-noise ratio (SNR)
at each pixel [27]. Moreover, the decorrelation due to data
quantization -ygaq [37] is taken into consideration as well [9].
The SINC function is then inverted using the following ap-
proximate expression to provide height estimates [15], [16]:

2 P
hy ~ 28 (1 — Zgin™? WVO-S) .
Rz s

5] = 3v | = sinc ( (10)

(1)

Another possibility to invert the RVoG model consists in
assuming known values of extinction and ground-to-volume
ratio. The inversion is then carried out by minimizing the
distance between the measured coherence and the model. The
expressions of the general RVoG model coherence and the
minimization problem are shown later in Section III-A4.

4) Complex coherence-based methodology: When both in-
terferometric phase and coherence amplitude are used for the
inversion, the complex coherence constitutes the input data to
the retrieval algorithm [12]. The RVoG model provides the
expression of the coherence 7 at a polarization channel W as

’?(NZ; 'U_}') _ ei¢'0 v+ M(E»U)

1+ p()
where ¢g = kz2g is the topographic phase and p(w) is the
ground-to-volume ratio at a specific polarization. The term
v is the coherence of the volume layer, without any ground
contribution. According to the vertical reflectivity function
f(2), it is expressed as follows:

N S O it
102y S ——
J* F(2)dz

The single-pol inversion methodology in (12) is unbalanced
with only one measured complex coherence ¥(kz, W) (i.e. two
real input data) and four unknowns: topographic phase ¢,
vegetation height h,,, extinction ¢ and ground-to-volume ratio
(). Thus, in order to design a feasible inversion strategy
adapted to the observation space, additional assumptions are
required. First, the ground phase is estimated directly from the
TanDEM-X interferogram acquired during the early stages of
the growth cycle, as described in Section III-A1l. Second, the
contribution from the ground is assumed null, i.e. p(w) = 0.
Therefore, with this method one can estimate both vegetation
height h, and extinction o.

Similarly to Section III-A3, the inversion is carried out
following the steps of compensation of nonvolumetric decorre-
lation contributions and inversion of the RVoG model for the
retrieval of parameters. In this case, the inversion is based
on a numerical minimization of the distance between the
compensated measured coherence 7(rz, @) and the modelled
volume coherence 7y :

; 12)

13)

min ||z, @) — Fve'®||. (14)

B. Dual-pol InSAR methodology

When more than one polarimetric channel is available,
PolInSAR approaches can be applied to the inversion of the
RVoG model [27], [9]. In the most general case, the response
from the ground can be composed of two contributions, i.e. a
direct scattering and a double-bounce scattering. In that case,
the complex coherence from expression (12) is expressed as
follows:
gito IV + pp (W) + vppppB(W)

— —

1+ pp (W) + ppp (W)

:Y(K’Zvu_;) = ) (15)

where pp (W), ppp (W) are the ground-to-volume backscatter
ratios corresponding to the direct (D) and double-bounce
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(DB) contributions, respectively. The first factor in the third
term of the numerator in (15), vypp, is the double-bounce
decorrelation term that appears whenever a bistatic configu-
ration is used. It is defined as

sin (nz sin® Hohv)

YDB = , (16)

Kz sin? Oph,
and its influence is thoroughly analyzed in [20]. Depending
on the dominant ground contribution, the expression in (15)
simplifies to (12), either considering pp(w) or upp(w). In
the present work, for the sake of comparison with the rest of
methodologies, the simplest case of a dominant direct ground
contribution is considered.

The inversion strategy by means of PolInSAR approaches
usually consists of three main steps. First, a line fit to
the coherence region and selection of the coherences with
minimum and maximum ground contribution, (kKz, Wnin)
and J(Kz,Wmax), 18 carried out to estimate the underlying
topography [27]. Note that in this case, there is no need
to estimate or calibrate in advance the topographic phase,
i.e. the PolInSAR inversion itself provides its estimate. The
second and third steps are analogous to those described in
Sections III-A3 and III-A4: compensation of nonvolumet-
ric decorrelation sources and numerical estimation of model
parameters. This latter step is carried out by an iterative
minimization of the distance between the measured extreme
complex coherences 7(rz,w) and the modeled ones 7:

:Y(K’Zv Uﬂ)max)eiwo
'}(HZ; Ujmin)e_l¢0

_ '3/("‘327 hw g, Mmax)
’?(HZahvao-a /f’fmin) ’

min
Ry, s fhmax s Fomin

a7

The numerical inversion of the dual-pol InSAR methodology
provides the estimates of all RVoG model parameters, i.e.
vegetation height h,, extinction o, and ground-to-volume
ratios fmin and fimax-

IV. RESULTS

This section presents the results from the aforementioned
theoretical methodologies obtained from the TanDEM-X data
set described in Section II-B (Table I).

With the purpose of inspecting the input data sets, and
to support the interpretation of height estimates retrieved
later with the different InNSAR methodologies, the measured
coherence is presented first. The temporal evolution of the
mean coherence over the selected fields (see Fig. 1) is il-
lustrated in Fig. 4 for all incidence angles. Please note that
field 4, which is located at the North end of the scene, is
outside the footprint of the data acquired with 30 degrees of
incidence. To ease the understanding of the coherence levels
of Fig. 4, colored backgrounds show, in average, the different
growing stages. It is important to bear in mind that transitions
between growing stages are slightly different from one field to
another. Hence, Fig. 5 presents the specific phenology calendar
according to the BBCH scale of each monitored field. In
addition, complementary information of the rice growth cycle
is represented in Fig. 6. Each growing stage is associated

with its respective BBCH scale values, plant morphology and
dominant scattering mechanism.

During the first acquisitions in May (DoY < 150), the
parcels are characterized by a bare rough surface without
plants or water, which translates into a strong backscatter and
high coherence. In Fig. 4, this is reflected in the first two
acquisitions for 30 degrees of incidence, i.e. May 4 and 15. As
observed in Fig. 5, May 15 (DoY 135) is the first sowing date,
corresponding to field 3. Then, until mid June (150 < DoY
< 170), transitioning between early and late vegetative stages,
the flooded ground reflects the incident signal in a specular
direction, yielding low returns to the SAR antenna. Plants are
absent or have just emerged from the water surface (as Fig. 6
depicts), and the coherence is very low, e.g. 0.37 coherence
level at the first acquisition in field 1 for 22.7 degrees. At
the end of June, still during the early stages of the growth
cycle, the interaction of the incident wave with short rice plants
and flooded ground results in a predominant double-bounce
scattering mechanism. A high level of coherence is derived
from a very localized radar response at the water surface level.
From this date onward, the coherence starts to decrease. This
is observed for DoY > 180, approximately. Moreover, due
to the different attenuation at the two polarization channels,
the decreasing trend is usually more pronounced at the VV
channel than at the HH one [17], [9]. In late July and early
August (DoY > 220), between the early and late reproductive
stages, when plant height is around its maximum value,
the strong attenuation produces very low backscatter and,
hence, low coherence levels. Finally, in late August and early
September (DoY > 240), high coherence values are reached
again. The drier and more random morphology of the plants,
characteristic of late reproductive stages and initial maturative
ones, reduces the attenuation in the volume.

For the later analysis of the vegetation height estimates, it is
important to acknowledge a higher overall coherence level at
22.7 degrees than at 30 and 39 degrees. The reason for this is
the longer path followed by the signal at shallower incidence
angles, which translates in a larger attenuation.

Another feature worth considering is that while at 22.7 and
39 degrees the earliest high coherence values (after flooding)
are observed at mid June, for field 1 at 30 degrees they
are not found until June 28. The reason for this is the
time of acquisition: the orbit passes at 22.7 and 39 degrees
are descending, whereas the orbit passes at 30 degrees are
ascending. Descending images are acquired at 6:30 h in the
morning, and ascending images at 18:15 h. Observing the fifth
acquisition at 30 degrees, which corresponds to June 17 (DoY
168), the wind was strong (5 m/s) precisely at 18:30 h. On the
contrary, on June 15 at 6:30 h the wind was less than 2 m/s.
A similar situation is observed for 39 degrees. Observing the
second acquisition on June 10 (DoY 161), the wind speed
at 6:30 h is around 2.5 m/s. Although the wind is not as
strong as around the same date for 30 degrees, Fig. 4 still
shows a slightly lower level of input coherence at field 1
compared to that of the remaining fields. A wind stronger than
3 m/s generates a noticeable roughness in the water surface
if there is only water, or water with plants of low height
and density. Hence, the direct backscattering from the rough
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Fig. 4. Temporal evolution of the total measured coherence after range spectral filtering for the HH (upper row) VV (bottom row) polarization channels
obtained for all monitored fields in Sevilla. From left to right results are shown for 22.7, 30 and 39 degrees of incidence angle. Average values are presented,
and error bars denote tone standard deviation. Colored backgrounds correspond, in average, to a different growing stage according to the BBCH scale: early
and late vegetative, early and late reproductive, and maturative stages.
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DoY
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Fig. 5. Crop phenology calendar according to the BBCH scale of the four monitored fields.

surface increases, and the specular scattering decreases, which ~ A. Results from the interferometric phase-based methodology

is the one that generates the double-bounce. As a consequence,

the received signal is weak and the resulting coherence value A direct comparison with the reference ground-truth data is

is very low in field 1 in that situation. employed in order to assess the accuracy of the crop height
estimation methodologies. Fig. 7 shows the temporal evolution
of the vegetation height estimates obtained from the methodol-
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Fig. 6. Growth cycle of rice with the corresponding BBCH scale and the dominant scattering mechanisms at each growing stage.

ogy based on the interferometric phase (Section III-A2). From
left to right, each column corresponds to the four monitored
fields, whereas each row presents the results for the different
incidence angles available (Table I). Vegetation heights are re-
trieved on the grounds that the interferometric phase is directly
proportional to the height of the scattering phase center. The
location of the phase center is normally below the top of the
canopy, since the SAR signal penetrates into the vegetation
volume [38]. Therefore, height estimates are expected to be
below field measurements. In this approach, DEM calibration
and absolute phase estimation (Section III-Al) are key steps
to measure vegetation height from the interferometric phase.

According to the measured input coherence (shown in
Fig. 4), the reference ground phase is estimated from the
first acquisition, after flooding, in which a sufficient coherence
level ensures a reliable phase estimate [12]. This depends on
the phenological stage of each field at the dates of acquisition
(see Fig. 5) and on the TanDEM-X system configuration
(baseline and incidence angle). Table II specifies the reference
date from which the ground phase has been estimated for each
field at each incidence. For 22.7 degrees, the ground phase is
extracted from the second or third acquisition, June 15 and
26, respectively. Similarly, for 39 degrees, it is also possible
to find reliable phase estimates in mid June, around June 10
and 21, but the ground reference is taken from the fourth
acquisition (July 2) for fields 1 and 3. From June 21 to July 2,
the coherence slightly increases until it starts decreasing at that
point, e.g. for the HH channel at field 1 the coherence level
goes from 0.86 to 0.93. A more detailed analysis deserves the
scenario observed at 30 degrees. As mentioned before, images
at 30 degrees of incidence are acquired in an ascending orbit at
18:15 h, whereas images at 22.7 and 39 degrees are acquired in
a descending orbit at 6:30 h. In this case, different acquisition
times imply a variation of weather conditions. In this latter
case, on June 17 a wind of 5 m/s yields low coherence levels,
thus preventing us from extracting a reliable phase estimate.
As a consequence, the ground phase is estimated on June 28
for fields 1 and 2. Since vegetation heights are retrieved from
the difference between heights extracted in subsequent images
and the reference ground phase, valid estimates are obtained
only from the reference date onward, which may be different
from field to field [12].

Vegetation height estimates presented in Fig. 7 for all
fields and incidences are underestimated. In general, the first
acquisitions do not exhibit a good correspondence with field
measurements, since the difference between the measured

TABLE I
REFERENCE GROUND PHASE

Incidence angle Field Reference date (DoY)
Field 1 2015.06.15 (166)
Field 2 2015.06.26 (177)
227 degrees  p1d3 2015.06.15 (166)
Field 4 2015.06.26 (177)
Field 1 2015.06.28 (179)
30 degrees Field 2 2015.06.28 (179)
Field 3 2015.06.06 (157)
Field 1 2015.07.02 (183)
Field 2 2015.06.10 (161)
39 degrees Field 3 2015.07.02 (183)
Field 4 2015.06.21 (172)

phase and the ground phase is not enough to reflect any
noticeable crop growth. Only for DoY > 200 (June 19),
i.e. during the late vegetative stage, the phase appears to be
sensitive to vegetation height. In addition, attending to the
crop growth cycle and the associated properties of the canopy
(e.g. plant water content, structure and density), HH and VV
signals experiment different levels of attenuation, showing
discrepancies between their associated height estimates [8],
[17], which are also more evident for DoY > 200 (July 19).
Since the double-bounce contribution predominates more at
HH than at V'V, the phase center at HH is closer to the ground.
Instead, phases closer to the top of the canopy are observed at
VV channel [39]. As a result, the height estimates at the VV
channel are closer to the real values. Later on, in late August
and early September (i.e. transitioning to the maturative stage,
around DoY 240), plants are more randomly oriented and
drier (as observed in Fig. 6). This condition yields a more
similar response in both polarizations, and almost all fields
at all incidences produce nearly identical estimates in the last
acquisition.

The variability of the results within the fields, i.e. the
observed standard deviation shown by means of error bars
in Fig. 7, is lower for the HH than for the VV channel. In
addition, it is higher for shallower incidences. It is worth
recalling the phase histograms in Fig. 3, which corroborate
the inhomogeneity of the plants growth within a field. In the
last date, August 31, the bimodal behavior of the histogram is
due to phase wrapping because the actual crop height is close
to HoA/2, so the phase is close to 7. In this specific situation,
a correction of one cycle is performed over the phase before
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Fig. 7. Temporal evolution of the vegetation height estimates of HH (blue) and VV (orange) channels and ground-truth data (black) for the monitored fields
in Sevilla. Estimates are obtained following the interferometric phase-based methodology (Section III-A2). Average values are presented, and error bars denote

+one standard deviation.

the height inversion, i.e. £2 is added to the phase (depending
on the vertical wavenumber sign) before the height estimation.
At 39 degrees of incidence, the large standard deviation
observed on August 4 (DoY 216) in fields 1, 2 and 4 in the
VV channel is due to a very low coherence level (below 0.2).
This is associated with a very noisy phase, which yields high
variability in the vegetation height estimates. Fig. 8 shows
the coherence and phase at this date for field 2. The low
coherence level achieved at VV, together with a very noisy
phase, compared to that of HH, is obvious. To quantitatively
illustrate the differences between the phases of both channels,
Fig. 9 presents the histograms of the phase employed for
inversion. With such a noisy input phase observed at VV
channel, providing accurate estimates with a methodology
based only on the interferometric phase is not possible.

B. Results from the coherence amplitude-based methodology

The temporal evolution of the vegetation height estimates
obtained from the methodology based on the coherence am-
plitude (Section III-A3) is displayed in Fig. 10. Since the
input to the inversion methodology is the coherence amplitude
alone, the DEM calibration and ground phase estimation
(Section III-A1) do not affect the final estimates.

Fig. 8. Coherence and phase maps corresponding to the HH, (a) and (b), and
VYV, (¢) and (d), polarization channels for field 2 (red square). Results are
acquired at 39 degrees of incidence angle on August 4 (DoY 216).

A common behavior for all incidences is that as the co-
herence decreases due to an increasing volume decorrelation
for growing plants, the height estimates follow a increasing
temporal trend. However, the higher input coherence observed
at 22.7 degrees is reflected in the final estimation accuracy,
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Fig. 9. Histograms of the interferometric phase of field 2 after the pre-
processing steps of DEM calibration and interferogram correction (Sec-
tion III-Al) employed as input to the inversion. Results are acquired at
39 degrees of incidence angle on August 4 (DoY 216).

since results for 22.7 degrees are more accurate than those for
30 and 39 degrees. Considering the coherence amplitude as
only input, a better estimation accuracy of the HH channel is
obtained compared to the VV, which is observed in Fig. 4 and
it was also noted by Erten et al. in [17]. The higher values of
coherence at the HH channel translate into a smaller standard
deviation, similarly to the results for the interferometric phase-
based methodology (Fig. 7). Considering the results for all
the different incidences, heights estimated in field 3 present
a better correspondence to in-sifu measurements than those
obtained in the other parcels.

Since the extinction and the ground contribution are as-
sumed null following the SINC model in (10), the retrieved
heights are overestimated when the input coherence is lower
than the modelled one. Such an overestimation is more vis-
ible for shallower incidences in the VV channel, especially
when plants are around 1 m tall (i.e. 210 < DoY < 230,
approximately). In order to provide an insight on this issue,
Fig. 11 illustrates how much the physical model adapts to
the input data, as well as how the assumptions made in the
model (i.e. null extinction and ground-to-volume ratio) affect
this adaption. Considering data for field 2, for each angle of
incidence and polarization channel, the measured coherence
(after the corresponding compensations) is presented. It is then
compared with the coherence expected by the physical model
when taking as input the available ground-truth height under
different assumptions: (a) null extinction and null ground
contribution, (b) null extinction but non null ground response,
and (c) both extinction and ground response different from
ZEero.

Among the different assumptions considered in the model,
the one that best suits the measured data is option (c), which
corresponds to non null extinction through the vegetation vol-
ume (0 = 5 dB/m) and non null response from the ground (¢
= 1). Moreover, it is evident that the model adapts best to the
input data at 22.7 degrees, for which the coherence expected
by the model is closest to the coherence provided by the
TanDEM-X data. In contrast, advancing in the growing season
the measured coherence decreases more than the expected one,
a feature which is even more pronounced for the VV channel.

Very low input coherence values (below 0.3) are affected
by a biased and noisy estimation, so even after the SNR
compensation [27] the coherence is not high enough to provide
reliable height estimates. The strongly biased results observed
for field 2 at 30 and 39 degrees in Fig. 10 are explained
by the mismatch between model and data, since the model,
under any of the evaluated assumptions, produces so low
coherence values. These results clarify also the overestimation
observed in Fig. 10 in other cases, e.g. fields 1 and 4 at 30
and 39 degrees.

C. Results from the complex coherence-based methodology

The next methodology under study is based on the interfer-
ometric complex coherence (Section III-A4). In this method-
ology, both interferometric phase and coherence amplitude
are employed in the inversion. Hence, DEM calibration and
ground phase estimation (Section III-Al) are necessary pre-
processing steps. The reference ground phase is retrieved fol-
lowing the procedure described above for the interferometric
phase-based methodology, according to the reference dates
specified in Table II. Vegetation height estimates obtained
following this approach are displayed in Fig. 12.

Results from the interferometric phase-based approach
(Fig. 7) exhibited a general underestimation, whereas results
from the coherence amplitude-based methodology (Fig. 10)
were, on the whole, overestimated (especially for the shal-
lowest angles). The joint use of coherence amplitude and
interferometric phase is expected to balance these two oppo-
site behaviors and provide more accurate vegetation height
estimates.

As it has been anticipated, when the input coherence is
high enough and the phase is stable within the parcel and
along time, vegetation height estimates obtained using the
interferometric complex coherence are more accurate than
using only the phase or the amplitude. Thus, results for
field 1 at 22.7 degrees and field 3 at all incidences have
improved considerably compared to the results of the previous
two methodologies. The trends observed are similar to those
obtained following the interferometric phase-based approach
(Fig. 7), but more accurate and less underestimated. On the
other hand, due to the problems of low coherence level and
high phase variability of the input data, vegetation height
estimates at 30 and 39 degrees for fields 2 and 4 are strongly
biased. This is particularly noticeable in the VV channel. As
explained before, the great difference observed in the VV
channel compared to the HH comes from the lower coherence
value at VV, with an associated high phase variability (see
Fig. 8). In this case, the increasing trend of the vegetation
height estimates along time is similar to that followed by the
results of the coherence amplitude method (Fig. 10). However,
the estimates are less overestimated due to the influence of the
interferometric phase in the retrieval.

To illustrate the mismatch between the physical model
of the scene and the input data, the example of field 2 at
39 degrees is considered for a deeper analysis. Fig. 13 com-
pares the measured input coherence employed for inversion
(after the compensation of decorrelation sources) versus the
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Fig. 10. Temporal evolution of the vegetation height estimates of HH (blue) and VV (orange) channels and ground-truth data (black) for the monitored fields
in Sevilla. Estimates are obtained following the coherence amplitude-based methodology (Section III-A3). Average values are presented, and error bars denote
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interferometric complex coherence of the RVoG model, as
in (12) and (13). Again, the differences between channels
HH and VV are observed at first sight. For the HH channel,
vegetation heights for the first six acquisitions are relatively
well estimated, up to August 4 (DoY 216), and only the last
two present a higher overestimation, which is reflected in a
larger separation of the coherence points on the complex plane.
Except for the acquisition of August 15 (DoY 227), the rest of
acquisitions show a mean coherence value above 0.8. On the
contrary, a different scenario is observed for the VV channel.
Only in the first four acquisitions, until July 13 (DoY 194),
the height estimates are accurate enough. Up to that point, the
mean coherence level is above 0.8, and therefore, the model
is able to adjust to the input data. On the complex plane, we
can observe how for the first four dates, coherence points,
both from the input data and the model, are close to the unit
circumference. However, from the fifth acquisition onward,
i.e. July 24 (DoY 205), the coherence drops to lower levels,
reaching minimum values below 0.4. In those cases, the model
still expects coherence levels close to 1, and therefore, is not
able to adjust to the input data. The reason behind this decrease
in the VV channel, which has been previously discussed,
is the strong attenuation due to the vertical arrangement of

the plant elements. Since this is a recurrent problem in all
the methodologies studied so far, favoring the HH channel
over the VV seems reasonable when assessing crop height
from bistatic data for the central growth stages. This goes
in line with the findings of Erten er al. in [17] regarding
the polarization impact on paddy rice height estimation with
TanDEM-X data. Other scenarios in which a great mismatch
between estimates and real data is observed, e.g. field 2 at
30 degrees or field 4 at 39 degrees, are explained similarly. The
low input coherence level and high phase variability achieved
at the VV polarization makes the physical model of the scene
unable to fit the real data, thus resulting in strongly biased
estimates.

These results indicate that the vegetation height estimation
employing the interferometric complex coherence suffers from
the problems associated with low input coherence level and
high phase variability. Very low coherence levels (below 0.3)
imply a large phase variance despite using a large multi-look
(i.e. 21 x 21). In these cases, as observed in Section IV-A in
Figs. 8 and 9, the phase is too noisy to be properly estimated.
In addition, the SNR correction only modifies the coherence
amplitude, whereas the phase remains as noisy as it was
in the beginning. Therefore, even if the SNR compensation
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0.00 T T T : : : hand, results at HH polarization of the coherence amplitude-

100 based methodology exhibit better accuracy in some cases,

_ such as field 1 at 30 degrees. This suggests that the low

880751 coherence obtained at the VV channel has also an impact

Sg on the PolInSAR estimates. At last, estimates retrieved from
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"3 the complex coherence-based methodology (Fig. 12) reveal

o  0.25 1 similar trends, but with some exceptions (e.g. field 3 at 30

0.00 ' ' ' ' ' ' and 39 degrees). PolInSAR-based estimates perform better

than those obtained at the VV channel when inverting using

1.00 1 the complex coherence. In this sense, compared to the results

90754 i of the VV channel in which the interferometric phase is

E@ an input (i.e. interferometric phase- and complex coherence-

o % 0.50 1 based methodologies), PolInSAR estimates show less standard

s° 0.25 4 i deviation. Therefore, the effect of high phase variability at 30

and 39 degrees is somehow compensated. However, heights

0.00 s 200 255 250 75 200 235 250 obtained at the HH po]ariza?ion are considergbly more accu-

DoY DoY rate than the PolInSAR estimates. As mentioned earlier, at

—&— Measured Measured incidences of 30 and 39 degrees, larger HoA and smaller

—- 1wl - vl vertical wavenumber (Table I) lead to less interferometric

—+= Iyl o=0dB/m u=1 —F= lyl,o=0dB/mu=1 sensitivity to the vertical distribution of the scatterers in

Ivl, o =5dB/m, u=1 Ivl, o =5dB/m, p=1 the vegetation volume. This translates into an overestimation

clearly visible in the PolInSAR estimates. Moreover, such an

Fig. 11. Measured input coherence employed for inversion (blue for HH overestimation is larger when the product of vegetation height

and orange for VV), compared with the coherence amplitude of the RVoG
model under different assumptions: (a) null extinction and null ground con-
tribution (10) (cyan), (b) only null extinction, i.e. considering the coherence
amplitude of (12) with (10) (magenta), (c) without simplifying the RVoG
model, i.e. considering the complex coherence amplitude from (12) and (13)
(yellow). Data corresponds to field 2.

increases the coherence amplitude, this is not enough to ensure
a correct inversion. This was also observed when analyzing
the results of the coherence amplitude-based methodology
(Section IV-B).

D. Results from the PollInSAR methodology

Up to this point, results for single-pol InSAR methodologies
have been presented. Now, results obtained by means of a
dual-pol InSAR methodology (Section III-B) are analyzed.
Fig. 14 shows the vegetation height estimates obtained with
this approach. Since the PolInSAR inversion itself provides a
topographic phase estimate, there is no need to perform the
pre-processing steps of DEM calibration and ground phase
estimation (Section III-A1).

Overall, PolInSAR vegetation height estimates at steep inci-
dences, i.e. 22.7 degrees, are quite accurate, and the results are
better than many of the previous methodologies. However, this
scenario changes for shallower incidences, i.e. 30 and 39 de-
grees. Compared to the results of the interferometric phase-
based methodology (Fig. 7), for these shallower incidences, the
overestimation present at PolInSAR estimates is larger than the

and vertical wavenumber is very small, i.e. for h, < 30 cm
(DoY < 180). On the contrary, in methodologies based on
the difference between heights from subsequent images with
respect to the ground phase, i.e. interferometric phase- and
complex coherence-based methodologies, this overestimation
is counteracted. As a consequence, the accuracy of the final
estimates is slightly better in these approaches than in Polln-
SAR for 30 and 39 degrees.

E. Comparison of InSAR methodologies

Validation plots between height estimates and field measure-
ments for all methodologies under study are shown in Fig. 15.
A quantitative comparison is carried out between average
inversion height per field and date against ground-truth data.
Columns 1-4 present the results for each methodology under
evaluation, whereas rows 1-3 correspond to the different inci-
dence angles. This representation supports previous comments
concerning the trends observed in the estimated heights for
the different methodologies. In general, coherence amplitude-
and PolInSAR-based methodologies show an overestimation
of the vegetation height, which is particularly noticeable
at shallower incidences (30 and 39 degrees). On the other
hand, interferometric phase- and complex coherence-based
methodologies present a more pronounced underestimation.
As also noted by several authors [40], [9], [12], for very
short vegetation (i.e. < 30-50 cm, approximately), Fig. 15
reveals that a lack of interferometric sensitivity together with
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Fig. 12. Temporal evolution of the vegetation height estimates of HH (blue) and VV (orange) channels and ground-truth data (black) for the monitored fields
in Sevilla. Estimates are obtained following the complex coherence-based methodology (Section III-A4). Average values are presented, and error bars denote
+one standard deviation.

small residual non-volumetric decorrelation result in large TABLE III

helght errors. Therefore in Order to prOVide Suitable short STATISTICS OF THE CORRELATION BETWEEN HEIGHT ESTIMATES AND
. . . . . . FIELD MEASUREMENTS

vegetation height estimates, larger effective spatial baselines

than the ones available in the current data set (Table I) should

. : T s . Incidence Methodol Polarization R2 RMSE
be used. According to this criterion, statistics presented in angle €thodology  hannel [em]
Table III are computed for the range of estimates in which Phase-only HH, VV 031051 46,39
field measurements are above 25 cm. In the end, the accuracy

o Coherence HH, VV 061,045 17,31
analysis is conducted over n = 28, 15 and 26 measurements 22.7 degrees amplitude ’ R ’
. -
for 22.7, 30 and 39 degrees, respectively. (n =128) Complex HH, VV 039,064 33,25
coherence
As expected from the observations of Fig. 15, coherence PollnSAR HH-VV 048 23
amplitude- and PolInSAR-based methodologies obtain clearly Phase-only HH, VV 0.52,0.69 45,31
better results fo.r steep 1nc'1den062s than for shallower ones. ‘ Coherence HH, VV 051,013 42,76
Thus, a correlation coefficient R2 of 0.61 and 0.45 for HH 30 delggeeﬁ acmpht‘llde
and VV polarization with the coherence amplitude method, (n=15) COE[;E;C’; HH, VV 0.62,0.56 27,52
and 0.48 with PolInSAR, are obtained at 22.7 degrees. PollnSAR HH-VV 0.11 54
These results correspond to the lowest root-mean-square errors
(RMSE): 17, 31, and 23 cm, respectively. In contrast, R? Phase-only HH, vV 0.34,069 41,31
i Coherence HH, VV 047,027 106, 175
fiec.reases and RMSE increases at 30 and 39 degrees .of 39 degrees amplitude g 47, 0. :
incidence. Values of 0.51 and 0.13 for HH and VV with (n = 26) Complex
. . HH, VV 0.45, 0.48 37, 101
the coherence amplitude method, and 0.11 with PolInSAR, coherence
are found at 30 degrees. These values are associated with PollnSAR HH-VV 022 128

the smallest correlation that can be observed in the entire
data set. Moreover, although the correlation at 39 degrees
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. HH increases for both polarizations, i.e. from 33 and 25 cm at
90 22.7 degrees, to 37 and 101 cm for 39 degrees. Despite these
60° errors, interferometric phase- and complex coherence-based
methodologies yield better results at larger incidences than
coherence amplitude- and PollnSAR-based approaches. On
the contrary, better results are achieved at steep incidences
with methodologies based on the coherence amplitude and

PolInSAR.

As a final comparison, Fig. 16 presents maps of heights
estimated with all the methodologies under study in a large
area covering the entire test site. A date corresponding to

J the reproductive stage, when rice plants are around 1 m

b tall is selected, i.e. August 8 (DoY 232). Moreover, results

are presented for 22.7 degrees of incidence, for which high

enough input coherence is ensured, together with low HoA

and large vertical wavenumber (i.e. 2.53 m and 2.48 rad/m).

= Each column presents the results from each methodology,

and each row corresponds to the polarization channel eval-

uated, respectively. Pre-processing steps of DEM calibration

2015.06.10 2015.06.10 and ground phase estimation are carried out on a parcel-
2015.06.21 2015.06.21 . . . s

% % 2015.07.02 % 2015.07.02 by-pa.rcel basis. Spatial homogene.lty within .the. Fhe whole

o ¢ 2015.07.13 o ¢ 2015.07.13 area is observed. Thus corroborating the suitability of the

A A 2015.07.24 A A 2015.07.24 inversion methodologies to large scale applications. General

o o 2015.08.04 o o 2015.08.04 observations of previous results apply when studying this large

£ &% 2015.08.15 % & 2015.08.15 area. Methods based on the interferometric phase and complex

0O O 2015.08.26 O O 2015.08.26 coherence (i.e. columns 1 and 3) provide underestimated

Fig. 13. Measured input coherence employed for inversion (shades of blue for
HH and orange for VV) compared with the interferometric complex coherence
of the RVoG model, using (12) and (13) (shades of black). Data corresponds
to field 2 at 39 degrees of incidence.

increases for these methodologies, the largest RMSE are also
found: 106 and 175 cm following the coherence amplitude
methodology, and 128 cm employing PolInSAR. At these
shallower incidences, Fig. 15 highlights an important over-
estimation in the estimates of the coherence amplitude and
the PolInSAR method when plants are around 1 m high. For
the interferometric phase-based methodology, in which the
DEM calibration and ground phase estimation (Section III-A1)
are performed prior to the inversion, a different situation
arises. While relatively low determination coefficients, 0.31
and 0.51, are found for HH and VV channels at 22.7 degrees,
incidences of 39 degrees disclose larger R? values, around
0.34 and 0.69 for each channel, respectively. It is evident that
the accuracy of the interferometric phase-based methodology
increases for larger incidences (as observed in Fig. 7) thanks to
a longer path followed by the SAR signal into the vegetation
volume. This explains the decrease in the RMSE from 46 and
39 cm for HH and VV at 22.7 degrees, to 41 and 31 cm
at 39 degrees. However, as depicted in Fig. 15, a better
correlation between estimates and ground data is not that
evident for shallower incidences with the method based on the
complex coherence. Due to the effect of low input coherence
at large incidences (see Fig. 12), cases such as field 2 and 4 at
39 degrees yield important mismatches at the VV polarization
that produce greater errors. Thus, although for the HH channel
the correlation increases from 0.39 to 0.45, the RMSE also

results. In addition, this underestimation is larger at the HH
channel than at VV, and more noticeable for the interferometric
phase-based methodology than for the complex coherence-
based methodology, with height values below 50 cm in many
fields. On the other hand, methodologies based on the coher-
ence amplitude and PolInSAR (i.e. columns 2 and 4) present
greater vegetation height estimates. In particular, results from
the coherence amplitude-based approach are around 1-1.5 m.
The overestimation detected in previous analysis (see Fig. 10)
is more noticeable in the VV channel, for which heights
are predominantly around 1.5 m. Regarding the PolInSAR-
based methodology, the results corroborate the suitability of
this method for the retrieval of vegetation height when the
conditions of steep incidence, associated with low HoA, are
met. Under these circumstances, enough sensitivity to the
distribution of the scatterers within the scene, and therefore,
enough sensitivity to height, is ensured. Accordingly, the vast
majority of fields reflect height estimates around 1 m.

V. DISCUSSION AND CONCLUSIONS

This work presents a comparison of all known InSAR
techniques for the retrieval of rice crop height using TanDEM-
X data sets. The assessment of the polarization influence on
crop monitoring is carried out through the separate analysis of
the available polarization channels, i.e. HH and VV. For this
purpose, methodologies based on the interferometric phase,
coherence amplitude, complex coherence, and PolInSAR, are
studied. The performance of these methodologies is evaluated
by a comparison with field measurements obtained during a
ground campaign in 2015. The study of these approaches is
completed by estimating crop height with different values of
incidence angle and baseline.
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Fig. 14. Temporal evolution of the vegetation height estimates (purple) and ground-truth data (black) for the monitored fields in Sevilla. Estimates are obtained
following the dual-pol InSAR methodology (Section III-B). Average values are presented, and error bars denote +one standard deviation.

When employing the interferometric phase as single model
input, the phase center is expected to be below in situ
measurements [40]. This shows in the vegetation height esti-
mates, which reveal the different penetration capability of each
polarization channel. Corroborating observations of previous
studies [8], [17], [1], height estimates are generally underes-
timated. However, the underestimation is more pronounced in
the HH channel, for which the phase center is closer to the
ground. The absolute accuracy of height estimates is better for
VV polarized acquisitions, since the scattering is located closer
to the top of the canopy. Nevertheless, VV results are strongly
affected by very noisy phases at shallower incidences. With
the exception of field 3, in which a relatively high accuracy is
observed throughout the whole season at all incidences, valid
height estimates (i.e. with a relative mean error (RME) below
10%) are only obtained for the VV channel for DoY > 220,
from reproductive stages onward. Therefore, as stated in [17],
when inverting using only the interferometric phase, having
reliable coherence levels are not directly related to more
accurate estimates. A drawback from this methodology is that
an external vegetation-free DEM is required to retrieve plant
height. This implies the need for the pre-processing steps
of DEM calibration and absolute ground phase estimation.
Moreover, the accuracy of the final estimates is affected by

the accuracy of the external DEM.

With respect to the coherence amplitude-based methodol-
ogy, the difference between height estimates from different
polarization channels is even more noticeable. Considering the
coherence amplitude as only input under the assumptions of
null extinction and null ground contribution produces a clear
overestimation of crop height. Indeed, VV signal estimates
are less accurate than HH ones, especially for shallower
incidences. These results are strongly affected by the measured
input coherence level. When it is very low (e.g. below 0.3),
the SNR correction does not provide coherence levels suitable
for a reliable height estimation. Thus, valid estimates with an
RME < 10% are found for the HH channel at all fields at
22.7 and 30 degrees, and only at field 3 at 39 degrees (i.e.
due to its overall higher input coherence level, as observed in
Fig. 4).

The combined problems of having very noisy phases, to-
gether with very low coherence levels as input data, are
reflected in the results of the complex coherence methodology.
This method shows a good performance when the simultane-
ous conditions of having a relatively high measured coherence
and small HoA (large spatial baseline) are met. Otherwise,
results show large standard deviations and important overes-
timations. Again, this is mainly observed in the VV channel.
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Fig. 15. Comparison of the average height estimates of the monitored fields in Sevilla obtained with the methodologies under evaluation. Each row shows
the results for 22.7, 30 and 39 degrees of incidence angle, whereas each column present the results of the specific methodology.

Hence, valid height estimates (i.e. RME below 10%) are found future studies.

for fields 1 and 3 at all incidences, but not for fields 2 and 4, At last, the methodology based on PolInSAR suffers too
in which the issues of noisy phases and low coherence levels from the problems described above. However, height estimates
are more pronounced. In the end, a compromise in terms of at shallower incidences show less standard deviation than in
input coherence level is required. In order to see changes in previous methods. This may be explained by the fact that the
height, volumetric decorrelation is needed (i.e. |y/|) [41]. This  topography is provided by the inversion itself, which suggests
means that the input coherence needs to decrease along time, that the effect of having noisy phases is counteracted with this
since decorrelation increases as plants grow. Nevertheless, a method. On the other hand, there is an evident degradation of
minimum coherence level is required to guarantee that signal the estimates accuracy as we move to shallower incidences.
power is greater than noise power and thus, that the SNR This degradation is related to an increase of HoA (i.e. from
correction provides a feasible coherence level for inversion. In  2.53 m at 22.7 degrees to 5.81 m at 39 degrees) and a decrease
addition, the SNR compensation only improves the coherence of the measured coherence level. In this case, valid height
amplitude, but noisy phases associated with low coherence estimates (i.e. RME < 10%) are achieved for all fields at
levels remain the same. In a practical application, the measured 22.7 degrees, and only for field 3 at 30 and 39 degrees. In
coherence values should be higher than the ones observed in  contrast to the rest of methodologies, the PolInSAR approach
the current data set at 30 and 39 degrees of incidence. A requires dual-polarized acquisitions for inversion. Finally, as
solution to this combined problem would be to mask or discard in the coherence amplitude-based methodology, an external
the pixels in which the measured input coherence is below a DEM is not required.

certain threshold, e.g. 0.3. This could be further analyzed in Table IV summarizes the main advantages and limita-
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Phase-only Coherence amplitude Complex coherence PolInSAR

Fig. 16. Height maps around a large area of the Sevilla test site. Each row presents the height estimates of each polarization channel, and each column
corresponds to the methodologies under evaluation, based on: interferometric phase, coherence amplitude, complex coherence and PolInSAR. An acquisition
during the reproductive stage, August 8 (DoY 232), is selected. Results are presented for 22.7 degrees of incidence angle.

TABLE IV
ADVANTAGES AND DRAWBACKS OF THE INSAR METHODOLOGIES FOR THE RETRIEVAL OF RICE CROP HEIGHT

Methodology  Required acquisitions  External information Advantages Disadvantages

. Need for external DEM
Computational cost

Phase-only Single polarized DEM free of vegetation Performs better at shallower incidences Underestimates Veg?tatlon height
Suffers from noisy phases
Coherence . . Computational cost Overestimates at shallower incidences
. Single polarized - No need for external data .
amplitude . Suffers from low input coherence
Performs better at steep incidences
. Need f | DEM

Complex . . . Performs well at all incidences eed for ean.la

Single polarized DEM free of vegetation . Suffers from noisy phases
coherence for suitable measured coherence values

Suffers from low input coherence

Computational cost
No need for external data Overestimates at shallower incidences
PollnSAR Dual polarized - . Suffers from low input coherence
Performs well at steep incidences .
Large baseline needed

Half swath (reduced coverage)
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tions of the four approaches under evaluation, with focus on
the requirements for consistent crop height monitoring. Al-
though under suitable initial conditions, the dual-pol PolInSAR
method is expected to provide the most accurate estimates, the
better azimuth resolution and wider swath (i.e. larger spatial
coverage) provided by single-pol data, makes them of great
interest. In this sense, promising results have been obtained
with single-polarized acquisitions in methodologies based on
the coherence amplitude and on the complex coherence, which
deserve further study.

To conclude, Fig. 17 presents the final vegetation height esti-
mates obtained from the best combination of all methods. The
method which shows the best performance at each acquisition
date is selected as optimum, i.e. the method which provides
the estimates with minimum absolute error over all available
fields at each acquisition. Therefore, the final overall accuracy
is increased by exploiting a different inversion model in each
phenological stage. For this purpose, colored backgrounds
represent the growth stages according to the BBCH data (as in
Fig. 5). The best performance method depends not only on the
date but also on the incidence angle. Hence, Table V shows
the selected method at each date and incidence.

TABLE V
BEST PERFORMANCE METHOD FOR HEIGHT RETRIEVAL ALONG TIME

Incidence
angle

Acquisition
date (DoY)

Optimum
methodology

22.7 degrees

2015.06.15 (166)
2015.06.26 (177)
2015.07.07 (188)
2015.07.18 (199)
2015.07.29 (210)
2015.08.09 (221)
2015.08.20 (232)
2015.08.31 (243)

Complex coherence HH
Coherence amplitude HH
PolInSAR
Coherence amplitude HH
Complex coherence VV
Coherence amplitude HH
PolInSAR
Coherence amplitude VV

30 degrees

2015.06.17 (168)
2015.06.28 (179)
2015.07.31 (212)
2015.08.11 (223)
2015.08.22 (234)
2015.09.02 (245)

Phase-only HH
Coherence amplitude HH
Coherence amplitude HH
Complex coherence HH

Phase-only VV

PolInSAR

39 degrees

2015.06.10 (161)
2015.06.21 (172)
2015.07.02 (183)
2015.07.13 (194)
2015.07.24 (205)
2015.08.04 (216)
2015.08.15 (227)
2015.08.26 (238)

Phase-only VV
Complex coherence HH
Complex coherence VV
Complex coherence VV

Phase-only HH
Complex coherence VV

Phase-only VV

Phase-only VV

Common to all incidences, Table V corroborates that the
methods which best work at the first acquisition are the ones
based on the interferometric phase (i.e. phase-only or complex
coherence methods). As observed in Fig. 17, these approaches
avoid the overestimation due to low coherence levels at the
early stages of the growth cycle. Moving forward in time,
at 22.7 degrees, during the late vegetative and reproductive
stages, the coherence amplitude and PolInSAR methods per-
form well. Nevertheless, in line with the results found in
Fig. 15, the situation is different at shallower incidences. At

30 degrees, a combination of optimal methods between those
based on the coherence amplitude and the complex coherence
at the HH channel, which does not suffer from overestimation
(as seen in Figs. 10 and 12), is observed. However, at 39 de-
grees, only interferometric phase-based methods are found to
yield the best estimates, either exploiting the phase alone or the
complex coherence. Further improvement of the final accuracy
could be carried out by considering the intrinsic differences
of each field.

From the final application point of view, the estimation of
absolute vegetation height during the entire growth season, i.e.
from a few centimeters to one meter (or more for some crops),
using the same interferometric configuration (i.e., baseline)
is unfeasible. The required interferometric sensitivity varies
along the cultivation period, hence imposing the use of a
varying observation geometry. In this sense, the usage of
different methodologies as a function of the actual vegetation
height, as discussed in this work, may partially solve this issue.
Further experiments with different crop types are necessary to
help consolidate this strategy.
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Fig. 17. Temporal evolution of the vegetation height estimates (green) and ground-truth data (black) for the monitored fields in Sevilla. Estimates are obtained
from the method which shows the best performance at each acquisition. Average values are presented, and error bars denote +one standard deviation. Colored
backgrounds correspond, in average, to a different growing stage according to the BBCH scale: early and late vegetative, early and late reproductive, and
maturative stages.
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