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Abstract

The coherent nature of the acquisition by TerraSAR-X of both copolar channels (HH and VV) enables the generation of many
different polarimetric observables with physical interpretation, as have recently been used for monitoring rice fields. In this work,
the influence of incidence angle upon these polarimetric observables is analysed by comparing three stacks of images that were
acquired simultaneously at different incidence angles (22, 30 and 40 deg.) during a whole cultivation campaign. We show that the
response of observables related to dominance (entropy, ratios of components) and type of scattering mechanisms (alpha angles)
is not greatly influenced by incidence angle at some stages: early and advanced vegetative phase, and maturation. Moreover, the
acquisition geometry drives the sensitivity to the presence of the initial stems and tillers, being detected earlier at shallower angles.
This analysis is a necessary step before studying potential methodologies for combining different orbits and beams for reducing
the time between acquisitions for monitoring purposes.
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I. INTRODUCTION

Rice has been the subject of numerous studies aimed at monitoring with remote sensing. Among other
technologies, radar is well suited for such purposes thanks to its nearly all-weather operation and day/night
independence. Successful results were obtained in the past with SAR satellites operating at C- and L-band,
demonstrating that mapping rice-planted areas and monitoring its evolution is feasible [1]-[5]. More recently,
X-band satellite data have been also applied to rice monitoring [6]-[8].

There exist a number of agriculture applications for which continuous observation, i.e. retrieval of informa-
tion with a short refresh rate, is a key aspect. For instance, existing models devised to estimate rice production
require the input of some biophysical parameters gathered at particular moments during the cultivation cy-
cle [9], [10]. Many remote sensing activities, specially for rice cultivation in Asia, are aimed at estimating
the dates of planting, heading and harvesting, which are key stages for production and management [11]. In
other regions in which an integrated production is established, precision farming also demands data with fine
temporal sampling to be effective (e.g. fertilisation is to be stopped at panicle initiation). Therefore, a short
revisit time is mandatory to implement the required products based on images gathered by Earth observation
satellites.

In the case of TerraSAR-X, revisit time with the same mode and geometry is 11 days, which is not enough
for these applications. The observation rate could be increased by combining different passes (ascending and
descending) and different beams (incidence angles), thus shortening the gap between successive acquisitions
down to 2 or 3 days. All these acquisitions would be jointly processed under a time series approach. But
before that, it is important to analyse the influence of incidence angle in the observed radar response from the
rice fields. This analysis is presented here for the case of copolar polarimetry (i.e. coherent measurement of
both copolar channels, HH and VV), as provided by TerraSAR-X in an operational mode.

The evolution of a wide number of polarimetric observables as a function of crop development was already
studied for an incidence of 30 deg. in [6], [7]. These references include a detailed physical interpretation
of the behaviour of different observables in terms of the phenological development of the rice fields, so it
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will not be repeated here. Instead, this letter is focused on the relative differences and common behaviours
among incidence angles. We will concentrate the analysis in justifying, from the physical point of view, the
similarities and differences that we can observe in the response of these fields when we change the incidence
angle. The reproducibility of our findings in other sites will depend on many different parameters (planting
and cultivation practices, weather conditions, rice varieties, etc.). Hence, this study provides some guidelines
about what to expect in copolar observables acquired over rice fields at X-band when changing the incidence
angle between 22 and 40 deg.

In the literature a complete study for angles from 25 to 55 deg. was carried out in [12] with a scatterometer,
covering the cultivation cycle of one rice field with daily measurements. Unfortunately, that study only
analysed backscattering coefficients, not other polarimetric observables. Therefore, we extend here such a
study to a wider observation space and to satellite imagery. We are especially interested in three types of
polarimetric observables that have not been widely exploited yet by other researchers when studying rice
fields, namely: the complex correlation between both copolar channels (in amplitude and phase), entropy and
alpha angle obtained by the eigenvalue/vector decomposition of the 2x2 coherency matrix, and the outputs of
a model-based decomposition of the same matrix. Consequently, an effort is made to explain the influence of
incidence angle (i.e. observation geometry) upon them.

II. TEST SITE AND DATA SETS

The test site consists of an area of 30 km x 30 km close to the mouth of the Guadalquivir river, Sevilla,
Spain (37.15◦ N, 6.10◦ W), where rice is cultivated annually from May to October. General rice species in
this area is Oryza sativa L.. The specific variety cultivated in the monitored fields corresponds to a long grain
type named puntal, quite common in Spain and other similar temperate regions.

During 2009 all the fields of the whole site exhibited a quite uniform development, thanks to the good
availability of water and to the integrated production scheme implemented in this site. In fact, all parcels
yielded productions between 8.5 and 10.5 tons/ha, being one of the most productive sites in the world. Six
specific parcels, spread over the whole site, were selected for intensive sampling, with ground measurements
on a weekly basis. The weekly measurements include phenological stage and total vegetation height. Phe-
nology is expressed in the general BBCH scale for cereals [13]. Additional details of the campaign can be
found in [6], [7]. Farming practices in this area ensure that the ground is always flooded during the cultivation
period.

Three parallel time series of HHVV dual-pol images were set up, each one obtained with a different in-
cidence angle, namely 22, 30 and 40 deg. The acquisitions with 22 and 40 deg. correspond to descending
orbits, acquired at 6:30 a.m. The images at 30 deg. were acquired with ascending orbits at 6:15 p.m. The
final schedule of the images actually acquired is illustrated in Fig. 1 together with the evolution of phenology
of the monitored parcels. There are 14 images with 22 deg., 15 with 30 deg., and only 8 with 40 deg. The
missing images (all at 40 deg. incidence) are due to conflicts with other users’ orders or with maintenance
tasks of the sensor. In the best cases, when all passes per cycle are effectively acquired, the temporal gaps
between acquisitions are only 2, 4 and 5 days, this providing very frequent coverage of the site.

III. ANALYSIS OF THE INFLUENCE OF INCIDENCE ANGLE UPON DIFFERENT POLARIMETRIC
OBSERVABLES

The copolar polarimetric response of these rice fields at X-band and 30 deg. incidence angle is thoroughly
described in [7]. Therefore, this section will concentrate on the differences and common aspects found when
we change the incidence angle to 22 or 40 deg. In order to compare the different incidence angles, we will
show the evolutions of some observables for a single parcel. In this way the identification of common features
and discrepancies between incidence angles is easier than by representing the response from all parcels in the
same figures. The comments included in the following are general for all parcels, since all of them present
very similar responses. Particular features and specific ranges of values will be pointed out when necessary.
Average and standard deviation of all observables are computed at parcel level and plotted as a function of
phenology. Note that phenology, instead of date, is used for the x-axis to ease the physical interpretation of
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Fig. 1. Evolution of the phenology at the six monitored parcels (labelled from A to F) during the ground campaign in 2009, plotted
as a function of day of year (DoY). Vertical black lines denote the dates of acquisition of the TerraSAR-X images: Dashed (- -)
for 22 deg.; Solid (–) for 30 deg.; Dotted (..) for 40 deg.

the data.

A. Backscattering coefficients

Figure 2 shows the backscattering coefficient σ0 at HH and VV polarisations. Due to the low level of the
radar backscatter at all channels during the early stages (stages 0 to 15–20) and at VV during the advanced
vegetative phase (stages 30–50), when compared to the noise equivalent sigma zero (NESZ), we employ here
the radiometrically enhanced (RE) products [14]. Later in the text we will comment the consequences of
getting these echoes around or below the noise level on different observables.

The dynamics of both HH and VV are quite similar for all incidence angles. In all cases there is low
backscatter at the initial stages (which correspond to a flooded ground) and a sharp peak around stage 20 as
a consequence of the emergence of the plants and the initial tillering. Then, there is a decrease in both σ0
(more pronounced in VV than in HH) and a convergence to a value around -10 dB at the end of the season
(see [7] for a detailed physical explanation). Nonetheless, some effects are more evident at some incidence
angles, and the exact values of backscatter at each angle are different in many cases. This aspect is described
next.

At the beginning of the cultivation cycle, when the radar echo comes from the water surface, σ0 depends on
the surface roughness, which is induced by wind and, therefore, may vary importantly between acquisitions.
Under the same conditions, surface backscatter would be higher at steep incidence angles (22 deg.) than
at shallow ones (40 deg.), as it is observed for this parcel. However, the level at the intermediate angle
(30 deg.) is the highest one, which can be explained only on the basis of the changes in wind conditions
during acquisitions. It turns out that the time, for each day, at which the maximum wind speed was registered
in this site during 2009 is predominantly from 2 p.m. to 6 p.m., so we should expect stronger winds at
6:15 p.m. (time of the 30-degree acquisitions) than at 6:30 a.m (time of the other two acquisitions). The
maximum wind speed varies from 3 to 13 km/h, depending on the day, and its direction is predominantly from
SW. The test site is on an extremely flat area, located at 30 km from the sea coast, so the wind conditions are
very homogeneous over the whole site. Consequently, the wind-induced roughness, which is always variable
in time and space, is considered here to be driven mostly by time. This justifies the observed higher radar
backscatter at 30 deg.

It is important to highlight that all angles are sensitive enough to the emergence of plants. In principle the
more oblique the incidence, the better should be the detection of the initial plant stems emerging from the
water surface [6], and especially at vertical polarisation, since the interaction of the vertical elements of the
plants with the incoming waves is polarisation dependent. However, the timing of the acquisitions is key to
appreciate the response of the initial stems. In our case, the time series gathered at 40 deg. does not provide
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Fig. 2. Evolution of the backscattering coefficients at all incidence angles for one parcel as a function of phenology. Top: HH,
Bottom: VV

required time sampling, since there are missing images. Therefore, it depends on the particular case of each
parcel whether it can be observed or not.

During the advanced vegetative and early reproductive stages (20–60) we can observe that σ0 at HH channel
is ordered from steeper angles (higher levels) to shallower angles (lower levels), the maximum difference
being about 4 dB. At vertical polarisation the effect is more pronounced, especially around stage 40, when
the VV backscatter at 40 deg. falls more than 5 dB below the value at 30 deg. In general, we can state that
the dynamic range of the whole evolution at both HH and VV channels is larger for shallower angles than for
steeper angles. Since the backscatter from the bottom of the rice plants is dominated by the double bounce
between stems and the water surface (direct surface backscatter is negligible when plants are developed),
which at HH is almost independent from incidence angle, we can state that the influence of incidence angle
is due to the extinction inside the vegetation volume. The total attenuation depends on the length of the path
followed by the waves, which is larger for shallower angles, and hence the lower absolute values at 40 deg.

It is also interesting to see that the backscatter at all angles, and for both polarisations, is quite similar at the
final stages (75–90). The independence from incidence angle confirms the physical interpretation provided
in [7], where the rice fields at these stages were identified as random volumes. Since the scattering from a
random volume should not depend on incidence angle, the angular diversity of these observations provides
the same conclusion of previous works, which were based only on polarimetric indicators (e.g. high entropy).
Note that the claimed independence from incidence angle of the scattering from a random volume is strictly
true only for γ0, whereas it is not for the backscattering coefficient σ0 . Anyway, for the angular range
observed here (from 22 to 40 deg.), the influence of incidence angle on σ0 is less than 1 dB.

These two backscattering coefficients provide a limited observation space, with some ambiguities (two
or more situations produce the same values) and a clear influence of incidence angle at some key stages.
However, many other observables with clear physical interpretation can be exploited when coherent copolar
polarimetry is available, so the next sections explore their evolution along the growth cycle of rice as a
function of incidence angle.
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Fig. 3. Evolution of polarimetric observables at all incidence angles for one parcel as a function of phenology. Left column:

Normalised correlation (a) and the phase difference (b) between HH and VV. Central column: Entropy (c) and the dominant
alpha angle α1 (d). Right column: Outputs of the random volume + rank-1 decomposition: Ratio of the polarised component
over the volume component (e), and alpha angle of the polarised component (f).

B. Correlation and phase difference between HH and VV

Correlation between HH and VV can be easily interpreted for this scene at three different growth phases
(see Fig. 3a). First, during the early stages (0–20) the backscatter from the water surface imposes a high
correlation. However, for this parcel this is noticed at the 30-degree incidence, but not at the other two inci-
dences. The reason of the lower coherence at 22, and especially at 40 deg., is the low backscatter with respect
to NESZ, as explained before. Noise decreases the correlation between the two copolar channels. In fact,
comparing Figs. 2 and 3a, we can see that the lower the backscatter coefficients, the lower the correlation.
Second, between stages 25–30 and 55–60, the extremely low backscatter at VV channel reduces the corre-
lation between both copolar signals. In fact, noise affects this parameter, especially at 40 deg. incidence,
producing correlations as low as 0.2. Finally, when plants approach the late stages, characterised by the
physical morphology of a random volume, coherence tends to 1/3 at all incidences, as expected from theory.

The phase difference between HH and VV presents a common behaviour for all three incidences (see
Fig. 3b), coincident with the explanation shown in [7] for 30 deg. However, the peak value at the plants
emergence and initial tillering depends on the incidence angle. The largest absolute value is obtained for the
shallowest incidence (40 deg.), reaching values between -90 and -130 deg., depending on the parcel. For the
30 -deg. incidence, the extreme values are in a range between -80 and -120 deg., hence very similar to the
40 deg. values. However, at the steepest incidence (22 deg.), the peak phase difference only reaches values
down to -50 deg., not being below -25 deg. for some parcels. Therefore, at 22 deg. there is a worse sensitivity
to this phenological stage than at 30 and 40 deg.

It is also important to note that at 40 deg. the extreme phase difference is reached at earlier stages (even
at 15). The stages for the peak values move to 17–22 at 30 deg., and to 20–25 at 22 deg. Consequently, not
only is the peak value less pronounced at 22 deg., but it appears at stages where plants are more developed.
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From the monitoring viewpoint, it would be more complicated to use the copolar phase difference at 22 deg.
than at 30 and 40 deg. to detect the emergence of plants. The acquisition geometry modifies the sensitivity to
the presence of the first tillers, being more sensitive at shallower incidences. A similar effect was noticed at
C-band in [15] with respect to X-band, due to the size of the plants elements in terms of the wavelength.

C. Entropy and dominant alpha angle

We take a look in this section at two observables defined specifically for dual-pol data in [16]: entropy H
and dominant scattering mechanism, α1 (see Fig. 3c and 3d). The radar response of rice fields at X-band is
characterised by two stages with low entropy: the early dates, when the only contribution to backscatter is
a low surface component (there is no other element above water in the fields), and the advanced vegetative
phase (stages 25–50) when plants are fully developed and then backscattering is linearly polarised due to
the extreme attenuation suffered by the VV channel. The second of these stages is easily identified at all
incidence angles, with entropy values below 0.65. However, at the initial dates there are high entropies at
22 deg. incidence and, especially, at 40 deg. The cause of such misbehaviour is, in accordance with previous
comments for the coherence between HH and VV, the low backscatter level, which makes entropy to be
increased by noise.

There are two stages for which entropy is high: around the start of tillering (stage 20) and at maturation
(stages 70+). The second case produces high entropy due to the random volume nature of the scene, whereas
the first one is due to the simultaneous presence of two scattering mechanisms (none of them dominating),
which are surface backscatter from the water and double-bounce backscatter from the stems–water interaction
(see [7] for a detailed explanation). Both high entropy stages are easily recognised at 30 and 40 deg., for all
parcels, reaching values around 0.9, but not the first of them at 22 deg., since entropy does not go beyond 0.8
for any parcel around stage 20. This is in agreement with previous comments: the steepest incidence is less
sensitive to the presence of the first tillers (scattering is still dominated by the surface contribution) and, on
the contrary, all incidences respond equally to the random volume at the end of the season.

Following the same discussion, the dominant alpha angle α1 provides information about which scattering
type dominates at each stage, being meaningful whenever entropy is not high. This is the case of the initial
stages, with α1 close to 0 meaning surface scattering, and during the advance vegetative phase, since α1 ≈
45 deg. means linearly polarised backscatter. Once again, at 40 deg. we cannot see low values of α1 for
this parcel during the early dates because of the extremely low backscatter level and, hence, the high entropy.
More importantly, we observe that α1 does not reach 45 deg. at stages 25–50 for the 22 deg. incidence angle,
contrarily to the values observed for the other two incidences. In this case, and consistently for all parcels,
the value of α1 during the advanced vegetative phase is around 35 deg. This can be explained physically by
the smaller effect of extinction at steeper incidences, which makes the VV backscatter, with respect to HH,
not as low as for more oblique incidences.

During the plants emergence and initial tillering (around stage 20), we also observe an important effect
of the incidence angle on α1, which is present in all parcels. At 40 deg. incidence, this parameter reaches
60 deg. or more for all parcels, which means that the double-bounce contribution coming from the interaction
between water surface and stems dominates the backscatter. At 30 deg. incidence, the peak value is between
45 and 60 deg., depending on the parcel, which, in comparison with the 40 deg. incidence, shows a lower
sensitivity to the presence of the initial tillers. Finally, at 22 deg. incidence, α1 at this stage ranges from 25
to 40 deg., hence being in many cases even lower than the value measured during the advanced vegetative
phase. Once again, the steepest incidence is not as sensitive during this stage to the development of the plants.
Therefore, accordingly with the comments for the phase difference between HH and VV (Section III-B), the
transition observed in this observable is sharper and more pronounced for more oblique incidences, which
should be taken into account carefully when devising a monitoring strategy based on combining different
angles.
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D. Model-based decomposition

The outputs of a model-based decomposition proposed in [7] are studied here. With this approach, the rice
response is decomposed into two terms: backscatter coming from a random volume , mV , and backscatter
coming from a remaining polarised term, mP , characterised by a rank-1 coherency matrix. The observables
shown in Fig. 3e and 3f are the ratio of the amount of both terms,mP/mV , and the alpha angle of the polarised
component, αP , which indicates its type of scattering mechanism.

During the early stages, the polarised component should dominate the response at all incidences, since
there is no vegetation producing any volume scattering. However, this is only the case at 30 deg. incidence
due to the low backscatter, with respect to NESZ, found at 22 and 40 deg. In such circumstances, noise is
misinterpreted as volume scattering. Then, at plant emergence and initial tillering (stage 20) there is a jump
in both components, mV and mP , for all incidence angles. The volume component decreases some dB just
after that peak at stage 20, whereas the polarised component maintains its level up to stage 30–35 and then
decreases, and hence the observed variation in their ratio. The mP/mV ratio exhibits a common behaviour
for all parcels and incidence angles, with a maximum value of 5 to 8 dB at stage 30, approximately, and a
continuous decrease towards slightly negative values (-5 to -1 dB) at stage 70–80 and constant afterwards.
Therefore, this observable shows perfectly the change in the scattering properties of the scene from stage
20–25 to the end.

Finally, the evolution of αP is quite similar to α1 up to stage 50. From that stage onwards, however, α1

moved to low values (below 40 deg.) and with different final values as a function of incidence angle. In
contrast, αP tends to 45 deg. from stage 50 to the end of the season. This happens for all parcels at all
incidence angles. As explained in [7], these α angles are retrieved in a different way, hence their different
values at these late stages. With the model-based decomposition, we firstly estimate and extract the volume
component (originated at the vegetation random volume), so it is easier to identify the remaining term as
the underlying polarised contribution. In the eigendecomposition, we do not make such a separation of the
volume term before estimating the dominant scattering mechanism.

IV. SUMMARY AND CONCLUSIONS

The influence of incidence angle upon X-band polarimetric observables derived from coherent copolar
measurements over rice fields has been analysed in this letter. Despite the limited amount of available data,
this study provides guidelines about what to expect when using X-band multi-angular data in similar sit-
uations. We have shown that some stages in the growth cycle exhibit a consistent radar response at all
incidence angles, whereas others behave differently depending on the observation geometry. Specifically, the
polarimetric observables related with dominance of scattering mechanisms (e.g. entropy and ratio of volume-
to-polarised components) and with the type of dominant scattering mechanism (alpha angles) do not vary
significantly with angle during the early and advanced vegetative stages and at the maturation phase, so they
could be exploited in the future for monitoring purposes combining different beams and orbits. However, ob-
servation geometry influences the sensitivity to the presence of the first stems and tillers, since they are more
easily detected at shallower incidences than at steeper ones. In previous works with a single incidence angle
we proposed a combination of 3 parameters for rice monitoring: dominant alpha, entropy and span (only for
low backscatter areas). These three seem to be the most suitable for further studies since they exhibit better
angle invariance than backscatter alone.
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