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Abstract: The objective of this work is to analyze the behavior of short temporal baseline interferomet-
ric coherence in forested areas for L-band spaceborne SAR data. Hence, an exploratory assessment of
the impacts of temporal and spatial baselines on coherence, with emphasis on how these effects vary
between SAOCOM-1 L-band and Sentinel-1 C-band data is presented. The interferometric coherence
is analyzed according to different imaging parameters. In the case of SAOCOM-1, the impacts of
the variation of the incidence angle and the ascending and descending orbits over forested areas are
also assessed. Finally, short-term 8-day interferometric coherence maps derived from SAOCOM-1
are especially addressed, since this is the first L-band spaceborne mission that allows us to acquire
SAR images with such a short temporal span. The analysis is reported over two forest-production
areas in Argentina, one of which is part of the most important region in terms of forest plantations
at the national level. In the case of SAOCOM, interferometric configurations are characterized
by a lack of control on the spatial baseline, so a zero-baseline orbital tube cannot be guaranteed.
Nevertheless, this spatial baseline variability is crucial to exploit volume decorrelation for forest
monitoring. The results from this exploratory analysis demonstrates that SAOCOM-1 short temporal
baseline interferograms, 8 to 16 days, must be considered in order to mitigate temporal decorrelation
effects and to be able to experiment with different spatial baseline configurations, in order to allow
appropriate forest monitoring.

Keywords: SAOCOM-1; Sentinel-1; InNSAR coherence; forest plantations

1. Introduction

Synthetic Aperture Radar interferometry (INSAR) has been widely used for topo-
graphic and surface mapping [1]. The technique has evolved significantly since its begin-
nings, leading to the possibility of generating global DEMs, such as SRTM [2] or TanDEM-X
DEMs [3]. In the case of forestry, the generation of digital surface models is a key input for
the estimation of forest canopy height, as it may represent the initial step to the calculation
of forest biomass or forest productivity [4,5]. Additionally, Polarimetric SAR Interferometry
(PolInSAR) is an InNSAR-based technique that exploits the phase and amplitude observations
at different polarization states to estimate forest parameters by using a radar scattering
model [6,7]. PolInSAR has been applied with special emphasis on forest canopy height
estimation [8-14].

Under both approaches—InSAR and PolInNSAR—the main observable is the inter-
ferometric coherence, a complex magnitude that measures the correlation between two
SAR images. For volumetric scatters, such as forests, canopy height information can be
estimated from the volume decorrelation term, providing a suitable physical separation
between the SAR acquisitions [15-17]. Nevertheless, when considering repeat-pass INSAR
configurations, another decorrelation source that arises is the temporal one. In general, as

Remote Sens. 2022, 14, 5652. https:/ /doi.org/10.3390 /1514225652 https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14225652
https://doi.org/10.3390/rs14225652
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-9571-0931
https://orcid.org/0000-0002-1366-9446
https://orcid.org/0000-0002-7871-9782
https://doi.org/10.3390/rs14225652
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14225652?type=check_update&version=1

Remote Sens. 2022, 14, 5652

2 of 20

more time passes between two SAR acquisitions, more changes may occur in the target’s
properties, or even in its location, which in turn degrades the accuracy of forest canopy
height measurements [18,19]. Besides, temporal decorrelation increases generally with
frequency in forests, as electromagnetic waves increase sensitivity with frequency to smaller
components, such as branches or leaves, which are more affected by weather effects, such as
wind, for instance. Thus, proper InNSAR and PolInSAR forest mapping faces a compromise
among (i) the INSAR geometric configuration in terms of the physical separation between
the SAR acquisitions or spatial baseline, (ii) the temporal separation of the SAR acquisi-
tions or temporal baseline and (iii) the imaging frequency, as it determines the penetration
capabilities into the forest volume.

Temporal decorrelation studies for repeat-pass interferometry have been widely ad-
dressed in airborne SAR missions as these systems offer the flexibility of experimenting
with different temporal baselines and there is full control on the spatial baseline [20-24].
In spaceborne systems, the conditions are quite different. First, satellite platforms have a
pre-defined revisit cycle which can be too long in terms of temporal decorrelation. Second,
because not all spaceborne systems have a stable orbital tube over the platform’s position.
This implies that there might be high variability in the spatial baseline, which may not al-
ways be the most appropriate for an InNSAR configuration [25] focused on forest monitoring.
As for the first constraint, satellite missions in X-band such as TerraSAR-X/TanDEM-X/PAZ
and COSMO-SkyMed have offered the possibility of developing INSAR case studies with
very short temporal separation [26,27], limiting temporal decorrelation, but where forest
canopy penetration capabilities are reduced, compared to L- or C-bands.

With the launch of C-band ESA’s constellation Sentinel-1 research has been focused
on the study of temporal series of the interferometric coherence for different application
fields, taking advantage of the mission’s short revisit time of 6 to 12 days [28-31]. For lower
frequencies, there has been a number of studies on the INSAR capabilities of JAXA’s ALOS-
PALSAR mission to map vegetation or forest canopy height considering the temporal
decorrelation with a revisit time from 23 to 46 days [25,32,33], but no studies have consid-
ered coherence at shorter revisit times for L-band orbital data. The Argentinian L-band
SAOCOM system fills this gap, thanks to the capability to generate 8-day interferograms.
Regarding future missions, ESA is planning to launch the ROSE-L system as part of its
Copernicus Programme [34], and the United States and India Space Agencies (NASA &
ISRO) are working on the NISAR mission, scheduled for 2023 [35]. Both platforms will
carry an L-band SAR instrument designed to acquire InNSAR data. Among their applications,
forest mapping, and characterization will be one of the most important ones.

The purpose of this paper is to contribute to the existing knowledge on InSAR analysis
for forestry monitoring, with an emphasis on the analysis and characterization of the inter-
ferometric coherence for short temporal baseline L-band spaceborne systems. The analyses
presented in this work refer to the amplitude of the INSAR coherence only, namely ||.
To achieve this goal, this work presents an assessment of the INSAR coherence over forests
based on the analysis of data from the L-band Argentinian SAOCOM-1 and the C-band
European Sentinel-1 constellations, as a first step towards understanding the suitability
of SAOCOM-1 data for forest monitoring and mapping. It is worth noting that since
November 2021, the SAOCOM-1B satellite is in operation, allowing us to form 8-day InSAR
pairs in combination with SAOCOM-1A images. This work presents, for the first time,
the analysis of these 8-day temporal baselines, L-band, orbital interferograms, with its
focus on forest monitoring. In addition, collocated GEDI data is considered to perform
a preliminary analysis of the INSAR coherence dependency on forest canopy height. All
these analyses are intended to generate a proper basis and criteria for interferometric pairs
selection in future research involving forest canopy height retrieval.

The article is organized as follows. Section 2 introduces the basics of InNSAR, and, in
particular, the concepts of interferometric coherence and coherence decorrelation, as well
as the study sites and the data sources considered in this study. Section 3 refers to the
processing results, and presents a detailed assessment of the INSAR coherence, considering
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different acquisition parameters and target characteristics. Section 4 presents further
analyses of the results to understand the advantages and limitations of the proposed
approach, and Section 5 concludes the article.

2. Materials and Methods
2.1. Interferometric SAR Principles

The principle of the InNSAR technique relies on the measurement of the phase difference
between two or more SAR images, acquired from different positions and/or at different
times [36,37]. The interferometric phase, related to any point seen within the illumination
footprint, is expressed as

¢:4—H(RM—RS)z4—nB-sin(6—zx) 1)
A A
where Rjs and R are the sensor-target distance for the reference and secondary acquisitions,
respectively, A is the radar wavelength, and B, 6, and « are the spatial baseline, the incidence
look angle, and the tilt angle, respectively.

The spatial baseline is very important in any InSAR application. As depicted in
Figure 1, B represents the spatial separation between the two acquisitions, which can
be decomposed into parallel baselines B| and perpendicular baselines B, which are
respectively highlighted in green and blue. B is an important factor because it defines
the system sensitivity for elevation or topographic mapping. In the InSAR literature it is
common to measure the interferometric performance for elevation mapping by means of
the Height of Ambiguity, and it can be derived from Equation (1)

Zog = — ()

where R is the slant range distance, which can be either Rj; or Rg from Equation (1).
In the PolInSAR literature, the system sensitivity to height is usually defined as vertical
wavenumber «, which expresses the ratio of change in the interferometric phase with the
variation of the target height [15]

Ky = /\;LBL 3)
sin(6)

Regardless of the metric used to measure the interferometric sensitivity, Z, or x, it
is important to work with the appropriate B according to the range of elevation values
to map. In spaceborne systems there is little possibility of selecting or controlling the
spatial baseline, unlike airborne systems that can acquire in more experimental and flexible
contexts. This is a constraint that needs to be accounted for when estimating canopy height
from spaceborne instruments.

Finally, when working with interferometric pairs, it is very important to know what is
the critical baseline of the system, which is normally defined as

B
B crit = A= Rtan(6 — 7). @)

B it is the value of B beyond which the spectral shift between two acquisitions is
higher than the system range bandwidth Bg, leading to a zero geometric decorrelation. { is
the terrain slope, but normally a good approximation of B .;; can be obtained by using
the incidence angle 6 only.
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Ground Range
Figure 1. InSAR acquisition geometry (Source: [5]).

2.2. Interferometric Coherence

Let S; and S, be two SAR images acquired with a given spatial and temporal baseline,
see Figure 1, at a given polarization assumed to be the same for both images [6,15,38].
The interferometric coherence 71, is defined as

(5153)
(15112 ([521?)

where (-) represents the speckle filtering [39], 12 is a complex magnitude, whose mod-
ulus |1,| indicates the correlation between the images and its angle arg(7y12) denotes
the interferometric phase. This work focuses on |y12|, as it is a good indicator of how
different decorrelation sources affect the coherence. Due to the polarimetric capabilities of
SAOCOM-1 and Sentinel-1, ygy, Yvv, YHV, YvH Will refer to the INSAR coherences at the
different polarization combinations for transmission and reception, where H and V denote
the linear horizontal and vertical wave polarization states, respectively.

The coherence 1, suffers from different decorrelation processes, and according
to [15,40] it can be written as

Y12 = @)

Y12 = Yovol YsysYtmp- (6)

For volumetric scatterers such as trees, 7y,,; appears due to the different scattering
processes that occur at different heights within a resolution cell [6]. It is a term that
has a high dependence on frequency, as a variation in the wavelength implies different
interactions with the scatterers. However, it does also depend on B . For forested targets,
if an exponential decrease of the scattering power is assumed within the canopy, y,,; can

be modeled as [18,19]
o efszh _ efth

@)

Yool = 3~ jkz 1 —e ok
where & is the volume height, and « is the attenuation coefficient, which is normally
expressed in dB/m and is also known as the extinction parameter in the PolInSAR literature.
An important outcome of Equation (7) is that B, plays a relevant role on the value of |7y,|-
Indeed, with higher values of B, and «, see Equation (3), |y,,| will decrease more rapidly
with an increase in the volume height. Satellite constellations such as Sentinel-1 have
stringent orbit control. Orbit positioning control is defined using an orbital Earth fixed tube
which is approximately 50 m wide in radius around the nominal operation path. Therefore,



Remote Sens. 2022, 14, 5652

50f 20

B values for Sentinel-1 are normally within a range of —200 to 200 m, which mitigates the
potential effect of volume decorrelation [41].

7Ysys comprises a wide range of decorrelation effects caused by the SAR system config-
uration and processing aspects, that include contributions induced by additive noise, range
and azimuth ambiguities, quantization, and other effects [15]. One of the most important
components is the geometric term ‘ygeom, which is function of B and B . [42]

BL crit_BL
Ygeom = B i crit ABLI < B crit @®)
0 ’ ‘Bi| > BL,crit-

Hence, if |B, | > B .t, 12 becomes 0, causing a total loss of correlation.

Finally, 7tmp represents the temporal decorrelation, and it is originated by geometric
and/or dielectric changes in the scatterers within the temporal window that separates SAR
acquisitions. Generally, the larger the temporal baseline, the lower the 7ty,,. This term is
critical when working with repeat-pass InNSAR, and it is present even when working with
almost-zero temporal separation between the images [16]. The decay of 7 as a function
of time or the temporal baseline between images can be estimated through several models.
One of them is the exponential one [43]

Yemp(t) = (1 = Ying)e ™™ + Yins )

where i, and T represent the long-term coherence and the rate of coherence decay, respec-
tively, which can be approximated by fitting Equation (9) to the coherence measurements
in a temporal series.

2.3. Study Areas

This work considers two areas of analysis. The first one corresponds to a sector in
the northeast of Corrientes province, Argentina, near its border with the neighboring
Misiones province, see Figure 2a. Corrientes is amongst the most important areas in
terms of forest production in Argentina, with pine and eucalyptus as the main planted
species. This is the main reason for choosing this region, only surpassed by Misiones [44].
In this sense, the retrieval of forest plantations” height, which is directly linked to their
productivity, is very relevant both for local producers and government agencies [5]. As can
be seen in the zoomed area of the same figure, three sub-regions were selected for the
analysis performed on this site. Region C forms part of a forest field, from which in-field
inventories were available. Region A corresponds to a forested area which, according to
GEDI measurements, see Section 2.5, presented lower tree heights than region C. Region B,
finally, covers a bare-soil area, used to compare the behavior of coherence between the land
covers in Section 3.1.

The main planted species of pine in the Corrientes site corresponds to Pinus taeda,
spanning a surface of over 250,000 ha for the whole province [45]. According to field
measurements provided by local producers, the analyzed forest stands of region C have an
age of around 18 to 20 years, with a mean average canopy height of 24 m, obtained from
ground campaigns. As indicated by [46], the Pinus taeda trees in Corrientes reach heights of
around 23 m at the age of 20, which is in agreement with the given figures.

The second area of analysis is located near the Domuyo Volcano, in the Neuquén
province, Argentina, see Figure 2c, which is much less important than Corrientes in terms
of forest production. This area was included to assess the INSAR coherence in a different
environment, where trees generally reach lower heights in contrast with the northeast of
the country. This comparison based on forest height will be addressed in Section 3.4.

The tree plantations in the second area correspond to pines of the Pinus ponderosa
species, which is one of the most important in the Patagonian Andes of Argentina, with a
total surface of 56,000 ha [47]. The analyzed forest stands have an age of around 30 years,
with a mean average canopy height of 15 m, obtained from ground campaigns. In this case
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too, these numbers are in agreement with previous studies that developed growth models
for Pinus ponderosa in the region [48].

560,000 g0 __roow oo aooow

LOCATION IN ARGENTINA LOCATION IN ARGENTINA

; ANALYZED FOREST
ANALYZED AREA 9 AREA
* . - X

(b) Pinus taeda pine trees. (d) Pinus ponderosa pine trees.

Figure 2. Study-areas in Corrientes and Neuquén provinces, Argentina.

2.4. SAR Data

In this study, SAR data acquired by the SAOCOM-1 and Sentinel-1 systems are consid-
ered. SAOCOM-1 is a two-satellite constellation launched by CONAE, in 2018 and 2020.
Sentinel-1 is also a two-platform constellation launched in April 2016 and operated by ESA.
The SAR instruments on board these spaceborne platforms work at L-band (A ~ 23 c¢cm) for
SAOCOM-1 and C-band (A = 5.6 cm) for Sentinel-1. Their use in forestry applications is of
great interest due to the way in which microwaves interact with trees [5].

For this study, we selected different temporal series of SAOCOM-1A&B and Sentinel-1B
images, covering the period from August to December 2021 in the case of the Corrientes site,
and from February to August 2020 in the case of Neuquén site. In the former (Corrientes),
a shorter dataset of SAOCOM-1 images with descending orbit was also considered in order
to assess the INSAR coherence changes according to the orbit direction, see Section 3.2.
Table 1 summarizes the image datasets used in this work, where A and D indicate ascending
and descending orbits, respectively, 0° refers to the approximate mid-range incidence angle,
N indicates the number of images of the temporal series, Pol. refers to the polarization, QP
for fully-polarimetric data and VV/VH for dual-pol data and, finally, B, ., is the critical
perpendicular baseline. Sections 3.1-3.3 refer to data processed in the Corrientes site, while
Section 3.4 makes use of both sites to compare the variation of INSAR coherence according
to forest canopy height.

Finally, it is worth noting that, since 20 November 2021, the first SAOCOM-1B images
started to be acquired over the Corrientes site, allowing us to form 8-day InSAR pairs
with the combination with the SAOCOM-1A images. At the moment, the amount of
SAOCOM-1B images is not long enough to make a long temporal analysis, but these
shorter term orbital L-band interferograms have been included in this work, and are
specifically addressed and analyzed in Section 3.3.
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B. Perp. (m)

Table 1. Temporal SAR datasets. Site 1 is Corrientes, Site 2 is Neuquén.

Site Platform Pass 0° Pol. N B it (m)
1 SAO-1A A 32 QP 9 9332
1 SAO-1A D 19 QP 6 5140
1 SAO-1B A 32 QP 3 9332
1 S1 D 40 VV/VH 10 6359
2 SAO-1A A 46 HH 10 15465
2 S1 D 40 VV/VH 20 6359

The temporal baseline between the SAOCOM-1A images is 16-day, which is equivalent
to the platform’s nominal revisit time. This temporal cycle can be reduced to 8 days if
images are acquired by the SAOCOM-1A&B constellation. Regarding the C-band dataset,
the Sentinel-1B images used for this work are separated by a 12-day temporal baseline.
Figure 3a,b depicts the perpendicular spatial and temporal separation between the scenes
for the datasets used in the Corrientes and Neuquén sites. The spatial baselines refer to the
interferograms created by considering the first images of the series as reference images and
the rest as secondary images. As expected, Sentinel-1 spatial baselines tend to be stable
since the mission has a narrow orbital tube, which is suitable for instance for Differential
SAR Interferometry [49]. On the other hand, SAOCOM-1 does not have control over the
orbital tube, and hence the perpendicular spatial baseline shows much more variability.
While having larger perpendicular baselines may be better for topography or forest canopy
mapping, this is a factor that is not equal between both SAOCOM-1 and Sentinel-1, and will
be considered when assessing the temporal decorrelation.

As indicated previously, INSAR coherence needs to be estimated from data, see Equation (5),
by using a speckle filter. In this work, we will use a 17 x 17-pixel multi-look filter. The use of
these dimensions is justified to limit the coherence estimation bias at low coherences, especially
for C-band data. Additionally, the number of Equivalent Number of Looks (ENL) has been
computed on different homogeneous areas, mainly forest sites. For Single Look Complex
images, SAOCOM-1 data presents an average of ENL = 2.24, whereas Sentinel-1 presents
an average of ENL = 3.32. These values can be explained as forested areas in the analyzed
regions are not totally homogeneous. For filtered data, SAOCOM-1 data presents an average
ENL = 128.4, whereas Sentinel-1 presents an average ENL = 233.4.

1000

500

=500

1000

Corrientes Neuquen
Temporal vs. Spatial baseline plot Temporal vs. Spatial baseline plot
‘ Sentinel-1 x x x Sentinel-1
¢ sA0COM-I x 1500 7 ¥ SAOCOM-1
x 1000 -
x ® x
xxxx;’sxxxxx s "
& xX
x = s X
o 1
0 R VLl SR SO
x
% 500 - x
x
1000 - x
x x x
202 l-E}T-l2 202 l-‘l 0-10 2022-‘(”-08 20 l‘?-‘l 1-22 2020-;}2-20 2020-65-20 2020-63-[8
Date Date
(a) Corrientes site. (b) Neuquén site.

Figure 3. Spatial and temporal distribution of SAOCOM-1 and Sentinel-1 acquisitions.
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2.5. GEDI Data

To assess how the InSAR coherence varies according to tree heights, we selected
a number of points with measurements of the GEDI instrument. GEDI produces high-
resolution laser-ranging observations of the 3-dimensional structure of the Earth. It was
launched on 5 December 2018, as a joint project between the University of Maryland and
NASA. The GEDI instrument consists of 3 lasers producing a total of 8-beam ground
transects [50], some of which cover partially the studied sites, as showed in yellow in
the Figure 2a,c. Most of the GEDI measurements used for this work correspond to the
years 2020 and 2021, which makes them relatively contemporary to the SAR data temporal
series. The processed product was GEDI Level 2B, which contains information about the
canopy height.

3. Results
3.1. Coherence Maps

In the Corrientes site, co-located SAOCOM-1 and Sentinel-1 interferometric pairs were
formed and processed with the Free Open-Source Software GMTSAR. Range spectral filter-
ing has been applied to SAOCOM-1 images to mitigate the baseline spatial decorrelation
effect. The time series of SAOCOM-1 consisted of 12 scenes with 66 interferometric pairs,
with a minimum temporal baseline of 8 days and a maximum temporal span of 128 days,
at a nominal incidence angle of 32°. On the other hand, the Sentinel-1 time series comprised
10 images and 45 interferograms, with a minimum temporal baseline of 12 days and a
maximum of 108 days, at a nominal incidence angle of 40°. A similar processing was
carried out in the Neuquén site, but this section will focus on the first study site.

The visual comparison of the obtained VV InSAR coherence maps |yyy| can be
observed in Figure 4, for two different temporal baselines, to observe the effect of the
temporal baseline at the minimum time span for each times series, 16 days in the case of
SAOCOM-1A and 12 days in the case of Sentinel-1, and then taking a longer one that is
coincident in both cases, being 48 days.

-56°30.000° -56°0.000° -56°30.000° -56°0.000°

Legend Legend

a Saocom-1 footprint a Saocom-1 footprint

(50 sentinel-1 footprint () sentinel-1 footprint
. Interferometric Coherence Interferometric Coherence
S Value range: Value range: g
g — - §
s >
R o o g

[ Province limits [ Province limits

-27°30.000"
).
.000°0€,L2-

.000°0.82-

-28°30.000°
.000°0€,82-

0 10 20km
[

0 10 20km
[ B

-56°30.000" -56°0.000" -56°30.000° -56°0.000"

Figure 4. Comparison of the |yyy| for SAOCOM-1 (red) and Sentinel-1 (green). (A) SAOCOM-1
16-day (September) interferogram and a Sentinel-1 12-day (September). (B) 48-day interferogram for
both systems (September-October).
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SAOCOM Asc. VV Polarization - Forested Area
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L 1 1 1

To see the detailed effect of the temporal decorrelation at the two frequencies, for the
previous temporal series of SAR data for SAOCOM-1 and Sentinel-1, the complete INSAR
coherence matrices were calculated for the forested area indicated as region C on Figure 2a.
Figure 5a,b show the values of |yyy| for the pixels of this region. For comparison pur-
poses, the complete INSAR coherence matrices for bare soil pixels, region B on Figure 2b,
were also derived. As expected, on bare or short vegetation-covered surfaces volumet-
ric decorrelation, in general, tends to be lower than in vegetated pixels, see Figure 6a,b.
A comparison of the four orbital INSAR coherence matrices shows that INSAR coherence
is lower for vegetated areas, if compared with bare areas, independently of the working
frequency, but that L-band coherences are larger than C-band coherences, independently of
the observed type of target. This has a relation with the different wavelengths at which
each instrument operates, but there is also an important influence of the perpendicular
baseline, which is further discussed in Section 4.1.

Sentinel Desc. VV Polarization - Forested Area
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Sentinel-1 descending.

Figure 5. Forested-area , Corrientes site.
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Figure 6. Bare-soil area , Corrientes site.

3.2. Ascending/Descending Orbits

According to Table 1, SAOCOM-1A images with both ascending and descending orbits
are available at the Corrientes site, comprising the period from September to December 2021.
Nevertheless, the descending orbit presents a lower number of images as some images were
not acquired due to conflicts with higher priority acquisitions. It is important to highlight
that the ascending orbit had an incidence angle of 32°, whereas the incidence angle of
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09-26

10-12

10-28

11-13

11-29

12-15

the descending pass was 19°. The approximate footprint of this pass can be observed in
Figure 7. As performed previously, we computed the temporal coherence matrices for the
descending pass over region C, and compared them to the matrices of the ascending pass,
see Figure 8a,b.

-56°30.000" -56°0.000° -55°30.000" -55°0.000
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¥ Forest Area
a SAOCOM ascending pass
a SAOCOM descending pass
Common Area

0 10 20 km
[ S

-56°30.000 -56°0.000" -55°30.000 -55°0.000

Figure 7. Area common to the ascending and descending passes used to compare the interferometric
coherence (highlighted in yellow). The zoom shows the forested pixels, region C, which is also
indicated on Figure 2a.
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(a) Temporal (month-day) |yyy| matrix for (b) Temporal (month-day) |yyy | matrix for
SAOCOM-1 ascending. SAOCOM-1 descending.

Figure 8. Forested area, Corrientes site.

3.3. SAOCOM-1 8-Day Coherence

As indicated in Section 2.4, three SAOCOM-1B images were acquired over the Corri-
entes site to form 8-day L-band interferograms and thus evaluate the effect of reducing the
temporal baseline on the coherence, with respect to the 16-day nominal revisit time of the
SAOCOM-1A images. Table 2 details the interferometric pairs formed and compared to
assess |y|, with their corresponding B, values. In this sense, it is important to note that
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the perpendicular baselines have high variability in these subsets of interferometric pairs,
and in some cases its effect might compensate for an expected improvement of |y| due to
using a shorter temporal baseline. Figure 9 reflects this issue, where we have compared 8
and 16-day contemporary pairs whose B are very different. In all these cases, the effect
of the perpendicular spatial baseline is determinant. To limit this dependency, Figure 10
presents the coherence for pairs 3 and 4 in Table 2 with the most similar B, values of B} .
In this case, decorrelation is mainly governed by temporal decorrelation. The detailed
difference is analyzed in Section 4.4.

Table 2. 8 and 16-day interferometric pairs used to compare |y| formed with the SAO1-A and SAO1-B
ascending images.

Pair Date 1 Date 2 B, (m) Btemp. Zox
1 12 November 20 November 1082 8 42.0
2 12 November 28 November 1816 16 25.0
3 20 November 28 November 734 8 61.9
4 20 November 6 December 476 16 95.5
5 28 November 6 December —1211 8 37.5
6 28 November 14 December —1917 16 23.7
7 6 December 14 December —706 8 64.4
8 6 December 22 December 725 16 62.7
9 14 December 22 December 1431 8 31.8
10 14 December 30 December 1829 16 249
VV - Pairs 2 & 3 VV - Pairs4 &5
10000 10000
—— 8-day coherence - Bperp. 734 m. —— 8-day coherence - Bperp. -1211 m.
—— 16-day coherence - Bperp. 1816 m. —— 16-day coherence - Bperp. -476 m.
8000 4 Y perp 8000 4 Y perp
6000 6000
4000 - 4000 -
2000 2000
D T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Coherence Coherence
VV -Pairs 6 & 7 VV - Pairs 8 &9
10000 10000
—— 8-day coherence - Bperp. -706 m. —— 8-day coherence - Bperp. 1431 m.
—— 16-day coherence - Bperp. -1917 m. —— 16-day coherence - Bperp. 725 m.
8000 - y PerP 8000 y PerP
6000 6000
4000 4000 A
2000 2000
O T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Coherence Coherence

Figure 9. |yyy| histograms for SAOCOM-1 8-day and 16-day pairs chosen from Table 2.
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Figure 10. Visual comparison of |yyy| of SAOCOM-1: (A) 8-day pair, 3 in Table 2, and (B) 16-day

pair, 4 in Table 2.

3.4. Forest Canopy Height

Due to the volumetric decorrelation term indicated in Section 2.2, forest canopy height
can be interpreted from the InNSAR data. Based on the forest canopy height measurements
provided by the GEDI instrument, this section assesses the behavior of |y| with the variation
of height in both the Corrientes and the Neuquén sites, see Figure 11. The analysis is divided
into two parts to account for the temporal decorrelation term by selecting two long temporal
baselines, i.e., 48-day, SAOCOM-1 interferograms for each site with HH polarization and
short temporal baseline SAOCOM-1 interferograms, i.e., 8 and 16-day. As a complement,
Sentinel-1 VV interferograms are also considered since VV polarization is more similar in
terms of || behavior to the HH one, see Section 4.2.

Canopy height vs. coherence
Corrientes and Neuquen

Canopy height vs. coherence

Corrientes and Neuquen

1.0 1.0
x SAOCOM HH Corrientes ® SAOCOM HH Corrientes (8 days)
4 SAOCOM HH Neuquen ® SAOCOM HH Corrientes (16 days)
x  Sentinel VV Corrientes by, 4, 4 SAOCOMHHNeuquen (16 days)
T - Iy - -
0.8 4 Sentinel VV Neuguen 0.8 A‘f“‘; % Sentinel VV Corrientes (12 days)
s ‘:M 4 Sentinel VW Neuquen (12 days)
»‘i
Y X xx
o 0.6 o 0.6 M
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(a) Long temporal baseline (48-day) interferograms.

GEDI canopy height (m.)

GEDI canopy height (m.)

Figure 11. || vs. GEDI canopy height for forests in Corrientes and Neuquén sites.

(b) Short temporal baseline (8/16-day) interferograms.
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4. Discussion

4.1. Spatial and Temporal Baselines

As presented in Section 2.2, |y| decreases with larger temporal baselines due to
temporal decorrelation. For the case of SAOCOM-1 7y, seems to follow an exponential
pattern, as suggested by Equation (9), see Figure 12a, where the parameters T = 12 day
and ;¢ = 0.125 are considered. In particular, the latter is selected in such a way as to
account for the coherence estimation bias for zero coherence. There are, however, some
points that do not seem to fit totally with this exponential model. This is because this
temporal series does also have high variability in the spatial baseline in comparison to
Sentinel-1, and Figure 12a,b depicts this situation more clearly. Both scatter plots are based
on the same pixels of the forested area in Figure 2a and considered for the interferometric
coherence matrices, but in this case |yyy| is compared with the value of the temporal
baselines and B . These graphs show that large B values seem to have a negative impact
on the interferometric coherence, regardless of the temporal separation between the images
and the range spectral filtering applied to mitigate the spatial decorrelation. This might be
explained by the volumetric decorrelation term, which is baseline-dependent as indicated
by Equation (7). Another interesting observation is that in the case of Sentinel-1, Ytmp S€€MS
to have a strong influence on the coherence values, as temporal decorrelation is larger at

C-band despite the much smaller variation and values of B , see Figure 13a,b.

SAOCOM (Ascending - Corrientes)
Forest Plantation - VV Polarization

Eq. 9

T T | T T T 1
0 20 40 60 80 100 120

Btemp (d)

(@) |yvv| vs. temporal baseline

Figure 12. SAOCOM-1 |yyy| vs. baselines.
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Figure 13. Sentinel-1 |yyy| vs. baselines.
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4.2. Polarimetry

The results presented previously comprise the VV polarization only, which is a channel
present both in SAOCOM-1 and Sentinel-1. In order to understand if the polarization state
for transmission and reception is a determinant factor on the coherence behavior, we
considered also the coherence for SAOCOM-1 in a similar way to Figure 12b, but for all the
polarimetric channels, always referring to the Corrientes site, where the full polarimetric
images are available.

Figures 14 and 15 confirm that the influence of B, on || is very strong and it is an
important factor to be considered in this analysis. However, polarization has an effect on
the coherence, as it can be seen in the same figure, where co-polarized channels have higher
coherence values than the cross-polarized ones.

SAOCOM (Ascending - Corrientes) SAOCOM (Ascending - Corrientes)
Forest Plantation - HH/HV Polarizations Forest Plantation - VV/VH Polarizations
pu HH p Vv
(=) =
& OHV 3 oVH
= =
@ o @ o
Ior) o - D 8]
£ © Joryiea £ ° {658 50, -
o 4 © affo °Cwam BB 5566 o o g °© afffo o“wem &8 W 866 o
S T T | T T | SH T | T | |
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Bperp (m) Bperp (m)
(a) || vs. B for HH and HV polarizations. (b) || vs. B for VV and VH polarizations.
Figure 14. SAOCOM-1 |yugl, |vvv|, |vav| & |vva| vs. By (cross-polarized coherences in red).
SAOCOM (Ascending - Corrientes) SAOCOM (Ascending - Corrientes)
Forest Plantation - HH/HV Polarizations Forest Plantation - VV/VH Polarizations
pe HH = Vv
(=] (]
8 oHV 3 oVH
& o & o
] o ] Boep
s ° 09@835 e 5 1 EENE: Q
o 4 8866038888808 60 o 88Be008B828888 60
S T T T T T T 1 S T T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Btemp (d) Btemp (d)
(a) |v| vs. Btemp for HH and HV polarizations. (b) || vs. Btemp for VV and VH polarizations.

Figure 15. SAOCOM-1 |yugl, [vvv|, |vav| & |vve| vs. By (cross-polarized coherences in red).
4.3. Orbits Analysis

From the matrices of Section 3.2, no clear difference can be inferred in the temporal
behavior of || between the ascending and descending passes. Therefore, we also plotted
the scatterplots of B and Biemp vs. the coherence, see Figure 16. Due to the particular
distribution of B, values in this dataset, Figure 16a needs to be analyzed together with
Figure 16b, since many of the longer temporal baseline pairs have a small perpendicular
baseline. As a consequence, no clear pattern can be inferred from Figure 16a, in contrast to
Figure 12a.
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Figure 16. Scatter plot of B and Biemp vs. || for SAOCOM-1 for region C, Figure 7. The points are
labeled with the temporal baseline value to illustrate the effect of B} .

4.4. Short Temporal Baselines

To compensate for the effect of B presented in Section 3.3, pairs 3 and 4 were selected
based on Table 2, since their baseline values were much closer than in the pairs showed in
Figure 9, and they were also contemporary in time. Figure 10 shows the coherence maps for
these two pairs. We computed the histograms over region C, see Figure 2a, to specifically
assess the effect on forested pixels. The coherence values are lower than the average for the
whole image. Nevertheless, the positive effect of the reduction of the temporal baseline
can still be observed, especially in the cross-polarized channels, see Figure 17a,b. This low
coherence might be related to the volumetric decorrelation term as the mean forest canopy
height of these pixels, according to the GEDI points, is around 24 m. In Section 4.5, we
compare these histograms with region A, see Figure 2a, where trees present a lower height
of around 14 m.

Histogram of coherence for VH & HV SAOCOM

25

20 A

Pairs 3 & 4 - Forested Area Pairs 3 & 4 - Forested Area
25
220 HH - T2 VH
—— 8-day coherence - Bperp. 734 m. —— 8-day coherence - Bperp. 734 m.

—— 16-day coherence - Bperp. 476 m.

207 —— 16-day coherence - Bperp. 476 m.

15 1

10 1

T
0.4 0.5 0.6 0.7 0.8 0.0

Coherence Coherence

(a) |ygu| and |yyy| histograms.

(b) |ygy| and |yy x| histograms.
Figure 17. Histograms of || for SAOCOM-1 at 8 and 16 days separation in region C, Figure 2a.

4.5. Forest Canopy Height

The results shown in Figure 11a suggest that with a temporal span of 48 days, ||
at L-band seems to suffer from large temporal decorrelation, as indicated in Section 2.1,
and this applies both to Corrientes and Neuquén sites. However, when selecting shorter
temporal baselines for both instruments and sites, things look quite different. Figure 11b
shows scatter plots for 12-day interferograms in the case of Sentinel-1, and 8 to 16 days in
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the case of SAOCOM-1. While for Sentinel-1 the variation of the coherence with respect
to the forest height is limited, in the case of SAOCOM-1 the system seems to be much
more sensitive to this variable. In the Neuquén site, where the average height measured
by GEDI is around 16.5 m, the coherence is higher than in Corrientes, where the mean
canopy height is 24.5 m. The forest canopy height does not only vary between the two sites,
but also within the Corrientes one. If we observe the histograms shown in Figure 17a,b of
Section 4.4, the coherence values correspond to region C zoomed in Figure 2a, which has a
mean canopy height of 24 m. According to the GEDI data, the other forested area analyzed
in this work, region A in Figure 2a, has a mean canopy height of 14 m, and the histograms
of coherence show higher values than the C one, as can be seen on Figure 18a,b.

Histogram of coherence for VH & HV SAOCOM
Pairs 3 & 4 - Forested Area

o w
CZIUHH

—— 8-day coherence - Bperp. 734 m
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T a T
0.4 0.5 0.8 0.0 0.1
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(b) |ygy| and |yy x| histograms.
Figure 18. Histograms of || for SAOCOM-1 at 8 and 16 days separation in region A, Figure 2a.

Following the analysis proposed in [51], we plotted a scatter plot comprising the rela-
tion between all the observed coherence values coming from 8 and 16-day interferometric
pairs, and the ratio between GEDI canopy height and the Height of Ambiguity, namely
h/HoA, see Figure 19. The reason for using this metric is that the variability introduced by
different spatial baselines is mitigated when using this ratio rather than the height itself.
On the same Figure, we have included a curve corresponding to the RVoG volumetric
decorrelation model, also introduced in [51], taking the mean /1/ Ho A value for all the pairs.
When fitting this curve, we also compensated for the temporal decorrelation that affects
these observations, by applying Equation (9).

The observed result is quite interesting, since although the #/HoA values do not
cover the full numeric range needed to fit a model-based curve such as the RVoG one,
the scatter plot effectively accounts for a non-linear negative relation between the ratio and
|7|. Bearing in mind that we are working with an orbital mono-static SAR system—unlike
a bi-static one like the data set presented by [51], this relation deserves further analysis
with a longer and more baseline-heterogeneous InSAR time series.

These results are relevant as they indicate that SAOCOM-1 L-band coherence is related
to the canopy height, which is essential for the implementation of inversion models such as
the RVoG considered in PolInSAR [7,14]. It is also important since it proves that working at
L-band with short temporal baselines is critical for this type of application. Further analysis
needs to be performed regarding this point, especially assessing whether the volumetric
coherence estimated by the RVoG model fits the distribution of the observed data. However,
this requires all data points to come from the same pair and the same interferometric
configuration, and this is not the case of Figure 11b. An alternative to this constraint could
be to adopt a multi-baseline approach such as the one proposed by [17], in order to exploit
the variability in baselines and choose the one that best fits each target’s height.
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Figure 19. Ratio of GEDI Canopy Height and Zy, (h/HoA) vs. || in Corrientes and Neuquen Sites.

5. Conclusions

This work presents an assessment of the interferometric coherence with two different
spaceborne SAR instruments: the L-band SAOCOM-1 and the C-band Sentinel-1, focusing
on the study of forested areas. In both cases, this assessment has considered different
parameters such as the spatial baseline, the temporal baseline, and the forest canopy height.
In particular, this study has considered the analysis of short temporal baseline spaceborne,
L-band interferograms.

The results presented in this work show that the SAOCOM-1 L-band instrument
appears to be more suitable than the Sentinel-1 C-band system for forest studies, due to
the fact that interferometric data shows higher coherence values and data are also less
sensitive to the temporal decorrelation. Additionally, SAOCOM-1 presents the possibility
of acquiring fully polarimetric data, unlike Sentinel-1. These factors are critical for the
feasibility of mapping forest canopy height by means of the INSAR or PolInSAR techniques.
On the other hand, Sentinel-1 showed not only very low coherence values in both sites,
but also little variation in relation to the analyzed parameters. This is probably explained
by the fact that C-Band data present fewer penetration capabilities and are much more
affected by temporal decorrelation than L-band data in forested areas.

The high variability of the perpendicular baseline in SAOCOM-1, compared to Sentinel-1,
has a strong influence on the interferometric coherence and, as already exposed in Section 2.1,
it is also an important factor to define the system sensitivity to forest canopy height. In this
assessment, we have had to account for the effect of this variable, since in many cases it
determines the difference in the coherence between different pairs, making it difficult to
achieve good or ideal experimental conditions. In the future, this may lead to better or worse
scenarios for forest canopy height mapping, either with InNSAR only or PolInSAR techniques.
Nevertheless, as discussed in Section 4.5, this might allow experimenting with multiple
baseline values in places with high heterogeneity in forest stand heights.

Regardless of the limitations that need to be considered, this work demonstrates that
the Argentinean constellation SAOCOM-1 yields a promising scenario for forest mapping,
especially considering that it operates a spaceborne L-band SAR system, which can provide
images every 8 days; something that had not been achieved before with other orbital SAR
L-band missions. The exploratory assessment carried out in this work is a starting point for
the development of case studies where PolInSAR is applied to invert forest canopy height
from SAOCOM data, going beyond the traditional InNSAR technique that has been assessed
for the Argentinean constellation in [5].
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Finally, it is important to mention that we have considered two forest areas in Ar-
gentina comprising essentially managed forests, where ground-truth data were available,
demonstrating the potential of SAOCOM-1 for forest studies based on InNSAR and PolInSAR
techniques. The generalisation of these results to other types of forests, such as boreal,
tropical, or Mediterranean forests, is a foremost task, especially regarding the future L-band
SAR missions ROSE-L and NISAR. We are confident that very similar performances can be
expected in these types of forests.

Author Contributions: Conceptualization, S.A.S. and C.L.-M.; methodology, S.A.S. and C.L.-M.; soft-
ware, S.A.S.; validation, S.A.S.; formal analysis, S.A.S. and C.L.-M.; investigation, S.A.S. and C.L.-M.;
resources, S.A.S. and M.].].; data curation, S.A.S. and M.].].; writing—original draft preparation,
S.AS. and C.L.-M.; writing—review and editing, S.A.S. and C.L.-M,; visualization, S.A.S. and C.L.-M.;
supervision, C.L.-M.; project administration, C.L.-M.; funding acquisition, C.L.-M.. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the project INTERACT PID2020-114623RB-C32 funded by the
Spanish MCIN /AEI /10.13039 /501100011033. (Corresponding author: S. Seppi).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data policy of the SAOCOM system is determined by the Argentinian
Government and its collaboration with the Italian Space Agency ASI. In essence, this system has a double
nature. On one hand, it was launched to support monitoring and control activities of the Argentinian
Government. On the other hand, the SAOCOM system is also commercial, where the commercialization
of data is done under the agreement CONAE has with ASI in the case of Europe, and with other partners
in the rest of the world. Plase contact atencion.usuario@conae.gov.ar for further information.

Acknowledgments: The authors thank the local companies Bosques del Plata S.A. (Corrientes) and
Asociacién de Fomento Rural (AFR) Manzano Amargo y Pichi (Neuquén) for providing with field
measurements used to support the assessment performed in this article. The authors are also grateful
to the Argentinean Space Agency (CONAE) for granting access to the SAOCOM-1 images and Rubén
Iglesias for the discussions concerning geometric decorrelation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
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ALOS-PALSAR Advanced Land Observing Satellite-Phased Array type L-band SAR

CONAE Comision Nacional de Actividades Espaciales
COSMO-SkyMed  COnstellation of Satellites for the Mediterranean basin Observation
DEM Digital Elevation Models

ESA European Space Agency

GEDI Global Ecosystem Dynamics Investigation

InSAR SAR Interferometry

ISRO Indian Space Research Organisation

JAXA Japan Aerospace Exploration Agency

NASA National Aeronautics and Space Administration
NISAR NASA-ISRO SAR

PolInSAR Polarimetric SAR Interferometry

ROSE-L Radar Observing System for Europe at L-band
RVoG Random Volume over Ground

SAOCOM Satélite Argentino de Observacion con Microondas
SAR Synthetic Aperture Radar

SRTM Shuttle Radar Topography Mission

TanDEM TerraSAR-X add-on for Digital Elevation Measurement
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