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Sensitivity Analysis of Repeat-Pass TerraSAR-X
Staring Spotlight InSAR Coherence To Monitor
Pasture Biophysical Parameters (Height, Biomass)

Iftikhar Ali, Brian Barrett, Fiona Cawkwell, Stuart Green, Edward Dwyer, and Maxim Neumann, Member, IEEE

Abstract—This paper describes the potential and limitations
of repeat-pass synthetic aperture radar interferometry (InSAR)
to retrieve the biophysical parameters of intensively managed
pastures. We used a time series of 8 acquisitions from the
TerraSAR-X Staring Spotlight (TSX-ST) mode. The ST mode is
different from conventional Stripmap mode therefore we adjusted
the Doppler phase correction for interferometric processing.
We analysed the three interferometric pairs with an 11-day
temporal baseline, and among these three pairs found only
one gives a high coherence. The results show that the high
coherence in different paddocks is due to cutting of the grass
in the month of June, however the temporal decorrelation in
other paddocks is mainly due to the grass growth and high
sensitivity of the X-band SAR signals to the vegetation cover.
The InSAR coherence (over coherent paddocks) shows a good
correlation with SAR backscatter (R%; = 0.65, p < 0.05) and
grassland biophysical parameters (R%eight = 0.55, p < 0.05,
R%,0mass = 0.75, p < 0.05). It is thus possible to detect different
management practices (e.g., grazing, mowing/cutting) using SAR
backscatter (dB) and coherence information from high spatial,
short baseline X-band imagery, however the rate of decorrelation
over vegetated areas is high.

Index Terms—Biophysical parameters, TerraSAR-X Staring
Spotlight, interferometry, managed pastures, InSAR coherence.

I. INTRODUCTION

RASSLANDS are one of the most prevalent and
G widespread land cover vegetation types, covering 31.5%
of the global landmass [1]. After forests, grasslands are the
largest terrestrial carbon sink [2] and, as such, play a vital
role in regulating the global carbon cycle. Most of the earth
observation studies on grasslands have been based on optical
imagery for various applications e.g., classification, biomass,
conservation status and growth rate [3], [4]. But in recent
years, after the launch of high-resolution spaceborne SAR sen-
sors like TerraSAR-X (X-band German SAR sensor launched
in 2007) and COSMO-SkyMed (X-band constellation of four
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Italian satellites launched in 2007 to 2010), new investigations
on grasslands using SAR data regarding mapping [5], moni-
toring management strategies [6] and parameter retrievals [7]
have been reported in the research literature.

The literature suggests that, with the development and
availability of spaceborne SAR data with improved spatial and
temporal resolution recent studies have investigated various
aspects of grasslands, for example, management [6], [8], soil
moisture [7], [9] and classification. Before that, in 1999, Hill
et al. [10] conducted a very detailed experiment on grassland
biophysical properties using SAR backscatter calculated from
multi-frequency (C, L and P band) and multi-polarized (HH,
HV and VV) airborne (JPL/NASA airborne imaging system)
SAR data. Significant relationships were formulated between
the measurement of grass height and the SAR backscatter,
demonstrating the potential that might be offered with repeat-
pass satellite imagery.

Interferometric coherence is affected by the physical
changes of vegetation and ground properties that occur be-
tween the acquisition times, a phenomenon known as temporal
decorrelation [11]. The coherence is dependent on multiple
factors such as: temporal decorrelation, SAR processing, sig-
nal to noise ratio, co-registration, volume decorrelation and
baseline decorrelation [12]. Studies [13], [14] show that for
both SAR interferometry and polarimetric SAR interferometry
temporal decorrelation is one major limitation [11] which
increases with shorter wavelengths [15].

Right from the day InSAR theory and applications are
in place the interferometric analysis (and/or decorrelation)
over vegetation (or prime targets covered by vegetation i.e.,
potential land sliding hot spots) is a challenging task. The main
reason behind this inconsistency is predominantly because of
volume scattering and temporal decorrelation [15].

In 2014 TerraSAR-X activated a new acquisition mode,
staring spotlight (ST) has a longer target illumination time and
high spatial resolution (up to 25cm), compared to the high-
resolution spotlight (SL) mode (up to 1m). This high spatial
resolution is achieved at the cost of spatial coverage, with
staring spotlight mode spatial coverage of approximately 4km
(width) x 3.7km (length), compared to the SL which covers
10km (width) x Skm (length). TerraSAR-X has an 11-day
repeat cycle and is suitable for repeat-pass SAR interferometry
analysis. The ST mode is very different from the conventional
stripmap mode as the antenna beam keeps staring/focusing at
the same ground target for a longer period of time, which



result in very high spatial resolution.

To the best of our knowledge there is no study reported in
the literature on the application of repeat-pass SAR interfer-
ometry on managed grassland/pasture to evaluate its potential
to monitor biophysical parameters. A recent investigation by
Morishita and Hanssen [12] on pasture using repeat-pass
multi-frequency SAR interferometry is to analyse and develop
a temporal decorrelation model, however no work has been
done on the retrieval of grassland biophysical parameters and
management practices using spaceborne SAR interferometry.
Other investigations on grasslands [16] and crops [17] using
X and C-bands are based on Tandem mode SAR acquisitions
where the temporal baseline is very short. Zalite et al. [16]
shows that even in case of Tandem mode (1 day temporal
baseline) the interferometric coherence is highly influence
due to temporal decorrelation over vegetated area. Mostly the
interferometry analysis on vegetation, especially on crops and
grasslands, are undertaken either by using longer wavelengths
or with Tandem mode—data acquisition from a sensor constel-
lation.

The results presented here are based on the highest spatial
resolution available from a spaceborne SAR sensor. In this ex-
periment we have tested the behaviour of SAR interferometric
coherence against the biophysical parameters (height, biomass)
of intensively managed pastures and SAR backscatter values.
The objective of this study is to investigate the potential and
limitations of repeat-pass TSX-ST interferometry to retrieve
biophysical parameters of intensively managed grasslands and
detection of management practices.

II. MATERIALS AND METHODS
A. Study site

The study area covers a Teagasc (Irish Agriculture and Food
Development Authority) research farm located in the south of
Treland (50° o7’ N, 08° 16 W). The Teagasc Curtins Research
Farm covers an area of 48ha and has a primary focus on
sustainable pasture-based dairy systems, grassland and grazing
management (see Figure 1). The area has a temperate climate
where annual mean temperature ranges from 9.4-10.1 °C,
while the annual rainfall varies between 854 and 1208 mm.

B. TSX-ST time series

A time series of TerraSAR-X’s newly launched ST mode
was acquired from June to November 2014 with a total of
8 acquisitions ([format = acquisition#: ddmmyy] 1: 080614
(wind speed: 2.3 m/s), 2: 190614 (wind speed: 1.4 m/s),
3: 110714, 4: 220714, 5: 020814, 6: 240814, 7: 150914,
8: 091114). All acquisitions have the same specifications
(wavelength (A) = 3.1 cm, incidence angle () = 41.09°,
orbit/dir = 147/Asc, polarization = HH, critical baseline = [-
15270.66, 15270.66]).

C. In-situ data

Intensive field campaigns were planned on the day of each
SAR acquisition in order to collect the grassland height (cm)
and biomass (kg DM/ha). For paddock scale biomass (kg
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Figure 1: Study site (Curtins, Ireland), A shape file (yellow:
overlaid on TerraSAR-X color composite with the Google
Earth layer in the background).

DM/ha) estimation, a strip of grass (approximately 1 meter
wide and 3.5 meter long) was cut and dried for grassland dry
matter (DM) calculation. And for the grass height measure-
ment, an A4 size paper was placed on top of the grass and by
using a ruler the height of the paper was taken. For each of
the 33 paddocks 12 samples were collected in order to have a
mean grass height of the plot. Digital photographs were also
taken of each paddock for the purpose of cross validation and
analysis.

III. METHODOLOGY

SAR processing for o° [dB]: The TerraSAR-X ST time
series data was received as a L1A product in single look com-
plex (SLC) format. After standard preprocessing steps (multi-
looking (range looks: 1, azimuth looks: 4), co-registration and
multi-temporal filtering) geometric and radiometric calibration
was performed to get the backscatter coefficient values of o
(dB), which were geocoded to the Irish Transverse Mercator
(ITM) projection.

SAR interferometry processing: For interferometric process-
ing we used the JPL/Caltech SAR interferometric tool ISCE
(InSAR Scientific Computing Environment) developed by JPL
and Stanford University. The acquisition geometry of the
SAR Staring Spotlight mode is different from the Stripmap
mode, therefore Doppler rate corrections were implemented
as demonstrated by Eineder et al. [18]. These modifications of
Doppler rate correction were integrated into the ISCE tool in
order to support the TSX—ST mode interferometric processing.
Another critical component is the temporal separation between
the acquisitions, which is very important for vegetated areas.
The volumetric decorrelation has to be taken into account due
to the presence of a perpendicular baseline component between
the satellites and a vertical distribution of scatterers [19], [20].
Similarly, signal to noise ratio related corrections have already
been implemented in the WInSAR (ISCE) toolbox.
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Figure 2: InSAR processing workflow scheme.

All 28 possible interferometric pairs were generated, and
the SRTM digital elevation model of 30 meters resolution
was used to calculate and remove the topographic phase. For
each pair, flattened interferometric coherence and phase were
calculated for further analysis.

IV. RESULTS AND DISCUSSION

A. Utility of repeat-pass InSAR time series for investigating
grasslands

Wegmuller and Werner [21] have addressed the issue of
temporal decorrelation for spaceborne repeat-pass InSAR over
vegetated areas. Studies show that the effect of temporal
decorrelation decreases in the case of TanDEM mode—data
acquisition from a constellation of SAR sensors e.g., TanDEM-
X, ERS-1/2 and COSMO-SkyMed-SAR acquisitions [22],
[23], due the very short temporal baseline. The temporal
baseline for all 28 pairs of ST data has a range from 11
days to 154 days. Due to the rapid temporal decorrelation over
vegetated areas, it was decided to use only the three pairs with
the 11-day temporal baseline.

The X-band SAR signals are scattered back to the an-
tenna by the upper canopy component, due to their shorter
wavelength (3.1 cm) which cannot fully penetrate through
the canopy layer. In case of X-band the signal penetration
is mainly depends on the amount of biomass as explained
by Hajj et al. [7] that the X-band signal sensitivity to soil
moisture decreases when the grassland biomass is more than 1
kg/m?. In another investigation Brown et al. [24] has reported
scattering mechanism for crop parameter retrieval. Due to this
sensitivity of the X-band signal to vegetation cover, the decor-
relation rate is extremely fast especially during the growing
season. In the case of 11-day repeat-pass (110714_220714
and 220714_020814) the correlation between interferometric

coherence, the observed parameters (grass height and biomass)
and SAR backscatter values is very low as shown in Figure 3.
However, the pair 080614_190614 shows a large variation and
spread compared to the other two pairs as shown in Figure
3. In this case a high correlation (R?> = 0.52, p < 0.05)
between InSAR coherence and SAR backscatter values is
observed. For the grass height and biomass, correlation values
are low (p > 0.05) but the spread of the scatter plot is
wider in comparison to 110714_220714 and 220714_020814.
A detailed investigation is performed in order to understand
this behaviour and the variation in the 080614_190614 InSAR
pair.

B. Inter and intra paddock variations

Due to the shorter wavelength, the X-band signals are
very sensitive to small changes in vegetation cover, especially
during the growing season when grass grows, and the rate of
change of coherent sum of the scatterers in the resolution cell
is very high. Figure 4 shows the temporal, as well as the intra-
and inter-paddock, variation of the X-band signals for four
adjacent grassland paddocks. Grassland paddocks (9 and 15)
with short grass height during the first acquisition (080614)
(mean height: 2-4 cm) can be distinguished from paddocks 8
and 12 with tall grass (mean height: 25-35 cm). It is evident
that in paddocks 9 and 15 the backscatter values in 080614
decreased in the later acquisitions (190614 and 110714) due
to the grass growth. This variation is one of the main reasons
that led to the high temporal decorrelation over most of the
vegetated areas.

Figure 5 (A) shows an example where the highest correla-
tion over grassland area is observed in the first InSAR pair
(080614_190614), and complete decorrelation occurs in all
other InSAR pairs except for the roads and urban structures.
The potential reasons for decorrelation of the other two 11
days InSAR pairs are discussed in the next section. The
analysis was originally performed on all pairs, but the results
are not shown here, as decorrelated data do not contribute
to pasture biophysical parameters retrieval. For this study,
we considered the coherent pair 080614_190614 for further
analysis in order to retrieve the biophysical parameters.

C. Detailed analysis of 080614_190614 pair

1) Change in SAR backscatter and its relation to
coherent/non-coherent paddocks: Grassland paddocks with
short grass height (low biomass) show higher backscatter (dB)
because short grass (or paddocks after mowing) have less
diffuse scattering compared to the tall grass, especially in the
case of the X-band sensors, where signal backscatter mainly
comes from the vegetation top canopy layer.

In the case of managed grasslands, the coherent grassland
plots follow three types of backscattering patterns:

I High coherence is also observed over the areas where
the change in the mean backscatter is more than 2 dB
(similar to the findings reported by Wegmuller and Werner
[21]). This is due to the presence of short grass height and
gradual regrowth (i.e., paddock: 4, 9, 15, 16, 17, 20, 22,
23, 24, 27 and 28, as an example see paddock 16, 17 and
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Figure 4: Transect based (black line) backscatter scatter profile
of four paddocks (8, 9, 12 and 15) extracted from colour com-
position of TerraSAR-X staring spotlight mode acquisitions
(red=080614, green=190614, blue=110714).

24 in Figure 5 (B) and Figure 5 (C)). In this case ground
is complete covered with grass (with only few spots of
bare soil) but still the grass is not very tall that it will lay
down due to wind.

IT Similar to the coherent paddocks (where the change of
mean backscatter (dB) is > 2 dB), comparatively less
coherent plots (i.e., paddock: 3, 29, 30, 31 and 34) follow
the similar pattern where the mean change in backscatter
is around 2 dB. Paddock 34 is more coherent than 29
and 30 (as shown in Figure 5 (B)) due to the short grass
height in 34 after the intense grazing event.

As we know that value of SAR signal backscatter decrease
with the increase of biomass/height as shown in Figure 4
(paddock 15, SAR backscatter value decrease with the gradual
grass growth). However, for some paddocks (i.e., 2 and 5)
high value of SAR backscatter was observed over tall grass
as compared to the short grass (after mowing)—in Figure 5 (C.
Plot: 2) image of SAR backscatter is shown. This ambiguity is
due to the fact that the grass in the first acquisition (080614)
was tall but lying horizontally due to the wind (see Figure
5 (C)). There is however a high backscatter value in the
second acquisition (190614) due to the short grass height
(after mowing). Similarly in the case of paddock 6, 7 and
8, the difference in backscatter value is due to the gradual
grass regrowth (or short grass height in second acquisition as
compared to the first).

The different sources (anthropogenic and natural) of decor-
relation are thus due to:

i grass growth (i.e., paddock: 6, 7, 8, 11, 12, 13 and 26),
ii grazing (i.e., paddock: 18, 21 and 25), and

iii mowing event (i.e., paddock: 1, 2 and 5)

It can be concluded that from looking at the SAR backscat-
ter only it is not possible to identify the nature of management
practices (and/or changes), however by combining both SAR
backscatter change and the level of coherence we can identify
the type of event that has occurred. For example plot 16 and
17 show a similar change in dB, but 17 is not as coherent as
16 (see Figure 5 (B) and 5 (C)).

We further investigated the reasons as to why the other
two 11 day InSAR pairs decorrelated completely except in
a few areas. Based on the intensive field validation data it was
found that during the month of June most of paddocks are cut
for silage, which led to the high coherence due the presence
of bare soil and short grass height after cutting. In Figure
5 (A) the InSAR pair 080614_190614 shows that there are
many fields outside the study site where high coherence is also
achieved due to the silage cut, but in the later acquisitions the
InSAR pairs 110714_220714 and 220714_020814 the same
fields were decorrelated due to grass growth and high biomass
value. For example, in pair 110714_220714 (red inset box
in Figure 5 (A)) the upper part is decorrelated due to low
backscatter values (or high biomass/grass) while the lower
part is coherent due to the high backscatter value (or low
biomass/grass), as shown in Figure 5 (D). Similarly in the
other pair with 11 days temporal baseline (220714_020814)
an example (yellow inset box in Figure 5 (A)) of a coherent
patch is shown. These are crop fields where high coherence is
due to cutting by the second acquisition and a mean change in
SAR backscatter value is more than 2 dB, Figure 5 (E) shows
the low backscatter in the first acquisition (220714) and high
backscatter in second acquisition (020814).

There are multiple factors that can influence the scattering
mechanism of the radar signals and InSAR coherence. And
wind speed is one of these factors; high wind speed can
displace the scatterers in the resolution cell which will result
in complete decorrelation. Tall grass is more susceptible to the
wind speed as shown in Figure 5 (C, Plot: 2).

2) Relationship between InSAR coherence and grassland
biophysical parameters 080614_190614: For the sensitiv-
ity analysis of grassland biophysical parameters (height and
Biomass) to SAR interferometric coherence, based on the
visual assessment the plots under investigation were divided
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into three groups: (i) all plots shown in Figure 5 (B), (ii) non-
coherent plots (plots with black boundaries in Figure 5 (B))
and (iii) coherent plots (plots with white boundaries in Figure
5 (B)). For each group the relationship of InSAR coherence
with the backscatter (dB), grass height (cm) and biomass (DM
kg/ha) is discussed.

Coherence versus backscatter: SAR backscatter and in-
terferometric coherence show a good correlation (R? =
0.65, p < 0.05) for coherent plots ({G1}: plots with white
boundaries) as compared to the non-coherent plots ({B1}:
plots with black boundaries, (R? = 0.07, p > 0.05)) and the
combination of both ({R1}: all plots, (R? = 0.52, p < 0.05),
see Figure 6). The high correlation in case of {R1} is due to
the inclusion of {G 1}. As discussed in the previous section,
it is evident that the absolute change in backscatter values in
coherent plots is more than 2 dB, which leads to the high
correlation between InSAR coherence and SAR backscatter
values for these plots.

Coherence versus height: Figure 6 {R2} shows that the
coherence and absolute values of change in grass height have
a very low correlation for the non-coherent plots (Figure 6
{B2}). In the case of coherent plots a reverse behaviour is
observed (R? = 0.55, p < 0.05). The reason for this trend is
due to the fact that if the change in canopy height is less
than 10 cm (or in case of coherent areas/plots) they will
either have a constant or increasing trend of height due to the
grass growth (see Figure 6 {G'2}). As soon as height starts
increasing above the threshold of 10 cm, the coherence will
also start decreasing. Similar findings can also be seen in other
studies that have been done on grasslands [23] and crops [22].

Coherence versus biomass: Coherent plots (Figure 6 {G3})
show a strong relationship between the coherence and grass-
land biomass. High values of coherence occur when there is
low biomass (or less percentage canopy cover), and a gradual
decrease in coherence is due to the increase of biomass (see
Figure 6 {R3}, Wegmuller and Werner [21] also reported the
similar findings). For the coherent paddocks, the relationship
between the interferometric coherence and grassland biomass
(R? =0.75, p < 0.05, {G3}) is stronger than the relationship
with the SAR backscatter (R? = 0.65, p < 0.05,{G1}) and

grassland height (R? = 0.55, p < 0.05,{G2}).

In addition to detecting management practices over inten-
sively managed grassland pastures, the interferometric coher-
ence calculated from high resolution spaceborne data has a
great potential to retrieve pasture biomass and height. High
coherence over the paddocks cut for silage during the summer
season is an important finding especially in terms of calculat-
ing carbon budget, as these paddocks show good correlation
with the biomass and grass height. The SAR backscatter is
an important parameter that can be used in combination with
the interferometric coherence in order to determine the type
of change that has happened on ground that led to the high or
low interferometric coherence.

The backscattered signal results from surface scattering,
volume scattering and multiple volume-surface scattering. And
it depends on multiple factors i.e., surface roughness, dielectric
properties, radar parameters (frequency, polarization, incidence
angle) and type of canopy cover [25]. The SAR backscatter
is also strongly linked (or responds) to the temporal devel-
opments in vegetation, similarly interferometric coherence is
very sensitive to the changes in the resolution cell especially
for a large temporal baseline over vegetated areas. The effect
of temporal decorrelation is minimized in the case of InSAR
tandem acquisitions. This investigation was performed on a
single farm with very high quality ground truth data and very
high resolution spaceborne SAR time series. It is, however,
very clear that in order to test the robustness over different
vegetation types, this approach must be further investigated on
a larger scale including more auxiliary data (e.g., soil moisture,
climate variables)

V. CONCLUSION

In this study we used a very high resolution TerraSAR-X
ST time series. Due to the fact that ST acquisition geometry
is different from the conventional SAR stripmap mode, ge-
ometric and Doppler related adjustments were implemented
and later integrated into the ISCE tool. SAR interferometric
coherence and phase were calculated for all combinations of
baselines. For the detailed analysis we selected three InSAR
pairs with an 11-day temporal baseline (080614_190614,



110714_220714 and 220714_020814). For the interferomet-
ric pairs 110714_220714 and 220714_020814 the values of
correlation between the interferometric coherence and the
grassland biophysical parameters were very low, the primary
reason for this is due to the de-correlation caused by the
grass regrowth after the silage was cut. Initial findings from
the June pair show the possibility of change detection due
to the grass growth, grazing and mowing events by using
InSAR coherence information. However, it is not possible to
automatically categorize different paddocks undergoing these
changes based only on the SAR backscatter and coherence
values, due to the ambiguity caused by tall grass flattened by
the wind. Decorrelation over vegetated areas is a very complex
and dynamic process which is influenced by many factors, but
where there is coherence there is also a good correlation with
height and biomass. The lack of coherence suggests that the
X-band wavelength is too short, and therefore affected by even
minor grass growth, causing decorrelation of the signal. This
study concludes that, for X-band SAR interferometry even an
11 day temporal baseline is too long for grassland biophysical
parameter retrieval, except for the fields with short grass height
or during the cutting season when the grass is cut for silage.
After silage cut grass height is short enough that the patches
of bare soil are visible which lead to a high coherence over
these paddocks. Over the vegetated areas the SAR backscatter
behaviour is more consistent and reliable as compare to the
interferometric coherence due to the high decorrelation of X-
band. Therefore in case of large scale application of InSAR
approach to retrieve biophysical parameters it is recommended
to collect high quality ground truth information in order to
explain the changes in the remote sensing data.
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