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Abstract—This paper evaluates the potential of spaceborne
bistatic interferometric SAR images for the monitoring of bio-
physical variables in wetlands, with a special interest on paddy
rice. The assessment is made during the rice cultivation period,
from transplanting to harvesting time (May to October) for fields
around Gala lake (Turkey), one of the largest and most productive
paddy rice planting area in the country. Detailed ground truth
measurements describing biophysical parameters are collected
in a dedicated campaign. A stack of 16 dual-pol TanDEM-
X images is used for the generation of 32 Digital Elevation
Models (DEMs) over the studied area. The quality of the data
allows the use of the interferometric phase as a state variable
capable to estimate crop heights for almost all the growing stages.
The early vegetative rice stage, characterized by flooded fields,
cannot be represented by the interferometric phase due to a
low Signal-to-Noise-Ratio (SNR) but can be easily detected by
amplitude and interferometric coherence thresholding. A study
on the impact of the polarization in the signal backscatter is
also performed. An analysis of the differences between HH and
VV DEMs shows the varying signal penetration for the two
polarizations at different growing stages. The validation with
reference data demonstrates the capability to establish a direct
relationship between interferometric phase and rice growth. The
very high coherence of TanDEM-X data yields elevation estimates
with root mean square error in a decimetric level, supporting
temporal change analysis on a field-by-field basis.

Index Terms—TanDEM-X, agriculture, paddy-rice monitoring,
synthetic aperture radar interferometry, polarimetry, DEM

I. INTRODUCTION

Remote sensing is a mature technology for observation of
natural environmental changes. In terms of agricultural moni-
toring applications, radar sensors differ from optical, multi-
spectral and thermal sensors. First, radar imaging provides
a timely mapping of the scattering properties of biophysical
variables, including night and all weather condition monitor-
ing. Second, the system not only measures amplitudes but also
phases of the backscattered signal, yielding the joint derivation
of absolute ranging and backscattering coefficients. Hence,
for crop inspection applications, temporal Synthetic Aperture
Radar (SAR) images are an attractive instrument to exploit.

For more than 10.000 years, rice has been one of the
most important products in food market. Rice agriculture,
which is considered a seasonal planting, is mainly possible in
temperate climates. A rice growth cycle from panicle initiation
to maturing, takes about 110-250 days. Throughout this cycle,
roots and bottom part of the stem stay submerged in water for
approximately 90 days. The rice growth cycle mainly consists
of three stages: vegetative, reproductive and maturation. In
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these phenological stages, rice plants exhibit distinct struc-
tural differences. These differences are described by using a
scale called Biologische Bundesanstalt, bundessortenamt und
CHemische industrie (BBCH) [1]. All growing stages can
be associated with the BBCH-scale, as shown in Table I.
In response to the increasing demand of rice, monitoring
of farming activities cannot be left only to farmers. Infor-
mation on crop activities is also significant to governments
for planning strategies. Specifically, observations with remote
sensing technologies are urgent for developing countries. In
this case, considering that rice fields are generally cultivated
under cloudy and rainy weather, radar remote sensing is of
particular interest in their monitoring.

Accordingly, SAR images have been already used for
several campaigns for crop inspections [2]-[10]. [2] made
an analysis to determine the most suitable combination of
frequency, polarization and incidence angle for rice monitor-
ing. The main outcome of the study is the definition of a
relationship between the C-band backscatter coefficient and the
Leaf Area Index (LAI), provided also by [11]. Following this
work and exploiting the RADARSAT mission, several other
researches on C-band rice monitoring are reported [3], [9].
These researches underline how temporal C-band backscatter
depends on the biophysical stage of the crop. However, due to
the limited information about biophysical parameters obtained
from single channel SAR images, it is not easy to calculate
some physical parameters as height above ground, number of
leafs, and leaf angle directly from backscattering coefficients.
[12]-[16] underlined the potential of multiple polarimetric
measurements in rice monitoring. These studies, employing a
time series analysis, reported the relationship between BBCH-
scale and polarimetric observables as entropy, alpha, ratio and
coherence between HH and VV polarized images.

Many possible measures of rice growth as canopy height,
LAI biomass, etc. are considered in the works cited above.
Among them, canopy height is the most direct measurement
and has direct relationship with growth rate, especially in the
vegetative stage. [2], [10] reported the correlation between
canopy height and backscattering coefficients, although the
scattering process is not a function depending only on crop
height. In fact, an indirect relationship can be assessed. As
the canopy gets higher, a double-bounce scattering mechanism
generated by the interaction between the stems and the under-
lying water surface yields high reflections. This relationship is
reported to vary among frequency bands [4], [17]. These works
analyze the electromagnetic scattering which is a function
of intricate interrelations among physical parameters of rice.
Moreover, as based on experimental data sets and locally
selected thresholds, their accuracy may be insufficient for
operational processors commanded to process various data
sets.
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Next to single-image back-scattering information, interfero-
metric phase information provides an additional support with
the cost of two SAR images. From an agricultural application
point of view, in the literature, interferometric phase infor-
mation has been employed by exploiting the coherence as
in [18]-[20]. In these works, most of the attention has been
given on the accuracy of the interferometric phase in tandem
data set. However, ERS data set with low resolution can
not tackle the physical-based spatial heterogeneity problem
in paddy rice fields. The use of differential interferometric
phase, which is a direct function of temporal volume change,
is also rare in paddy rice monitoring literature. Instead, sev-
eral studies have been reported for soil moisture modeling
[21], glacier [22], seismic events [23] and urban area [24]
volume changes. These previous volume studies emphasize
that two aspects have to be considered in terms of monitoring
applications. The first one is the potential penetration, causing
an underestimation in volume deviations. The second one is
the large temporal baselines, causing unreliable interferometric
phase information. A promising SAR mission to attenuate
these limitations is TanDEM-X [25], which allows to measure
small phase center variations related to the changes in canopy
height, since the relatively short X-band wavelength interacts
mostly with upper sections of the crop. The objective of
this work is to examine the relationship between crop height
and differential interferometric phase for paddy rice and to
explore the new capabilities of TanDEM-X monitoring for
assessment of crop growth. TanDEM-X is an innovative SAR
concept, first in space making use of a bistatic configuration
to generate high-resolution Digital Elevation Model (DEM)
accomplishing HRTI-3 accuracy requirements. The flexible
commanding yields the acquisition of several DEMs over the
same area in a short revisit time. In this paper, a stack of
16 dual-pol acquisitions over one of the largest and most
productive paddy rice planting area in Turkey, around Gala
lake, is analyzed. The differential interferometric phase is
derived and used as a state variable to describe the rice
phenological stage. The limitations depicted above, i.e. the
difficulties to relate a backscatter analysis with a derivation
of crops height and the difficulties to establish operational
schemes, are reduced by employing the bistatic system.

BBCH
Major Stage Scale | Description
00 Germination
10 Leafing
Vegetative 20 Tillering
30 Stem elongation
40 Booting
50 Heading
Reproductive 60 Flowering
70 Fruiting
. 80 Ripening
Maturation 90 Senescence
TABLE I

BBCH SCALE OF RICE

Aegean
Sea

Fig. 1. RGB composite master amplitude acquired on the 12.05.2012 showing
the location of the study area.

TanDEM-X data has been recently analyzed in [26] with
outcomes strongly limited by the small baselines of the
experimental acquisitions. Moreover, low SNR was an issue
by producing low coherence in the growing stages. For the
case under study, the TanDEM-X experimental dataset has
baselines well suitable for an interferometric analysis. To
present the first TanDEM-X results with the aim of crop height
monitoring, this paper is organized as follows. In Section
II, the test site and the ground measurement campaign are
described, leading to the problem formulation of temporal
growth change. Next section is dedicated to the processing
strategies employed for the derivation of change maps using
the data stack. The extraction of crop heights without using
external data is also outlined in here. The validation and
establishment of a relationship between rice phenology and
interferometric height is then presented. Section IV concludes
this paper revisiting and synthesizing the above considerations.

II. TEST SITE AND GROUND MEASUREMENT CAMPAIGN

The lower course of the Maritsa river and surrounding,
where it forms the border of Greece and Turkey, is a unique
wetland environment consisting of lakes, rivers and agricul-
tural fields (see Fig.1). In the last 50 years, changes in topog-
raphy due to debris flow and heavy rain affecting the regional
ecosystem were measured. Recently, the region is controlled
by the government and made available for agricultural practice,
mainly for paddy rice. Considering the regional risk of debris
flow, agricultural fields have to be monitored, controlling by
this way the effect of flow. For instance, if the seeding has been
affected from flow and irrigation, farmers can do transplanting
again before it is too late for seeding.

In order to better understand the microwave interaction with
agricultural fields, the state organization Trakya Agricultural
Research Institute collected detailed ground truth in 8 fields
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field 1

field 2 field 3

30.05.2013

Fig. 2. The first line shows portions of agricultural fields acquired on the 30t" of May, 2013, illustrating the differences in agricultural practice. The second

line shows the temporal pictures of field 8.

with 4 independent samples per field during the growth cycle
(May to October) of paddy rice in 2013. Height above ground
and water, number of plants per area, number of leaves per
area, number of tillers per area, number of panicles per area,
stem diameter, leaf width, leaf length and leaf angle were
collected in the fieldwork. The fieldworks dates are illustrated
in Fig. 2 with the pictures taken during these studies. To high-
light the spatial variation in response to changes in agricultural
practice, the first line in Fig. 2 shows the pictures taken from
different fields on the same day. In this region different fields
are cultivated variously depending on the field owner decision.
Despite their variety in cultivating, the phenological evolution
(BBCH-scale) of the monitored parcels is similar but shifted
in time (see Fig. 3(a)). Since their temporal trends are similar,
in the second line of Fig. 2, temporal pictures simultaneously
taken in the fieldworks are shown only for a single field (field
8). In the study area, the sowing method is direct seeding by
broadcasting, implying a random seeding instead of a regular
straight-row one.

The phenological development of these fields shows a clear
similar trend with the rice field monitored in Sevilla, Spain by
[17]. However, it is important to underline that the differential
slope indicating the step from reproductive stage to maturation
stage is higher in the Sevilla campaign then in the Gala Lake
one. In [17], a classification of BBCH-scales is done based on
a set of rules obtained from the Sevilla dataset. Using the same
decision tree may bring inaccuracies in other study areas.

Considering the interest in volume changes of agricultural
fields, Fig. 3 shows the plots of the relationship between
canopy height, BBCH-scale and day of the year obtained
during the field works. Most fields were homogeneous and
crops reached maximum height after flowering. As Fig. 2
illustrates, when crop reaches the flowering stage it is fully
developed with no gaps between plants. During the culti-
vation period, the monotonous relationship between canopy
height and BBCH-scale in Fig. 3(b) makes the elevation
monitoring appealing. To be noticed, height sensitivity to
crop development is particularly high up to about BBCH 60.
After this stage, plant height exhibits just small changes. In
Section [ it is outlined how backscattering coefficients of radar
signal do not allow a direct detection of BBCH-stages due to
lack of detectable physical changes in the phenology. Thus,
in this paper, the earlier analysis based on backscattering
coefficients is extended, and the differential interferometric
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Fig. 3. The biophysical stage characterized by BBCH scale of the monitored
8 fields as a function of day of year (a) and of height above the ground (b).
The relationship between the day of the year and the canopy total height (c).

phase is explored in terms of biophysical parameters in the
next section.
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III. PROCESSING RESULTS AND VALIDATION

In the framework of the German Aerospace Center (DLR)
project XTILAND1476, 16 dual-pol TanDEM-X acquisi-
tions have been acquired over the Gala lake region in 2012
and 2013. Specifically, 9 acquisitions have been commanded
in 2012 and 8 in 2013 at the same incidence angle. As
shown in Tab. II, only the 2012 acquisitions are covering
all the rice growing stages (May to October), whereas the
2013 acquisitions are missing the maturation stage (August
to October). For this reason, even though the GPS campaign
has been conducted in 2013, the sole 2012 acquisitions are
employed in the following analysis. An additional reason relies
to the height sensitivity of the different bistatic configurations.
Height of Ambiguity (HoA), an important system parameter
describing the elevation range of a phase cycle - smaller it is
more accurate the generated DEM -, is ranging between about
20 and 30 meters for the 2012 acquisitions and between about
40 and 50 meters for the 2013 ones. To give a quantitative idea,
assuming a Gaussian distributed phase error, a coherence value
of 0.8 yields a standard error of 0.36 meters for the 12.05.2012
processed configuration (HoA: 23.1 m) and a standard error
of 0.84 meters for the 26.07.2013 one (HoA: 52.8 m) [27].

The data stack is processed with the Integrated TanDEM-X
Processor (ITP) at the DLR processing facilities [28]. ITP is
the operational system employed in the TanDEM-X mission
for the generation of the raw DEM given as input SAR
raw data. The processor is commanded to generate HH and
VV DEMs, for a total of 32 DEMs, with an output raster
of 6 meters. As in Table II, the interferogram resolution is
triggered to be around 10 meters by multi-looking the input
co-registered data, yielding height errors at a coherence value
of 0.8 specified in the last column of the table. Considering
the purpose of tracking crop height in all the growing stages,

multi-looking process is a necessary step to reduce the phase
noise and the resulting standard error to a decimetric level.
Due to the relatively smooth topography of the scenes, phase
unwrapping is not an issue (even for small height of ambigui-
ties) and no unwrapping errors have been detected. To ensure a
straightforward analysis, all the DEMs have been generated at
the same output grid and have been equally calibrated jointly
using SRTM and ICESat data. For the following analysis,
the HH channel has been chosen. Nevertheless, a study with
the differences observed between the different polarizations is
provided in the following section.

A. Dual-polarization study

Before studying the differential interferometric phase with
the crop height estimation purpose, the temporal trend of
backscattering coefficients represented by o is examined.
The image intensity values for HH and VV polarizations are
transformed to ¢ according to [29] and plotted in Fig 4(a).
The different agricultural practices can be seen by comparing
the various fields on the time line. As reported in [6], HH/VV
ratio is an excellent indicator of rice phenological stages, thus,
it is also plotted in Fig. 4(b). As expected, the temporal trend
of the backscattering information is similar to the previous
detailed work at X-band in [17]. HH/VV ratio is sensitive to
rice phenology due to both the attenuation depending on the
incidence wave polarization and the dominance of the double-
bounce interaction between stems and flooded ground.

An investigation of polarization-dependent penetration
depths is meaningful for crop height monitoring. Over au-
tomatically selected fields (see next section), HH and VV
polarized interferograms are transformed to surface height
values. Their relationship, demonstrated by scatter plots of the
observed HH and VV height values, is temporarily analyzed

TABLE I
MAIN PARAMETERS OF THE INTERFEROMETRIC DATA SET (HH CHANNEL)

acquisition date center incidence perpendicular height of interferogram  standard

(DOY) angle [deg] baseline [m]  ambiguity [m] resolution [m] error® [m]
12.05.2012 (133) 36.8 253.7 23.1 10.2 0.36
14.06.2012 (166) 36.8 2423 24.2 10.3 0.38
06.07.2012 (188) 36.8 234.3 25.1 10.2 0.40
17.07.2012 (199) 36.8 227.2 25.8 10.2 0.41
28.07.2012 (210) 36.8 222.7 26.3 10.3 0.42
19.08.2012 (232) 36.8 213.4 274 10.2 0.43
10.09.2012 (254) 36.8 204.4 28.7 10.3 0.46
13.10.2012 (297) 36.8 187.1 31.3 10.3 0.50
26.11.2012 (331) 36.8 181.3 323 10.3 0.51
05.03.2013 (64) 36.8 112.0 52.8 10.4 0.83
16.03.2013 (75) 36.8 111.5 53.1 10.4 0.84
10.05.2013 (130) 36.8 139.7 42.1 10.4 0.67
21.05.2013 (141) 36.8 141.1 41.6 10.3 0.66
01.06.2013 (152) 36.8 146.6 40.2 10.3 0.63
23.06.2013 (174) 36.8 144.3 40.7 10.4 0.64
26.07.2013 (207) 36.8 111.6 52.8 10.3 0.84

*Standard error computed at a coherence value of 0.8 for an equivalent number of looks of about 30.
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Fig. 4. (a) Measured backscattering coefficients in HH and VV polarization.
(b) Polarimetric ratio a% u/ U(\)/V'

as shown in Fig. 5. The temporal scatter plots exhibit a strong
linear relationship between the observations. Nevertheless,
slight elevation differences are measured depending on the
phenological stage of the crop. Although the scatter plots in
Fig. 5(a) and Fig. 5(d) show very little height discrepancies
for different polarizations, the ones in Fig. 5(b) and Fig.
5(c) have higher differences. The BBCH-scale of the crop
is 78 and 95 on August 19 and September 10, respectively,
indicating that the crop was extremely dry (see also Fig. 2).
With such a dry vegetation layer, the X-band radar signal
penetrates into the canopy with different penetration length
depending on the polarization. This difference is related to the
fact that HH signal penetrates more effectively into canopies
than the VV does [30]. It can be noticed that rice canopy
is mainly vertically oriented until the beginning of August,
then the orientation becomes random after flowering stages
(fruiting, ripening and senescence), meaning that the effects
of canopy orientation on the penetration depth can be ignored.
Considering quantitative analysis, the correlation between the
height measurements obtained from HH and VV polarized
images is examined using linear regression. High temporal
correlation values such as R = {0.982,0.984,0.981,0.987}
are almost the same and not changeable depending on the
phenological stage of the canopy. However, the disturbance
term, which is related to the differences between HH and VV
observations, is changing depending on the phenological stage.
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Fig. 5. The height measurements obtained by HH and VV polarized images
over the selected agricultural fields for four different dates.
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Fig. 6. Flowchart with the processing strategy employed for the analysis.

The height differences obtained from HH and VV polarized
interferograms increase about 8 cm in maturation stages as
expected from the above considerations. Additionally, over
the detected agricultural fields the average coherence for HH
and VV polarized interferograms acquired on August 19 and
on September 10 are analyzed. A standard deviation of 0.06
and 0.03 is obtained for VV and HH polarized interferometric
coherences, respectively. This also proofs that HH polarized
signal has the ability to penetrate more stable into the canopy
when it is dry as the interior part of the rice plant provides a
more stable return than the surface component.

B. Interferometric phase study

A strategy to evaluate the potential of the differential inter-
ferometric SAR data is assessed in this section and outlined
in Fig. 6. The input coregistered complex data stack (CoSSC
stack) is processed in ITP for both polarimetric channels.
ITP is specially triggered to output an equally calibrated
DEM stack by using external information. In particular, a
SRTM DEM calibrated with ICESat is used in the absolute
phase offset stage for all the DEMs in order to provide
consistent outputs without discrepancies among them [28].
As seen in Section III-A, the two polarization channels yield
the generation of very similar elevation profiles - ignoring the
early vegetative stage -, with centimeter inconsistencies in the
maturation stage (dry season). Thus, just a single channel, HH,
is chosen for the analysis.

The main scope of the interferometric investigation is the
verification of rice stages by using temporal elevation data. To
this aim, field segmentation is mandatory, reasonably assum-
ing a consistent growing within single fields. An important
sub-product to exploit, generated during the interferometric
processing, is the coherence. By describing the similarity of
the coregistered complex master and slave data, the coher-
ence is a considerable input for the analysis, supporting the
segmentation algorithm. As described in Section II, flooded
parcels of land characterize the early vegetative state. During
this state, fields are covered by water and separated by a
path network composed by soil or rare grass, as visible also
in Fig. 8, representing the May 2012 acquisition. A gravel
road network is also in the test site separating parcel groups.

This natural segmentation is well visible by inspecting the
interferometric coherence in Fig. 8(b), as good as inspecting
the master channel amplitude in Fig. 8(a). This visibility relies
on the water body electromagnetic spectrum. Non-moving
water behaves like a mirror, reflecting the incident signal wave
in a specular direction, yielding a very low return to the SAR
antenna. This phenomenon brings also a low interferometric
coherence due to the consequent SNR decorrelation. Moreover,
it is also known that a water body decorrelates within tens of
milliseconds [31]. Although TanDEM-X is a bistatic mission
built to avoid temporal decorrelations, the satellites formation
brings small along-track time lags varying between 50 ms
(equator) and O ms (poles). The global study performed in
[32] demonstrated that from 10 ms water decorrelates. In
the studied test case, the mean measured time lag of about
30 ms overcomes the limit. Several investigations have been
proposed about the derivation of water bodies from the joint
use of amplitude and coherence [32], [33]. In this paper the
technique proposed by [32], operationally employed for the
generation of water body mask as an auxiliary product of
the official TanDEM-X DEM, is adopted. By analyzing 1700
randomly worldwide-distributed scenes, [32] established two
thresholds that provided a correctness analysis well above 90
%. Specifically, a threshold value of 40 for the amplitude
digital number (corresponding to -18 dB in radar brightness
and about -20 dB in Sigma-Nought for the studied case)
and 0.23 for the coherence were selected. Three water mask
confidence levels are then generated: (1) detection from coher-
ence threshold, (2) detection from amplitude threshold and (3)
detection from both thresholds. The third level represents the
highest confidence one. In this study, this strategy is applied
for scenes having flooded crops. In Fig. 8, the 12.05.2012
amplitude and coherence data show the flooded parcels for that
date with low values. As visible, not all the fields were already
flooded (see also Fig. 2). To better cover the test site, additional
information is retrieved by using also the 21.05.2013 and
01.06.2013 acquisitions.

A potential issue in the detection relies in the presence
of wind during the acquisition. For the Rayleigh criterion, a
surface is regarded as specular if its vertical variation is smaller
than about 5 mm for X-band at 36.8 deg [30]. Wind may
induce waves with height well above this value resulting in
backscattered energy at the sensors. Thus, amplitude threshold
can result too low for these cases and can generate misdetec-
tions. Nevertheless, water decorrelation yields low coherence
and water results masked with the second confidence level
[20]. In the study area, the highest confidence level is reached
for all the detections indicating a proper threshold selection for
both amplitude and coherence. Even though not representing
the studied scenario, false detections can arise due to volume
decorrelation on forested areas or on geometrical decorrelation
zones (radar shadow/layover). While a DEM is helpful to
discard detection on slopes (i.e. on mountain shadows), a false
color composite (FCC) using coherence, backscatter and dif-
ferential backscatter has been demonstrated useful to generate
land cover maps to discard forest and urban settlements from
the water mask [34].

Straight after the water detection, a binary morphological
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erosion with a 3 — by — 3 rectangular structuring element is
performed to remove isolated artifacts and a binary shape fill is
performed to remove possibly remaining holes within shapes.
The final mask is then segmented and the fields numbered.
A total of more than 2000 fields are detected. The detection
and the segmentation are performed in the geocoded domain,
in order to easily compare them with ground truth data. To
be noticed, geolocation errors hardly occur due to the precise
calibration and the practically flat scenario. In this test site,
segmentation errors may manifest due to the path length
between fields (3 to 8 meters). Considering the DEM spacing
of 6 meters and the resolution of about 10 meters, paths span
just 1-2 pixels, possibly creating false linking between regions.
Nevertheless, the comparison between the segmentation and
the ground truth for the 8 fields chosen for the analysis
reveals a good matching with an average completeness of
91%, defined as the ratio between the segmented field and
the reference one. The remaining 9% may be attributed to the
erosion procedure with a square element.

Fig. 7 shows the mean 2012 coherence values for detected
flooded fields on 12.05.2012 (red points) and the mean 2013
values for fields flooded on 21.05.2013 (green points). The
2012 acquisitions, spanning the plant growing cycle, exhibit
the good quality of the derived elevation for all the stages
(June-September) excluding the early vegetative stage (May).
A coherence of around 0.2 for the May acquisition (flooded
field) yields not reliable elevation values. Moreover, this value
results overestimated due to the estimation bias caused by the
finite estimation support of 11 by 11 samples [35]. Accurate
heights are instead generated for the later data. Coherence
fluctuates around 0.8 for the June-July data with a decreasing
trend mainly caused by the increasing height of ambiguity for
similar field conditions (wet environment, fresh plants). This
value increases for the following two acquisitions (August-
September) as the field condition switches to dense vegetation,
ideally behaving like a distributed scatterer. To be noticed, a
coherence value of around 0.85 corresponds to better height
accuracy than the one specified in Tab. II. The last two 2012
acquisitions are over the plant cycle, after the harvesting.
Here, coherence around 0.9 indicates very accurate elevation
values, as the field condition transformed to bare soil with a
very rough surface yielding high SNR. The last acquisition,
November 2012, is taken as reference as indicates the terrain
height without water or rice plants. The 2013 acquisition
are also showed in Fig. 7 for completeness. The first two
data cover the early-year period prior the plantation and
have huge coherence variations, also denoting poor elevation
accuracy. The field detection is performed for the late May
acquisition, showing a similar value and accuracy to the one
used for the 2012 field extraction. The prior and following data
provide a higher coherence with high variations, indicating
non-homogeneous conditions for the fields under analysis. The
last two acquisitions, in the reproductive stage, follow the same
trend of the 2012 one.

Fig. 9 visually shows the plant growth of July 06, August
19 and September 10, 2012. The differences with the reference
height of November 2012 are here represented with an overlay
between the amplitude and the mean height difference for all
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Fig. 7. Mean coherence trend for the fields extracted by using the 12.05.2012
acquisition (red line) and by using the 21.05.2013 acquisition (green line). The
standard deviation is highlighted with error bars.

(b) coherence

Fig. 8. SAR master channel amplitude (left) and interferometric coherence
(right) of the 12.05.2012 TanDEM-X acquisition, used to extract field shapes.

the detected fields having an average coherence above 0.8 for
both the analyzed and the reference acquisitions. Inspecting
these maps, one could check the growing trend on a field-
by-field basis. For instance, the July map in Fig. 9(a) shows
a quite homogeneous result with plant heights around 70 cm.
The August map in Fig. 9(b) reveals the growing of most of the
plants, with doubled heights compared to Fig. 9(a). For some
of the fields, the higher maturation level is reached about a
month later, as visible in Fig. 9(c). In general, these maps can
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be used for the agricultural planning, in terms of production
volume and outcomes.

Finally, to highlight the TanDEM-X capability in assessing
the temporal crop growth, in Fig. 10 the mean height for the
2012 detected fields (flooded in Fig. 8) is shown in black
and the standard deviation highlighted in purple. The refer-
ence temporal elevation is over-plotted. Although a detailed
validation is provided in the next section, the mean trend
already shows a good accordance with the reference. The
height deviation for the late July acquisitions has to be linked
to the different growing periods of the detected fields.

C. Relationship between canopy height and inteferometric
phase

In this section the analysis and the validation of the derived
elevation with respect to the field measurements is assessed.
Fig. 10 already provides a visual overview of the reference
elevation data and the mean TanDEM-X trends. Here, three
out of eight fields (marked in Fig. 9(a)) are studied in detail
with the analysis depicted in Fig. 11. The results from the
other fields are not shown since they perform very similar to
the selected three fields.

Before entering in the analysis of the current data set, it is
meaningful to predict the expected height for the vegetation
in the general electromagnetic framework. It is well known
that the interferometric phase is proportional to the height of
the scattering phase center. The phase center location depends
on the complex interaction of the microwave signal with the
imaged surface. For canopies, it is usually below the top
of the vegetation as the transmitted signal travels within the
medium, penetrating into it [36]. The degree of penetration
is characterized by the extinction coefficient, a parameter de-
pending on the system wavelength and the effective dielectric
constant of the imaged medium. In particular, extinction coef-
ficient is inversely proportional to the wavelength and directly
proportional to the imaginary part of the effective dielectric
constant. This corresponds to an increased penetration depth
for large wavelengths and for reduced moisture content in the
medium. Considering the interferometric analysis, the smaller
the extinction, the lower the scattering center. Consequently,
the retrieved elevation will be equal or smaller depending on
the actual effective dielectric constant of the canopy (and the
ground), since in the proposed approach the canopy height
is retrieved with a difference between a plant growing phase
and bare soil - the latter from a post-harvest data take. In the
following, the interpretation based on the current experiment
is provided.

An important remark for the comparison between interfer-
ometric heights and ground truth data relies on the different
years of the two data source. As beforehand underlined, the
sole 2012 TanDEM-X data full covers the growing stages and
is used for validation despite the campaign has been performed
in 2013. In practice, validation inaccuracies could take place
depending on the seeding date decided by the field owner. For
the fields under analysis the seeding date discrepancy between
the two years has been stated to be less than a week, thus
strongly limiting this error source. A second inaccuracy source

70'September 2012

(c) 10.09.2012

Fig. 9. Temporal 2012 height change analysis. The difference between the
(06.07, 19.08, 10.09) acquisitions and the reference one in 26.11 is shown
in the subfigures (a), (b) and (c) respectively. The changes are shown in a
field by field basis, for fields having coherence higher than 0.8 for both the
analyzed and reference acquisitions. The three fields under analysis in Section
III-C are marked in (a).

resides in changes in plant moisture variations between the two
years, manifesting in a root mean square error increase due to
the different penetration into the canopy.

The differential-InSAR-based and the field-measurement-
based canopy height is shown in Fig. 11 along with the
BBCH-scale measurement as reference. The 6 TanDEM-X
measurements (June to September 2012) are not well spanned
as the 11 ground measurements (June to September 2013)
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temporal height trends
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Fig. 10. Mean temporal TanDEM-X elevation trend for 2012 detected fields
(black) and corresponding standard deviation (purple). The reference fields
are overplotted with colors in the legend.

but show common peculiarities. As already reported in the
previous section, the elevation trend is well detected by the
interferometric measure for the late vegetative phase, repro-
ductive and maturation stages. Instead, the early vegetative
phase represented by the May 2012 acquisition yields strongly
biased elevation values and is not considered in the following
analysis.

The June acquisition corresponds to the central vegetative
stage (tillering, Tab. I). At this phase, plants emerge from water
(see the second and the third picture in the second row in Fig.
2). In the SAR resolution cell different phenomena as double
scattering, water reflection and surface reflections combine
together. The interferometric elevation results underestimated,
showing a mean difference with reference data of 7.7 cm for
all the 8 fields under study. A singular exception is measured
for the field 5 in Fig. 11(c), with an overestimation of about 10
cm, to be attributed to a lower coherence value and a higher
phase noise. For this take, double bounces between growing
vegetation and standing water should be the dominant part of
the radar return. The aforementioned scattering phase center is
located at the water elevation for the cardinal effect on corners
- in this case represented by quasi-vertical stems on calm
water. However, the small measured height difference suggests
the partial presence of the phenomenon due to the use of a
short wavelength (3.1 cm) at a relatively high incidence angle
(about 37 deg) yielding a limited penetration of the echo inside
the fresh vegetated volume. For the three July measurements
the elevation is largely underestimated, with a mean difference
of 26.5 cm. Also this discrepancy, in the end of the vegetative
stage and beginning of the reproduction (booting-heading, Tab.
I), can be explained with the radar wave interaction with the
inner part of fresh canopy (see fourth picture in the second
row in Fig. 2). The August acquisition exhibits instead a
generally good matching, with a mean underestimation of
4.8 cm. Being at the beginning of the maturation stage (fifth
picture in the second row in Fig. 2), plants start to densely
produce milky grains at their surface which reflect the signal
at X-band. The last considered acquisition, in September, falls
at the end of the maturation (seventh picture in the second
row in Fig. 2). The grain is dry and mature, with a maximum
height slightly smaller than the previous stage. On this date
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Fig. 11. Comparison of height measurements, superimposed over temporal
BBCH scales, between the ground measurements (purple circles) held in 2013
and the one from bistatic interferometry ((a) red, (b) green, (d) blue circles)
in 2012 over the 3 different fields shown in Fig. 9(a). (d) the corresponding
scatter plot with quantitative analysis at the top.
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the interferometric elevations result again underestimated on
average, with a mean difference of 16 cm. In principle, at
this stage, plant elements are more randomly oriented and
drier than in previous ones, hence making more similar the
propagation for all polarizations. Nevertheless, an higher phase
center is measured for the VV polarization as shown in Fig.
5(c). The reason relies in the lower backscattering component
from the volume, due to its drier condition, hence increasing
the relative importance of the double-bounce contribution
to the backscattered signal, which is located at the ground
surface. Since the double-bounce contributes more to HH than
to VV, the phase center is more close to the ground at HH
than at VV, and hence the higher phases at VV than at HH.
Following this consideration, a more accurate elevation result
can be generated using VV channel.

For completeness, a best fit analysis in the form of y =
ax + b is used for calculating the offset between the two
measurements. The corresponding scatter plot is in Fig. 11(d).
Due to the growing height trend in time, this plot can be
easily interpreted in a similar way of the others in Fig. 11. The
generally underestimated InSAR tendency is more noticeable
in the center portion of the plot, for the reproductive stage. As
the data time sampling is not overlapping, a linear interpolation
for the reference at the InSAR locations is performed, with
possible errors coming from the non-linearity of the plant
growth attenuated by the fine reference sampling (see Fig.
11(a) - 11(c)). The two sources result highly correlated, with
a correlation coefficient R equal to 0.88, 0.96 and 0.84 for
the three fields under analysis. The mean differences and root
mean square errors are in the decimetric level. In detail, the
mean differences between reference and InSAR result 23.3,
11.1 and 14.3 cm and the root mean square error 19.7, 13.5
and 15.5 cm. Even though the scattering analysis and the
quantitative evaluation performed on this section are useful
to understand the overall process, the focus shall be on the
centimeter accuracy of the system for this application, and its
capability of temporarily tracking the elevation through most
of all the growing stages of paddy rice fields.

IV. CONCLUSIONS

The outcomes presented in this paper underline that X-band
differential bistatic interferometry, which is of great benefit
in observing surface height changes, has a great potential
in paddy rice elevation mapping and can provide input to
production estimation in terms of volumetric changes. A
test site widely employed for rice production in Turkey has
been investigated with 16 dual-pol TanDEM-X acquisitions
spanning two years and a dedicated ground campaign. The
research demonstrates that for absolute ranging studies at X-
band wave polarization is not particularly relevant - only
small elevation discrepancies around 8§ cm were measured
in dry season. Nevertheless, polarization is of fundamental
importance for every other study on physical parameters. For
instance, the HH/VV backscatter ratio, an instrument to clas-
sify the different phenological stages is presented in the paper
as well. The Integrated TanDEM-X Processor is employed
for raw DEM generation and internal calibration with freely

available references as SRTM and ICESat. Fields are then
individually extracted in the interferometric processor without
external references by searching for flooded areas during the
rice early vegetative stages. This segmentation allows the
elevation tracking on a field-by-field basis, being attractive
for separated crop inspections. The absolute approach is then
made differential with the objective of volumetric production
assessment. Height differences with a digital terrain model,
derived in this case from the dataset itself employing a post-
harvest data take, yield the direct validation with ground
truth measurements. The increasing temporal elevation trend
is well derived by TanDEM-X, with a general underestimation
especially in the reproductive rice stage due to the wave
interaction with lower portions of the plant. The root mean
square error is contained between few centimeters and about
20 cm, depending on the actual phenological phase. Although
plant elevations are tracked with a good accuracy for most
of the plant growing phases, the main limitation relies on the
inability to map plant heights at early growing stages due to
the lack of coherence in the data. In conclusion, as already
seen in other geophysical domains, this specific application
strengthens the use of bistatic SAR interferometry for the
tracking of dynamical earth elevation changes.
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