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Abstract: Decorrelation of X, C, and L-band InSAR (Interferometric Synthetic Aperture Radar) over
densely vegetated regions is a common obstacle for detecting ground deformation beneath forest
canopies. Using long-wavelength P-band SAR sensors (wavelength of 69.72 cm), which can penetrate
through dense forests and collect relatively consistent signals from ground surface, is one potential
solution. Here, we experimented using the NASA JPL (Jet Propulsion Laboratory)’s P-band AirMOSS
(Airborne Microwave Observatory of Subcanopy and Subsurface) radar system to collect repeat-pass
P-band SAR data over densely vegetated regions in Oregon and California (USA), and generated
by far the first P-band InSAR results to test the capability of P-band InSAR for geohazard detection
over forested terrains. Our results show that the AirMOSS P-band InSAR could retain coherence two
times as high as the L-band satellite ALOS-2 (Advanced Land Observing Satellite-2) data, and was
significantly more effective in discovering localized geohazards that were unseen by the ALOS-2
interferograms over densely vegetated areas. Our results suggest that the airborne P-band InSAR
could be a revolutionary tool for studying geohazards under dense forest canopies.
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1. Introduction

Radar remote sensing is an effective and efficient method for mapping and monitoring
geohazards such as earthquakes, volcanoes, urban subsidence, and landslides (e.g., [1,2]).
Successful applications of X-, C-, and L-band InSAR (wavelengths of 3.1, 5.6, and 24.2 cm,
respectively) for ground deformation detection and measurement have been demonstrated
all over the globe since the 1990s [3]. However, over densely forested terrains, radars’
capacity of detecting geohazards beneath tree canopies could be compromised, depending
on the wavelength of radar waves. Short-wavelength (X/C-band) radar pulses may not
be able to penetrate through the dense forests, and therefore the backscattered signals
from vegetation canopy instead of the ground surface often lead to strong decorrelation
in repeat-pass SAR acquisitions, and render the data ineffective for geohazard detection
(e.g., [4,5]).

Using a longer-wavelength (L/P-band) sensor is one of the potential solutions to
strengthen radar’s capability for geohazard detection over forested terrains. Based on
this rationale, we experimented on acquiring repeat-pass P-band SAR (wavelength of
69.72 cm) data using the NASA /JPL AirMOSS system over multiple forested areas in
Oregon and California, and assessed the interferometric capability in detecting localized
ground deformation in these regions. The single-pass P-band data have been collected
in several areas of interest around the world for biomass estimation and soil moisture
studies (e.g., [6,7]); however, our experiment is by far the first to collect repeat-pass P-
band SAR data and generate INSAR results in order to detect localized geohazards over
forested terrains.
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2. Data and Methodology
2.1. Airborne P-Band SAR Acquisition and Processing

For this experiment, we utilized the NASA /JPL AirMOSS radar system [8] to ac-
quire repeat-pass P-band data for three vegetated regions in Oregon and California (USA)
(Figure 1). The three targeted regions were annotated as GB (Gold Beach), SB (Somes Bar),
and HC (Happy Camp), respectively, based on local toponyms. The first and second data
acquisitions were obtained on 8 December 2020, and 5 May 2021, respectively (Table 1).
The NASA /JPL AirMOSS system was mounted on a Gulfstream C-20A (GIII) aircraft and
was equipped with a left-looking P-band radar sensor (wavelength of 69.72 cm) to acquire
12-km wide stripmap data along the flying path. The location and motion of the AirMOSS
system were provided by the high-precision inertial navigation unit (INU) and differential
global positioning satellite subsystem (DGPS), with real-time correction updates via the
Iridium satellite phone [8]. The radar view angles vary from approximately 25° at the near
range to 65° at the far range, which correspond to an incidence angle of about 45° near the
middle range. The heading angles of SAR acquisitions for the three target regions vary,
which are depicted in Figure 1, and detailed in Table 1.
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Figure 1. Airborne P-band SAR data coverage. (a) Red boxes denote the three regions that are
covered by the repeat-pass P-band SAR data and the L-band ALOS-2 SAR imagery. These three
regions are annotated as GB (Gold Beach), SB (Somes Bar), and HC (Happy Camp). The red star in the
figure at the upper-right corner denotes the geographical location of the study area. The background
hillshade map was produced from the National Elevation Datasets [9]. (b) A 2020 Google Earth true
color image is used as background image to illustrate the vegetation coverage. Both the left-looking
airborne P-band SAR and the right-looking satellite L-band SAR data (i.e., the ALOS-2 descending
tracks) were acquired for the three target regions. Detailed flying path directions are given in Table 1.

Table 1. SAR data and corresponding technical parameters for the three target regions.

Target Wavelength Radar Look SLC‘Pixel Mu}ti-LoPked N

Region Band (cm) Look Headng (°) Angle () Size Pixel Size SAR Acquisition Dates
Direction (Rg x Az, m) (Rg x Az, m)

Gold P 69.72 Left 29 43.1 1.7 x 0.6 50x72 Dec 2020 May 2021
Beach L 24.26 right —169.7 36.3 43 x 3.8 43 x 7.6 May 2020 May 2021
P 69.72 left —48 48.0 1.7 x 0.6 50 x 7.2 Dec 2020 May 2021
Somes Bar 24.26 right —~169.2 31.4 43 x 32 43 x 6.4 Apr 2020 Apr 2021
Happy P 69.72 left —160.0 48.6 1.7 x 0.6 50x72 Dec 2020 May 2021
Camp L 24.26 right —169.2 314 43 x 32 43 x 6.4 Apr 2020 Apr 2021
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Pixel spacings for the collected P-band SLC (Single Look Complex) data measured 1.7
by 0.6 m (range by azimuth), and multi-looking factors of 3 by 12 pixels (range by azimuth)
were used to generate multi-looked, HH-polarized images. To form interferograms, the
relative aircraft motion between the two data takes was compensated based on DGPS/INU
data [10] plus aircraft motion correction, which was estimated from subpixel-level match-
ing of the two processed SAR SLC images [11]. After the employed motion compensation
during image formation, the spatial baseline of each pixel between two acquisitions ap-
proximated zero. Consequently, the topographic contributions to the INSAR phase were
automatically removed during the interferogram generation. The 1-arcsec SRTM DEMs
(Shuttle Radar Topography Mission—Digital Elevation Models [12]) were used to geocode
the P-band SAR products. Phase unwrapping of the wrapped SAR interferograms was
achieved using the ICU (integrated correlation and unwrapping) method [13]. In addition,
we implemented differencing of the P-band SAR intensity data to map geohazards that
caused substantial changes of surface scatterers, and were often undetectable by the InNSAR
technique due to severe coherence loss.

2.2. Spaceborne L-Band SAR Acquisition and Processing

To compare the capability of the P-band and L-band SAR data for geohazard detection,
we also obtained the spaceborne L-band ALOS-2 PALSAR-2 (Phased Array type L-band
SAR-2) data that covered the three target regions. The target region, GB, was covered by
the descending-track ALOS-2 data, which were acquired on 23 May 2020 and 22 May 2021.
The regions SB and HC, were covered by the descending-track ALOS-2 acquisitions on
11 April 2020 and 10 April 2021 (Figure 1). The ALOS-2 data shared a similar heading
angle of —169° and an incidence angle of approximately 34° throughout the three target
regions. Pixel spacings of the ALOS-2 SLC data measured approximately 4.3 by 3.5 m
(range by azimuth), and multi-looking factors of 2 by 1 pixels (range by azimuth) were
used to match the pixel spacings of the multi-looked AirMOSS P-band data (Table 1). The
l-arcsec SRTM DEMs were utilized to minimize the topographical contributions to the
SAR phases and to geocode the SAR images. The orbit-related artifacts were reduced
using quadratic fitting, and the topography-related stratified atmospheric artifacts were
reduced by using linear fitting. We used the GAMMA software [14] to generate the SAR
interferograms, and employed the minimum cost flow approach to achieve unwrapping
by setting a coherence threshold of 0.2. The coherence threshold was determined from the
measured coherences over large waterbodies on the SAR interferograms.

3. Results
3.1. Identified Geohazards from P-Band InSAR

Using the interferograms generated from the P-band AirMOSS data acquired in De-
cember 2020 and May 2021 over the three target regions (i.e., GB, SB, and HC), we identified
55 landslides which were actively moving during the observation period (Figure 2). Of
these landslides, 39 were not included in the national landslide inventory, which is a com-
pilation of currently existing, non-systematically mapped global, national, and regional-
level landslide inventories [15]. Comparison with the ALOS and ALOS-2 mapped active
landslides between 2007 and 2019 [16] showed that the P-band InSAR revealed 40 new
landslides, particularly the relatively small-sized ones (less than 4 x 10* m?). However, the
P-band data from December 2020 to May 2021 did not capture motions of 12 landslides that
were reported active between 2007 and 2019 using L-band satellite INSAR observations [16].
Potentially, the undetected landslides were due to their inactivity during the P-band SAR
acquisitions, or their motions were extremely slow enough to be unidentifiable to the
long-wavelength P-band SAR interferogram.
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Figure 2. Detected geohazards over the three target regions using P-band InSAR. Red polygons
outline the identified landslides from P-band InSAR. SAR interferograms and intensity changes of
four selected areas (A-D), which are marked on the hillshade maps at the upper-left corner, are
depicted in four corresponding close-up figures. (A,B) show SAR interferograms of landslides from
different radar look angles. (C,D) show the SAR intensity changes of a possible landslide runout and
clear-cut, respectively. The true color images in (C,D) were accessed from Google Earth.

Spatial sizes of the identified landslides range from 4.4 x 10® to 7.2 x 10°> m?. Among
these landslides, 12 intersect with the Highway 101 along the southern Oregon coastline,
and 4 intersect the Highway 96 along the Klamath River in the northwestern California.
The movement of these landslides often slowly and constantly damages the highway by
displacing the roadbed and causing cracks [17]. The measured maximum line of sight
(LOS) displacement of the identified landslides was 0.57 m during the observation period,
which corresponded to a LOS deformation rate of 1.3 m/yr.

The look directions of the radar sensors largely affect their sensitivity for detecting
geohazards, depending on the dominant orientation of the to-be-detected ground displace-
ment. The highest sensitivity generally lies along the LOS direction of the radar sensor, and
gradually decreases towards the LOS-perpendicular direction. As exemplified by the two
landslides in Figure 2, motion signals of the east-west oriented landslide (Figure 2A) were
apparent in the approximately west-looking “SB” acquisitions, but such movement signals
were hardly recognizable from the southeast-looking “HC” interferogram. In contrast, the
northwest-southeast orientated landslide (Figure 2B) was more clearly detected by “HC”
rather than the “SB” interferograms.

Significant alterations of surface scatterers caused by landslide runout (Figure 2C)
or clear cuts (Figure 2D) usually lead to substantial changes in SAR intensity, which can
therefore be used to detect certain types of geohazards. However, additional information,
such as local topography and high-resolution optical images, may be needed to help
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discriminate the causes of the SAR intensity change. For example, both landslide runout
and clear cut may alter SAR intensity by up to 10 dB (Figure 2C,D), but landslide failures
are less likely to occur on flat terrains based on empirical knowledge. Consequently, extra
information from topographical maps and optical imagery can help to interpret that the
intensity change in Figure 2C was caused by landslide activity, whereas that presented in
Figure 2D was by clear cutting.

3.2. Coherence Comparison of P-Band and L-Band InSAR

To compare the quality of the SAR interferograms generated from the repeat-pass
P-band AirMOSS and the L-band ALOS-2 acquisitions, we utilized the INSAR coherence
as an index for the analysis. INSAR coherence ranges from 0 to 1, and a higher coherence
in general indicates a lower level of background noise, and therefore more reliable InNSAR
measurements (e.g., [18]). A moving window of 3 by 12 pixels (range by azimuth) was
applied to both the P-band and L-band data for the coherence estimations.

As shown in Figure 3, the P-band AirMOSS acquisitions demonstrated higher co-
herences than the L-band ALOS-2 imagery over all three target regions. The average
coherences of the P-band InSAR for the GB, SB, HC regions were 0.78, 0.77, and 0.77, re-
spectively, with a similar standard deviation of approximately 0.17. In contrast, the average
coherences of the L-band InSAR for the three regions were 0.30, 0.35, and 0.34 respec-
tively, with a similar standard deviation of 0.16. Overall, the P-band data had an average
coherence that was 2.3 times as high as the L-band acquisitions for these vegetated regions.

Coherence

Figure 3. Comparison of coherence for L-band and P-band InSAR. (a—c) depict coherence maps of
the P-band and L-band InSAR for the regions GB, SB, and HC, respectively. Multi-looking factors
of 3 by 12 pixels (range by azimuth) were applied to both the P-band and L-band SAR data for the
coherence estimations.

Note that the two P-band acquisitions were acquired in different months, with one
in December and one in May, whereas the L-band images were collected in the same
month of different years. The study region is in the Mediterranean climate zone, where
the wet season approximately spans from October to April, and the dry season from May
to September. Due to the impacts of seasonal variations in surface soil moisture and
vegetation growth, SAR data acquired in the same season can generally maintain higher
coherence with other factors being equal (e.g., [16]). Consequently, even better coherence
can be expected for the P-band data if they were collected in the same season as the L-band
SAR acquisitions.

A detailed inspection revealed that water bodies, river channels, clear cuts, and
vegetation regrowth after clear-cutting were the primary causes for significant coherence
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loss for both the P-band and L-band SAR acquisitions (Figure 3). On the contrary, regions
with sparse and shallow vegetation generally maintained high coherence for both the P-
band and L-band SAR interferograms. Stream channels covered by dense forests are often
hardly recognizable from high-resolution optical images; however, they are more clearly
distinguishable from P-band SAR coherence maps, where they appear as the linear features
with very low coherence. The P-band SAR sensors are capable of penetrating through
dense forests to image the stream surfaces, which are often captured as low-coherence
areas because their backscattered signals vary by different acquisition times.

3.3. Comparison of P-Band and L-Band SAR on Geohazard Detection

Successful identification of ground deformation from SAR interferograms largely
relies on the relative magnitude of the deformation signal and the background noise. The
uncertainties of the INSAR measurements, o, can be quantified as [19]:

s A [11oy
T4\l 2L 42

)

where A is the wavelength of the radar wave, 7 is the estimated InSAR coherence, and L is
the window size used for the coherence estimation. In this study, we utilized a window
size of 36 pixels to estimate the INSAR coherences, and set the coherence thresholds of
0.4 and 0.2 to unwrap the P-band and L-band interferograms, respectively. The estimated
minimum measurement accuracies were 0.98 cm for the P-band InSAR, and 0.91 ¢m for the
L-band InSAR, therefore.

Here, we highlighted an exemplary region in the southern Oregon coast to compare
the quality of P-band and L-band InSAR for geohazard detection. As illustrated in Figure 4,
the airborne P-band InSAR provided much clearer results for identifying localized ground
deformation than the satellite L-band ALOS-2 InNSAR. On the wrapped interferograms,
P-band data showed a much lower level of background noises than the L-band data due
to the significantly higher coherence (see Equation (1)), which is critical for determining
spatial boundary of the deforming region (Figure 4). The nine active landslides were clearly
identifiable on the P-band SAR interferogram, whereas they were surrounded by strong
background noises and barely recognizable on the L-band interferogram (Figure 4a,d). As
illustrated in Figure 4b,e, the landslide regions had coherences greater than 0.4 for the P-
band data, yet below 0.3 for the L-band data. On the unwrapped interferograms, the P-band
results again revealed more clear deformation signals than the L-band results, though some
landslides were also slightly discernible on the L-band interferogram. Due to the higher
coherences, the P-band InNSAR was able to provide reliable displacement measurements for
most parts of the landslides (see Equation (1)). In contrast, the L-band InSAR could only
provide much fewer reliable measurement points. Note that the unreliable measurement
points were masked out in Figure 4c,f by using a coherence threshold of 0.2. The low-
coherence regions within the identified landslides on the unwrapped P-band interferograms
were mostly likely caused by large landslide movements.
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Figure 4. Comparison of L-band and P-band InSAR for geohazard detection. Geographical location of
the selected region was depicted by the red box in Figure 2. (a—c) illustrate the wrapped interferogram,
coherence, and unwrapped interferogram from the P-band AirMOSS acquisitions, respectively.
(d—f) illustrate the wrapped interferogram, coherence, and unwrapped interferogram of the L-band
ALOS-2 SAR images, respectively. The black polygons outline the active landslides, all of which
slope towards the Pacific Ocean on the west. The white spots on the unwrapped interferograms
represent the masked-out regions with low coherence.

4. Discussion
4.1. Impacts of Radar Frequency Bands

The employed radar frequency bands of SAR systems largely affect their effective
width of data swath, the pixel resolution along the range direction, the ground and veg-
etation penetration depth, and the sensitivity for ground deformation detection. The
latter three factors are critical for detecting localized geohazards over vegetated terrains.
Higher pixel resolution is beneficial for identifying small-sized geohazards, which only
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occupy a few pixels on coarse resolution images, and therefore may be undistinguishable
from random noises. Long-wavelength SAR systems perform much better in terms of
vegetation penetration depth [20], which is crucial for mapping geohazards under dense
forest canopies. Fundamentally, the radar waves must reach the ground surface rather
than the swinging tree branches to maintain relatively stable backscattered signal, and thus
better coherence. However, long-wavelength radars are less sensitive to detecting small
deformation (see Equation (1)), since INSAR measures phase changes are caused by ground
deformation. For example, a LOS displacement of 24.24 cm would lead to a phase change of
27t on the L-band ALOS-2 interferograms, but it only corresponds to a 0.77t phase change on
the P-band AirMOSS interferograms (e.g., Figure 5a). In general, for detecting geohazards
with large deformation (e.g., landslides) over forested terrains, the importance of vegetation
penetration outweighs that of the phase detection sensitivity, so longer-wavelength SAR
systems are preferred. By contrast, for detecting geohazards with small deformation over
bare terrains (e.g., volcanoes and urban subsidence), short-wavelength SAR sensor might
be more suitable.

b.
.
@)) Minimum detectable
LOS displacement
Horizonal line J
- s
\\?} * Radar look angle
S

. N
Minimum detectable V%
ground motion vector

Hillslope Hillslope

Figure 5. Sensitivity of radar sensors to ground deformation. (a) Sensitivity difference owing to radar
frequency bands. (b) A sketch of minimum detectable ground displacement owing to radar look
angle and dip angle of ground motion.

Currently, most satellite imaging SAR systems are equipped with X, C, and L-band
radar sensors. Previous case studies show that the short-wavelength X-band TerraSAR-X
and C-band Sentinel-1 data were unable to produce useful interferograms for ground
deformation detection over the densely forested Gold Basin region in Washington [21],
but the longer-wavelength L-band ALOS-2 imagery was able to reveal hundreds of slow-
moving landslides over the vegetated U.S. West Coast [16]. Results of this study further
suggest that the P-band AirMOSS radar system, which has a radio wavelength about two
times longer than the L-band sensor, is even more effective in detecting geohazards over
forested terrains (Figure 4).

4.2. Effects of Radar Look Direction

The look direction is another factor that impacts the effectiveness of SAR sensor for
geohazard detection. In a geographical coordinate system, the unit vector of radar LOS
direction can be decomposed as | = [ Sin B, COS Peqqg  — SIN Oy SINPpppg — COS By }
along the east, north, and zenith directions, where 0;,,. is the incidence angle of the right-
looking SAR sensor, and ¢y,.,; is the heading angle of the satellite flying path (clock-
wise from north as positive). The unit vector of ground deformation can be defined as
s = [ COS () SIN Pasp  COS () COS Pasp  — SiN gy }, where ay, is the slope angle of the
movement, and B, is the aspect of the movement (clockwise from north as positive).
Hence, the minimum magnitude of measurable ground motion M,,; depends on the

minimum measurable radar LOS motion M;os as Mg,y = Mros/ (1 sT).
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First, SAR technically measures the amount of ground displacement that is projected
to the radar LOS direction. As a result, the same amount of deformation along the range
direction (i.e., Basp =~ Ppeaq T 90) is more likely to be detected by the radar than that
along the azimuth direction (i.e., Basp & ¢Ppeqq)- Theoretically, INSAR is unable to capture
deformation which occur along the azimuth direction. Such effects were also illustrated in
Figure 2A,B with the examples of detecting landslide movements. Second, the incidence
angle of SAR sensor determines the blind spots on SAR images due to the layover (i.e.,
Oine < as1p < 90) and shadow effect (i.e., 90 — 6, < a5, < 90) caused by the Earth’s
surface topography (Figure 5b).

The TerraSAR-X, Sentinel-1, and nearly all of the ALOS-2 SAR images were acquired
with the right-looking geometry, and share similar heading angles along either the ascend-
ing or descending path. Consequently, these SAR sensors similarly lack the sensitivity
to detect ground deformation roughly along the north-south direction (e.g., [16,22]). The
airborne L-band or P-band SAR with approximately west-east flying paths can potentially
discover geohazards that have not been detected by the current satellite SAR sensors.

In addition, more than three independent observation angles allow for reconstructing
the three-dimensional (3D) displacement field of geohazards, which could provide valuable
data for modeling and understanding their 3D kinematics. The incidence angles of the
above-mentioned three satellite SAR systems range from approximately 30° to 45°, and
thus these SAR sensors are unable to image geohazards that occur on very steep slopes due
to the layover and shadow effects (Figure 5b). This limitation also applies to the AirMOSS
system, though the P-band SAR has a wide range of incidence angles from 25° in the near
rage to 60° in the far range.

4.3. Resolution and Pixel Spacing of SAR Imagery

Pixel spacings particularly matter for identifying small-sized geohazards. In SAR
images, the range resolution depends on bandwidth of the SAR system, and the azimuth
resolution depends on the length of the radar antenna. The AirMOSS P-band radar image
have slightly coarser range resolution (8.4 m in LOS direction) than the L-band acquisitions
(~6 m in LOS) due to its narrower chirp bandwidth (AirMOSS 17.8 MHz versus ALOS-2
24.9 MHz). However, the airborne P-band AirMOSS system used for this study has much
finer azimuth resolution (1 m) than the spaceborne L-band ALOS-2 images (10 m). Higher
resolution enables the detection of the boundary of active geohazards more accurately.
Additionally, finer pixel spacing, practically, allows for applying a larger multi-looking
window to reduce background noise, while maintaining a fine multi-looked pixel spacing
for detecting localized geohazards. For example, the ALOS-2 SAR images have pixel
spacings of 4.3 m by 3.2 m, much coarser than the P-band AirMOSS SAR of 1.7 m by
0.6 m (Table 1). An 18 times larger multi-looking window could therefore be applied to
the P-band AirMOSS data for enhancing coherence in comparison to the L-band ALOS-2
imagery.

5. Conclusions

InSAR decorrelation over densely forested regions is one of the primary challenges
that hinder radar systems’ performance for ground deformation detection. Previous studies
suggest that SAR systems with longer radio wavelength can potentially enhance the INSAR
coherence, and thus improve the quality of INSAR measurements. In this study, we utilized
the NASA/JPL P-band AirMOSS radar system to collect repeat-pass SAR data over three
typical densely forested regions in Oregon and California, and generated by far the first
P-band InSAR result to test P-band sensor’s performance for geohazard detection. The
P-band radar has much longer radio wavelength (67-139 cm) than the L (15-30 cm), S
(7.5-15 cm), C (3.75-7.5 cm), and X (2.4-3.75 cm) band sensors.

Comparisons with the L-band ALOS-2 InSAR results over the same regions show
that the P-band AirMOSS InSAR performed much better than the L-band ALOS-2 data
in detecting localized ground deformation over these forested terrains. Potentially, the
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primary reason lies in that the P-band SAR can well penetrate the dense forest canopies to
collect relatively stable backscattered signals from the ground surface. Better coherence,
and therefore more reliable measurements of ground deformation, could be achieved. In
contrast, shorter-wavelength radars may only be able to partially penetrate through the
forests and collect the ever-changing signals that are backscattered from the tree leaves and
branches, which often leads to relatively poor coherence and InSAR quality. Additionally,
the airborne P-band AirMOSS SAR data possess finer pixel resolution than the spaceborne
ALOS-2 images, which enabled the P-band InSAR results to reveal spatial boundaries of
the deforming regions more clearly.

Analyses of P-band InSAR results with different radar look directions demonstrate
that the side-looking SAR acquisitions are more sensitive to detecting ground deformation
roughly along the radar range direction. Consequently, heading angles of the SAR systems
may significantly affect the radars’ effectiveness for detecting ground displacement along a
particular direction in real world applications.
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