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ABSTRACT

The optimal configurations for very high-resolution (VHR, <2 m) spaceborne imagery collection to support
stereogrammetry over complex forested terrain remain uncertain. We conducted a comprehensive sensitivity
study of digital surface models (DSMs) derived from thousands of simulated along-track VHR stereopairs over
two lidar-reconstructed forested scenes of closed and open canopies using the discrete anisotropic radiative
transfer (DART) model. We evaluated the influence of convergence angle (CA), solar illumination, and image
resolution on the derived DSM accuracy relative to the reference DSM and digital terrain model (DTM) products
from airborne lidar data. Our results confirmed that the CA is the most critical acquisition parameter for DSM
accuracy. Compared to the frequently used CA of ~ 35° for along-track stereopair acquisitions by WorldView
satellites, a smaller CA can provide better accuracy for forest canopy shape estimation by reducing occlusions
and mitigating radiometric variance caused by the bidirectional reflectance characteristics of vegetation. For
forested scenes over relatively flat terrain, oblique solar zenith angles (50 — 70°) yielded more consistent DSMs
with better accuracy, whereas images with a hotspot configuration generated elevations that were closer to the
DTM. Image pairs with smaller ground sample distance (GSD) improved the DSM accuracy, and combinations of
small (nadir) and large (off-nadir) GSDs had accuracy between those derived from homogeneous GSDs. These
simulation results suggest that available global archives of DSMs from VHR stereo imagery collected under a
range of acquisition configurations will yield inconsistent estimates of canopy surfaces. This study also provides a
benchmark dataset and configuration guide for 1) selecting existing data to retrieve the forest canopy surface
shape, and 2) defining requirements for future satellite missions to characterize the forest canopy surface using
stereogrammetry.

1. Introduction

variability in vegetation function (Gamon et al., 1995; Paruelo et al.,
2004; Purves and Pacala, 2008). Active sensing platforms provide

Satellite remote sensing provides an efficient way to retrieve global measures of vegetation structure and density, including: the P-band
three-dimensional (3-D) vegetation canopy structure (Hall et al., 2011) synthetic aperture radar (SAR) onboard the BIOMASS mission (Le Toan
needed to understand carbon storage in aboveground biomass and etal., 2011; Quegan et al., 2019); the lidar waveforms acquired from the
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Geoscience Laser Altimeter System (GLAS) carried on the Ice, Cloud and
land Elevation Satellite (ICESat) (Harding and Carabajal, 2005; Schutz
etal., 2005; Simard et al., 2011; Zwally et al., 2002) and from the Global
Ecosystem Dynamics Investigation (GEDI) (Dubayah et al., 2020; Liu
et al., 2021); and the detected photons acquired from the Advanced
Topographic Laser Altimeter System (ATLAS) instrument on ICESat-2
(Abdalati et al., 2010; Malambo and Popescu, 2021; Neuenschwander
and Pitts, 2019; Neumann et al., 2019). Although lidar data have been
widely used to study aboveground biomass and leaf area index (LAI)
(Yan et al., 2019), spaceborne sensors have limited spatial coverage and
resolution because of the relatively large footprint sizes (approximately
25-100 m in diameter) and large gaps between each beam track (Markus
et al.,, 2017; Qi and Dubayah, 2016). SAR tomography provides more
complete coverage but at moderate resolution; the BIOMASS mission
will provide aggregated products at 200 m resolution (Quegan et al.,
2019). Fine-scale spatial detail on the horizontal surface and vertical
structure of vegetation, therefore, remains a challenge for current and
planned remote sensing instruments. Techniques such as stereo-
grammetry could provide a high-resolution digital surface model (DSM)
to complement information on the vertical structures of vegetation ac-
quired from active sensors, such as 1) estimating canopy height by
subtracting an existing lidar-derived digital terrain model (DTM) from
the stereo-derived DSM, and 2) reducing uncertainties in estimates of
LAI (Jiang et al., 2021) and aboveground biomass (Bruening et al.,
2021).

In recent years, very high-resolution (VHR) platforms with a spatial
resolution of <2 m have attracted considerable interest in stereo-
grammetry methods to deliver continental to global-scale DSMs and
quantify fine-scale changes in vegetation and ice surfaces (NASA, 2021;
Neigh et al., 2014, 2016; Persson and Perko, 2016; Shean et al., 2016; St-
Onge et al., 2008; Winsemius et al., 2019). For example, the ArcticDEM
(Morin et al., 2016; Porter et al., 2018) and Reference Elevation Model
of Antarctica (REMA, Howat et al., 2019) generated from Maxar VHR
imagery (WorldView and GeoEye), provide DSM mosaics and strips with
<10 m resolution and < 1 m accuracy as a benchmark for detecting
changes in the polar regions. In addition, elevations derived from VHR
images were used to monitor glacier mass changes and ocean-induced
basal melting (Berthier et al., 2023; Bolch et al., 2011; Hugonnet
et al., 2021; Shean et al., 2019, 2020) and ocean-induced ice shelf basal
melting (Shean et al., 2019). A summary of VHR satellite platforms is
provided in Appendix A. Within the next decade, planned satellite
constellations will increase the capacity for VHR stereo (Garzaniti et al.,
2021). For example, the stereoscopic constellation of ZY-3 and GF-7 can
greatly improve the observation frequency and data acquisition effi-
ciency (Li et al., 2021; Zhao et al., 2022); The Planet SkySat-C constel-
lation includes 19 push-frame VHR imagers with 0.7 m GSD that can
collect along-track triplet stereo and same-day multi-view, multi-sensor
collections (Bhushan et al., 2021); WorldView-Legion (Maxar) includes
six satellites to collect 30 cm resolution imagery, providing up to 15
revisits per day (Duro et al., 2021); Similarly, Pléiades Neo (Airbus)
includes four identical platforms with 30 cm resolution panchromatic
and 1.2 m multispectral (6 bands) satellite imagery (Jérome, 2019); a
follow-on mission CO3D will consist four small satellites and collect
multispectral data at resolutions of 50 cm (visible) and 1 m (near-
infrared) (Lebegue et al., 2020). Improvements in spatial resolution and
global data coverage may yield important advances in the availability of
DSMs from VHR stereogrammetry. However, other factors also influence
the accuracy of derived surface heights.

The accuracy of the surface elevations derived from VHR stereo-
grammetry depends on both reconstruction algorithms and acquisition
configurations (Lazaros et al., 2008; Qin, 2019). The algorithms and
their parameter settings are usually predefined for global-scale DSM
production, such as the algorithm configurations of the NASA Ames
Stereo Pipeline (ASP, Beyer et al., 2018; Moratto et al., 2010; Shean
et al., 2016) that are implemented on the NASA Center for Climate
Simulation’s Advanced Data Analytics Platform (ADAPT) (Montesano
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etal., 2017, 2019). The acquisition configurations vary for each satellite
instrument (e.g., resolution, field of view, time of acquisition, and
convergence angle), and the optimal configurations differ based on
landscape complexity (e.g., topography and landcover characteristics).

Several past efforts have studied the influence of stereo image
acquisition characteristics on the accuracy of VHR-derived DSMs in
urban settings, due in part to greater stereopair data availability over
urban areas, such as the multi-view benchmark dataset from Johns
Hopkins University Applied Physics Lab (Bosch et al., 2016). These
studies have considered multiple factors, including spatial resolution,
base-to-height (B/H) ratio, convergence angle (CA), and solar incident
angle (Qin, 2019; Toutin, 2004). However, the optimal configuration for
stereo image acquisition in urban settings may not be suitable for
forested landscapes. Compared to urban environments, forests have
different horizontal and vertical complexity with different directional
reflectance properties. The optimal configurations for forests could also
differ depending on latitude and forest type, given the distinct differ-
ences in forest composition, crown shape, fractional cover, and back-
ground reflectance.

Previous studies on stereo surface retrievals over vegetation have
explored limited configurations in specific case studies. For example, the
along-track VHR stereo reconstruction of GeoEye and WorldView (~0.5
m resolution) over Australian tropical savannas severely underestimated
tree presence and canopy height (Goldbergs et al., 2019). The best ac-
curacy of VHR stereo of the boreal open canopy was observed with
oblique solar zenith angle (SZA) ranging from 55° to 65° (Montesano
et al.,, 2017). A slight forward-backward CA of 12° from the tri-stereo
configuration of Pléiades (Perko et al., 2014) was found to be favor-
able in terms of accuracy and completeness over the Ticino site in
Switzerland, whereas a larger ~25° convergence angle over the Ljubl-
jana site in Slovenia created large gaps with missing data (Piermattei
et al., 2018). To date, the optimal configurations to support stereo-
grammetry over complex forested landscapes have not been fully
explored because of three primary challenges:

1) the structural and radiometric complexity of vegetation features,
including the effect of anisotropic reflectance (Roujean et al., 1992;
Schaepman-Strub et al., 2006; Wu et al., 2019).

2) the limited sensor and acquisition configurations of existing VHR
stereo data, such as the most frequently used ~ 35° CA of WorldView.

3) the lack of contemporaneous high-fidelity reference surface eleva-
tion data to evaluate the VHR stereo results.

These challenges must be addressed to collect datasets for a
comprehensive study of the factors associated with optimal vegetation
surface structure retrieval, and for designing future VHR stereo satellite
missions.

Physical-based radiative transfer models (RTM) can accurately
simulate high-resolution remote sensing measurements over forests
across the full range of configurations. In a previous study, Yin et al.
(2023) enhanced the discrete anisotropic radiative transfer (DART)
model (Gastellu-Etchegorry et al., 1996, 2015, 2017) to simulate VHR
stereopairs by implementing sensor models described by rational poly-
nomial coefficients (RPCs) (Fraser and Hanley, 2003). In that work,
DSMs derived from simulations were comparable to those derived from
WorldView stereopairs for two forested sites, confirming DART’s capa-
bility to simulate realistic VHR imagery over various forest types.

Here, we conduct a comprehensive sensitivity analysis to identify
optimal configurations for along-track VHR stereopair acquisitions to
capture closed- and open-canopy forest surface structures. We begin
with an analysis of the geometric configuration of image acquisition,
including solar zenith angle (SZA), sun-view2 angle (SV2A), and CA
based on stereopair combinations from thousands of simulated images
with a 0.5 m ground sample distance (GSD). Subsequently, we consid-
ered the influence of spatial resolution (0.5, 1.0, and 2.0 m), and geo-
location offsets typical of RPC replacement from pushbroom jitter or
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associated with data acquisitions from different orbits (averaged 0.5 and
5 m, respectively) on the derived DSM from simulated stereopairs. These
simulation data and results provide a relatively complete understanding
of the tradeoffs in stereo image acquisition over forests and serve as a
benchmark for conducting further studies, including an in-depth un-
derstanding of VHR stereo capacity, fusion with other sensors and
platforms, and advanced algorithm development (e.g., deep learning)
for vegetation surface structure retrieval.

2. Study methods and configurations
2.1. Study sites and background

We simulated stereopair images over two 16-ha study sites repre-
senting closed- and open-canopy temperate forests (Fig. 1). The closed
canopy forest is located at the Smithsonian Environmental Research
Center (SERC, Edgewater, MD, USA, Lat: 38.890, Lon: —76.561, a subset
of the 36-ha scene used in Yin et al., 2023), and the open canopy is
located at the Gus Pearson Natural Area (GPNA, Flagstaff, AZ, USA, Lat:
35.273, Lon: —111.745). SERC is a closed-canopy, mixed-species de-
ciduous forest, whereas GPNA is an open-canopy forest of evergreen
Pinus ponderosa with approximately 50% fractional canopy cover. Each

SERC study site (dense canopy)

(b)
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forested scene was reconstructed in DART using 0.5 m voxels, and the
leaf area density (LAD) in each voxel was estimated using multi-path
lidar data from Goddard’s Lidar, Hyperspectral, and Thermal (G-LiHT)
Airborne Imager (Cook et al., 2013) and the PVlad model (Yin et al.,
2022).

Here, we compared DSMs generated from stereopair simulations
over the SERC and GPNA forest sites to the reference DSM and DTM
derived from the G-LiHT lidar data at 1.0 m resolution. In addition, as
shown in Appendix B, we ran simulations using a bare-earth scene by
removing all aboveground vegetation over GPNA, and compared it with
the reference DTM. This terrain-only simulation removed the influence
of the complex structure and bidirectional reflectance property of
vegetation as a reference case to investigate the impact of forest vege-
tation on stereo reconstruction. Note that both SERC and GPNA have
relatively flat terrain, with mean slopes of < 5° across each study area.
The sensor and environmental configurations of DART simulations, RPC
simulation methods, DSM generation methods and result evaluation
metrics (Bias,, RMSE’ against reference DSM,s and DSM, derived from
G-LiHT data) have been elaborated in Yin et al. (2023). DSMg,, repre-
sents the stereo-generated DSM of 1.0 m GSD, and DSM,; is derived after
the co-registration of DSMg.;, to the reference DSM,. or DTM,s. Previous
comparisons demonstrated consistent DSM,, between the three
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Fig. 1. DSM (left), DTM (center) and DART-simulated image (right, the true colour RGB bands of WorldView) for the study sites (a) Smithsonian Environmental

Research Center (SERC), and (b) Gus Pearson Natural Area (GPNA).
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simulated and WorldView along-track stereopairs, with <1.6 m in ver-
tical bias, < 1.0 m in RMSE’ RMSE’ and < 0.07 in correlation coeffi-
cient. These results built a basis for the current study using the same
Bias, and RMSE as the evaluation metrics.

2.2. Sensitivity study of configurations

This sensitivity study seeks to identify the optimal along-track
pushbroom VHR satellite stereopair (restricted to two cameras) collec-
tion configuration for forest canopy shape retrieval at 1 m GSD. For all
DART simulations, we adopted a broadband panchromatic spectral
domain (450-800 nm) with a leaf reflectivity of 0.263 and a soil
reflectivity of 0.097. In addition, we defined a clear-sky atmosphere
using the USSTD76 gas and RURAL aerosol (visibility of 23 km) model
(Berk et al., 1987; Gastellu-Etchegorry et al., 2017; Grau and Gastellu-
Etchegorry, 2013).

+ Sun direction

®&-—-—+ Sun Zenith Angle @-==X

0°

270°

Epipolar
plane

o View-1 (Nadir)
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2.2.1. Sensitivity study of geometric configurations

In this study, the platform trajectory was assumed to be along the
north-south direction (view azimuth angle of 0° or 180°). One of the two
cameras (Yin et al., 2015) has a nadir orientation (view1), whereas the
other camera (view2) has an oblique view zenith angle (VZA) from 5° to
35° with a step of 5°. To test small CA geometry, we also prepared
additional view2 VZA from 1° to 10° with a step of 1° for GPNA. This
configuration extends in both the north and south directions to account
for the ascending and descending orbits. For the solar direction over
each site, we simulated daytime steps ranging from 8 AM to 2 PM with
an interval of 1 h (daylight saving GTM-5 for SERC and GTM-7 for
GPNA) for the 20th day of each month from the summer solstice (June)
to the winter solstice (December), in the year of the reference G-LiHT
acquisitions (2012 for SERC and 2013 for GPNA). The time after 3 PM
was not considered because of the symmetry of the solar direction on the
western side. Therefore, a total of 735 (unique combinations of 15 view2

x View-2

Convergence Angle »==+ Sun-View2 Angle
00

270°

100

90

80

(©)

20
10 20 30 40 50 60 70 80 90

Sun Zenith Angle (deg)

(d)

Fig. 2. Geometric and irradiance configurations of simulated along-track stereo pairs in this study. (a,b) Polar plot of the geometric configurations for the along-track
stereogrammetry, including sun (red +), view1 (nadir, black circle), and view2 (off-nadir, blue x) for (a) SERC and (b) GPNA. (c) 3-D illustration of the directions and
angles (sun zenith, convergence, and sun-view2), modified from Jeong and Kim (2016). (d) The SKYL (percentage of diffuse irradiance to the total irradiance) factor
profile at the top of the canopy against various sun zenith angles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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angles x 7 h x 7 months) images for SERC and 1519 (31 x 7 x 7) images
for GPNA with RPC models recorded in the metadata were simulated, as
shown in Fig. 2. The configurations of the three variable directions (sun,
view1, and view2) form a triangular pyramid. Our analyses are based on
the three angles connected to the apex, which are defined and illustrated
in Fig. 2. These three angles include:

1) The solar zenith angle (SZA, also the angle between the solar direc-
tion and view1 in our simulations) corresponds to the time of day and
month at a specific location when the data were acquired.

The SZA at the summer solstice ranged from ~20° to ~ 60" over
SERC, and from ~10° to ~ 50° over GPNA, while the SZA at the winter
solstice varied from ~60° to ~ 85°over SERC and ~55° to ~ 80° over
GPNA. When the view and sun directions are similar, the hotspot effect
(enhanced image reflectance over vegetation due to reduced canopy and
foliar shadow, e.g., Morton et al., 2014) can influence the observation of
view1 (nadir) if the SZA is small. With predefined atmospheric config-
uration, the exponential relationship between the resultant SKYL
(ranging from 25% at summer solstice noon for GPNA to 93% at winter
solstice dawn/twilight for SERC) and all the SZAs used in the study are
shown in Fig. 2d. The changing SKYL can influence the contrast of
shadow textures over forests.

2) The Sun-View2 angle (SV2A) is the angle between the solar and
view2 directions.

Similar to SZA, view2 is influenced by the hotspot effect if SV2A is
small. In our simulation, the chance for view2 to be influenced by the
hotspot effect is much larger than view1 because SV2A can extend from
less than 5° to more than 100°.

3) The convergence angle (CA) is the angle between viewl and view2
(also the VZA of view2 in our simulations) along the epipolar plane.

The CA is directly related to the base-height ratio. Most existing data
collected by stereo platforms have a relatively large along-track CA (e.g.,
the frequently used ~ 35° of WorldView constellations). However, Carl
et al. (2013) and d’Angelo et al. (2014) suggested that a small CA with
less occlusion from tri-stereo is more suitable for improving complex
urban surface elevation retrieval with protruding high-rise urban
buildings.

2.2.2. Sensitivity study of other configurations

Based on the sensitivity study of the three angles that influence
acquisition geometry, we conducted two additional studies to explore
the influence of the GSD of the two images in a stereopair and the
geolocation offsets between the two views. Because of the expanding
simulation volume, we studied only two to three instances of geo-
location offset and GSD variation. In addition, the studies were con-
ducted only over GPNA owing to the challenge of stereo reconstruction
for the more complex shapes of the open canopy than those of the closed
canopy.

2.2.2.1. GSD. The variation in GSD was achieved by downsampling the
simulated images with 0.5 m GSD to 1.0 and 2.0 m for view1 and view2
through spatial averaging. We computed the RMSE’ of DSM,,;, for both
homogeneous and mixed GSD (0.5 m view1 + 1.0 m view2; 1.0 m view1
+ 2.0 m view2; 0.5 m viewl and 2.0 m view2) stereo combinations.
These GSD combinations can be used to evaluate potential telescope and
detector trades for future missions.

2.2.2.2. Geolocation offset. Geolocation offsets can occur in both the
along- or cross-track acquisitions. To differentiate, we introduced two
types of independent geolocation offsets between viewl and view2 to
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each axis of our simulated images: (1) within 1.0 m (averaged 0.5 m
corresponding to expected ~1 pixel magnitude of linear pushbroom
jitter artifacts), and (2) within 10.0 m (averaged 5.0 m corresponding to
the expected magnitude of geolocation error for cross-track stereopairs
acquired on different orbits). They are introduced as a constant offset to
each control point location while generating the RPCs for each simu-
lated image, which is a reasonable assumption for a small area of 16 ha
and a short along-track distance of 400 m. In contrast, the effect over a
longer along-track distance could become complicated with non-
negligible piecewise replacement and image distortion (Wang et al.,
2016).

3. Results
3.1. Influences of geometric configurations

3.1.1. Closed canopy

The influence of SZA, SV2A, and CA on Bias, and RMSE’ over the
closed forest site at SERC are shown by box-and-whisker plots (Langford,
2006) in Fig. 3. The overall height of the generated DSM (DSMg.,) was
closer to DSMy,s than to DTM,y, which is expected as there is little
exposed terrain (Fig. 1). Bias, has a slight increasing trend from the
negative to positive value range for all three angles, with both absolute
median and interquartile range (IQR) values within 1.5 m. The RMSE’ to
DSMs does not have an obvious trend of the median (ranging from 2 to
3 m) and IQR for SZA and SV2A, as shown in Fig. 3ab. However, the
median and IQR of RMSE’ to DTM,,s decreased as the angles increased,
which indicates that the DSMg, became smoother with increasing
angular offset between the sun and view directions.

In contrast, there is a clear trend in the RMSE’ against DSM,,s with
increasing CA (Fig. 3c). The median and IQR of the RMSE’ distributions
increase from (2.13 m, 0.16 m) to (3.01 m, 0.41 m) as CA increases,
indicating that a smaller CA is preferable for generating a DSM of canopy
height. This differs from the conventional recommendation of using a
larger B/H ratio for better stereo reconstruction accuracy.

3.1.2. Open canopy

3.1.2.1. General results. The sensitivity study results for the open-
canopy forest at GPNA are shown in Fig. 4. Both the value ranges and
trends of the comparison results of the GPNA significantly differ from
those of the closed-canopy forest at SERC. SZA and SV2A exhibit similar
tendencies in Bias, and RMSE’ due to a strong correlation, as shown in
Fig. 4ab. For small angles, the Bias, is negative against DSM; and
slightly positive against DTM,,, indicating that the overall height of
DSMyen is closer to DTM,s than to DSMps.As the SZA and SV2A increase,
the Bias, against both the DTM,,; and DSM,. rises until it intersects the
median value of 0 against DSM,,s for SZA of 50 — 60° and SV2A of 60 —
70°, where the overall height of DSMy., is closer to DSMy, than to
DTM,,. Compared to SV2A which does not show an obvious trend, the
IQR consistently declines with increasing SZA (from 5.64 m to 1.21 m
against DSM and from 5.56 m to 1.20 m against DTM), which indicates
that the SZA is more sensitive compared to SV2A in controlling the IQR
of Bias, in our simulated conditions. In contrast, RMSE’ exhibits
opposing trends for comparisons against the DTM,,s (increasing) and
DSM,.s (decreasing) as both SZA and SV2A rise, and reaches the smallest
RMSE’ against DSM, for SZA of 50 — 70° (median: 4.98 m, IQR: 1.58 m)
and SV2A of 60 — 70° (median: 4.33 m, IQR: 1.62 m). This trend co-
varies with Bias,, which intersects the median value of 0 against
DSM,s within approximately the same ranges of SZA and SV2A.
Combining these results reveals that for small SZA and SV2A with a
hotspot configuration, both the shape and height of DSM., are closer to
DTM,, than to DSM,s, which is consistent with the validation results
from the actual WorldView data (Yin et al., 2023). As both SZA and
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HTH Comparison to reference DTM
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Fig. 3. Influence of SZA (a), SV2A (b), and CA (c) variations on vertical bias and RMSE’ from the comparison between generated DSM from simulations (DSMge,)
against the reference DSM (blue boxes) and DTM (red boxes) over the SERC closed canopy. Each plot summarizes the along-track stereo combinations from 735
simulated image configurations. Within each bin, the comparisons against DSM,.s and DTM,,s are horizontally staggered to avoid overlapping, although both indicate
the distribution within the same bin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

SV2A increase, the height of the DSMg., becomes closer to the DSMy,
yielding the best accuracy simultaneously.

The shaded relief maps prepared from the DSMj,, products illustrate
the change in surface texture associated with different image acquisi-
tions (Fig. 5). If SZA is small (closer to noon and the hotspot configu-
ration), the DSMj,, is closer to the DTM,,, with little texture variation
associated with trees at the open-canopy forest site. As SZA increased,
the best accuracy (lowest RMSE’) was obtained for an SZA of 64° (SKYL:
47%), which corresponds to acquisitions in the early morning or late
afternoon. Although DSMy., textures corresponding to tree height can be
observed, smearing artifacts obscure gaps between trees. Further
increasing the SZA to 76° results in an additional reduction in accuracy
and more smearing artifacts, because the strong diffuse insolation dur-
ing dawn or twilight reduces the contrast from shadows (SKYL: 67%).
Overall, enhancing accuracy by merely changing the SZA is relatively
limited.

In contrast to the SZA and SV2A trends, the CA distribution for GPNA
(Fig. 4c) generally exhibited a decreasing median Bias, against both
DSM;s and DTM,.s. The DSMg., generated by a small CA (< 10°) has an
overall height close to the DSM,, with a small IQR. It should be noted
that the median of Bias, against the DSM,.s is always <0, indicating that
the overall DSM., is always lower than the DSM,,. In contrast, RMSE’
median values exhibit an apparent asymptote distribution against
DSM,¢, although the IQR increases with larger CA values. The optimal
accuracy for the GPNA site occurs at 7° with an RMSE’ median of 3.93 m
and IQR of 0.33 m, much smaller than the typical ~ 35° CA of existing
VHR satellites (median: 7.32 m, IQR: 1.27 m for 35° CA). The RMSE’
values near 7° CA are similar for both the DSM,; and DTM,y

comparisons, while the median RMSE’ for the DTM,,s comparisons were
generally smaller for both smaller and larger CA.

An optimal CA should balance the variation of VHR image texture
matching from the anisotropic reflection of complex forest structures. It
should be preferable in all aspects of DSM retrieval, including smaller
median RMSE’ and smaller IQR of the RMSE’ compared against the
DSM,s. The CA for stereo surface generation substantially influences the
definition of features over the open-canopy forest site at GPNA (Fig. 6).
The results of small CA (1°,3°,5°,7°, and 10°) used the geometric con-
figurations shown in Fig. 4c, whereas those of large CA
(15°,20°,25°,30°, and 35°) used the geometric configurations shown in
Fig. 2b. The CA with the smallest median RMSE occurs at 7° (3.93 m).
For CAs smaller than 7°, the DSM,,, images have blurred features, likely
caused by more limited identification of reference textures between the
different view directions with a fixed 0.5 m GSD, for which the textures
may only be distinguishable at the sub-pixel scale. At 7° CA, the structure
of pine trees of different heights was more comparable to the DSM,
image (Fig. 1b). As the CA increases, the DSMj,, is also smeared, but
larger CAs tend to emphasize the terrain surface instead of the vegeta-
tion features. Indeed, the features of the highly protruding crown
structures of old pines vanished from the DSM,, images, which is
consistent with the stereo surfaces derived from actual WorldView data
with larger CAs (Yin et al., 2023). Given the overall relationship of
increasing RMSE’ with larger CAs, the frequently used ~ 35° CA of the
existing WorldView stereo products is not an optimal configuration for
capturing the canopy shape distribution. By contrast, larger CAs are
suitable for bare terrain stereo reconstructions, especially for areas with
limited slopes and relief (simulation results shown in Appendix B),



T. Yin et al. Remote Sensing of Environment 298 (2023) 113824

HTH Comparison to reference DSM HTH Comparison to reference DTM
15 IJ;”! ; p -
;s . :
H #
H
~ 5 J X -
£ P |t % : s |,
8 + £ 4]+
o 04 % % % R @
%
5 g % X 1 X
: IR e
-10 4 i
8- x ] X x

RMSE' (m)
S
+ T
+H —{—
H_TH
+ +—{I-
I
+ -
|

- + *
2. p
0. e
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90 100 110
Solar Zenith Angle Intervals (deg) Sun-View2 Angle intervals (deg)
(a) (b)
15 1
51 +
’g +
= t ¥
4 0
s
_5.
>
X
104 . . , . £ x
T v T T T T T T T T T T T T T
|€--——--—- 1degree perinterval -—-=-—---- »|<- 5 degree per interval -]
1 1 1
8 1 X
%
X
¥
12 4 -
oot ablod pl 00 7 U §
= %,
590 |5 o o [T T LSk
P +
4
2.
0.

1 2 3 4 5 6 7 8 9 10 15 20 25 30 35
Convergence Angle intervals (deg)

(©)

Fig. 4. Influence of SZA (a), SV2A (b), and CA (c) variations on vertical bias and RMSE’ from the comparison between DSMy,, against the reference DSM and DTM at
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marizes the combinations of 1519 simulated images with 1-degree CA step (from 1 to 10 degrees) and 5-degree CA step (from 10 to 35 degrees).
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which is consistent with the conventional recommendation of larger B/ between the co-registered DSM and reference DSM (DSM., — DSM,)

H ratios. Additional discussions of CA recommendations for forest and display important variations in characterizing fine-scale details in forest
bare terrain are presented in Section 4.1. structure (Fig. 7). For stereopairs with an oblique SZA and a large CA

(Fig. 7a and Fig. 5), the surface model underestimates the height of the
3.1.2.2. Influence of the spatial pattern of vegetation on the differences in tallest trees (old pines) due to the loss of matching features in the stereo

canopy surface estimates. The differences in canopy surface elevation imagery, while the heights of trees in the lower canopies are
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Fig. 7. Difference maps (DSM., — DSM,,s) computed from the two DSM,,, examples with the best accuracy for the open forest site at GPNA (red outlines in Fig. 5 and
6) illustrating the influence of (a) SZA and (b) CA on fine-scale details in forest structure. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

overestimated due to occlusion. Both effects contribute to the appear-
ance of smearing in the DSMs with a large CA. Stereopairs with small CA
(Fig. 7b and Fig. 6) mitigate both effects. Height and cover heterogeneity
at the GPNA site result in a prevailing difference pattern in the DSM with
a small CA, where overestimates are common along the forest edges and
underestimates align with the tallest trees. The open canopy structure at
GPNA is more challenging to accurately capture with stereo-derived
surfaces than more homogenous forest sites with closed canopy, such
as SERC (see Section 3.1.1).

3.2. Influence of ground sampling distance (GSD)

We examined the influence of GSD, on the accuracy of DSMj,, at
GPNA, the more complex site for stereogrammetry. Overall, the RMSE’
increases as the GSD of the imagery for stereo reconstruction increases
from 0.5 to 2.0 m (Fig. 8). As the GSD increases, the optimal CA bin
containing the global minimum of the asymptote also increases, that is,
the 5° bin for 0.5 m GSD (median: 4.12 m, IQR: 0.23 m), the 10° bin for
1.0 m GSD (median: 4.95 m, IQR: 0.40 m), and the 15° bin for 2.0 m GSD
(median: 6.34 m, IQR: 0.54 m). In general, a smaller GSD exhibits better
accuracy against the DSM,., with the exception of the results for a large
CA (the 35° bin), which has a similar median value but a reduced IQR as
GSD increases. The RMSE’ against DTM,. is reduced as GSD increases,
suggesting that larger GSD generates a smoother surface due to the
smearing effect for open forests.

The accuracy of the DSMs generated from mixed GSD images was
intermediate compared to cases with homogeneous GSD for both images
in the stereopair (Fig. 8b). These cases correspond to a configuration
with a smaller GSD in the nadir view and a larger GSD in the oblique
view. For rig stereo instruments, such configurations could reduce the
size, weight and power of the off-nadir telescope, which impacts mission
cost and complexity. In general, the accuracy of the mixed cases was
closer to that of the smaller homogeneous GSD (which also has a smaller
RMSE’) than the larger homogeneous GSD. Results based on RMSE’
were consistent with the differences in DSMg, from the mixed GSD
against each homogeneous GSD. Additionally, the 0.5 m viewl + 2.0 m
view2 GSD produces a median accuracy trend close to 1.0 m homoge-
neous GSD accuracy.

3.3. Influence of geolocation offsets

We examined the influence of geolocation offsets on the accuracy of
the DSM,, for the GPNA site (Fig. 9). We assigned the possible along-
track (pushbroom jitter) and cross-track (between separate orbits)
axial offsets with averages of 0.5 and 5.0 m for each stereopair,
respectively. The geolocation offset results in no apparent change in the
median Bias,. However, the IQRs of Bias, do increase as a result of
geolocation offsets, especially for smaller CAs. Geolocation offsets did
not introduce apparent impacts on the RMSE’, regardless of the offset.
Therefore, a geolocation offset, which is assumed to be consistent across
a small scene, mainly causes an offset in the generated DSM. The po-
tential approaches for bias corrections, including the conditions of a
larger area and a longer along-track distance, are discussed in Section
4.3.

4. Discussions and conclusions

This sensitivity study evaluated the optimal acquisition configura-
tions for retrieving surface models over open and closed-canopy forests
using DART-simulated VHR stereopairs. We found that, without a steep
topography, a more oblique SZA (50— 70°) and smaller CA (< 35,
optimal angles varied depending on GSD) provided better accuracy for
retrieval of the forest canopy surface. These findings are broadly
consistent with previous research, e.g., the optimal SZA from 55° to 65°
suggested by Montesano et al. (2017) and the fact that the DSM accuracy
of a small CA of 12° outperformed that of a larger CA of ~ 25° (Pier-
mattei et al., 2018). In addition, the simulation methods can consider a
broader range of image acquisition conditions in the model environ-
ment, compared to the actual VHR stereo data with limited configura-
tions. Stereopairs with a hotspot configuration generated elevations
close to the DTM for open forests, which is consistent with the World-
View data over GPNA as demonstrated in (Yin et al., 2023). In general,
smaller GSD improved the accuracy of the DSM for simulations with the
same geometric configurations. In addition, for small areas, a consistent
geolocation offset between the two simulated images of a stereopair
mainly induced a vertical bias in the generated DSM without apparent
influence on accuracy (RMSE’ estimated after co-registration).
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images with mixed GSD for viewl and view2.

These results are significant for several reasons. First, they provide a
benchmark for conducting further analyses or developing stereo pro-
cessing algorithms for canopy surface elevations. Second, these results
and the developed tools provide guidance for future VHR satellite
acquisition strategies that focus on capturing vegetation structure, given
the broad interest in the potential use of stereogrammetry for the surface
topography and vegetation targeted observable identified in the 2017
Decadal Survey (NASA, 2021). Finally, these results suggest that
currently available regional mosaics of VHR stereo DSM products (e.g.,
ArcticDEM, etc.) prepared from DSM strips with a range of acquisition
configurations likely have spatially variable accuracy for canopy surface
elevations. Further analyses of the optimal configurations and re-
quirements of stereogrammetry for forest canopy structure retrieval are
discussed below.

4.1. Optimal geometric configurations for along-track stereogrammetry
over forests

To optimize the accuracy of vegetation surface elevation estimates,
we recommend a set of stereo configurations that differ from those
initially adopted for general-purpose applications without a focus on
vegetation. Our study confirms the conventional approach for opti-
mizing accuracy with a larger B/H ratio for stereo reconstruction over

20 25 30 35 5 10 15 20 25 30 35
Convergence Angle intervals (deg)

Convergence Angle intervals (deg)

(b)

Fig. 8. Influence of increasing ground sampling distance (GSD) from 0.5 to 2.0 m on the RMSE’ of the generated DSM against the reference DSM for a range of
convergence angles at GPNA. (a) RMSE’ of generated DSMs from images with homogeneous GSD for both viewl and view2 (b) RMSE’ of generated DSMs from

10

exposed surfaces, as shown in Fig. A 1c (Appendix B). In addition, a large
CA induces less vertical bias generated by geolocation offsets, and a
negligible influence is observed for 35° (see Fig. 9). Therefore, a rela-
tively large CA is appropriate for stereo reconstruction of relatively flat
surfaces with limited slopes.

However, for forests, a smaller CA yields better accuracy. This is
consistent with the findings of Piermattei et al. (2018): a small CA of 12°
from the tri-stereo configuration of Pléiades-HR (0.5 m resolution) was
found to be favorable in terms of accuracy and completeness of forest
canopy shape, compared to the CA of ~ 25° of another dataset. Owing to
the tri-stereo property of Pléiades, the forward-nadir and backward-
nadir CA of ~5° generated less accurate results compared to the
forward-backward CA of 12°, which is also partially consistent with our
simulation results. Indeed, 5° and 12°are distributed on the opposite
sides of the global minimum of the optimal CA for the VHR stereo of 0.5
m GSD. However, the optimal CA for Pléiades may not be the same as the
optimal CA derived from our paired simulation results, because the
resolution is not conceptually equivalent to GSD and the optimal CA
varies with different GSD. Nevertheless, it is essential to note that CAs
larger than the optimal value increase the RMSE’ from the simulation
results. Therefore, the selection of any CA between the optimal value
and a larger CA boundary at 35°, for example, can persistently generate
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Fig. 9. Influence of axial geolocation offsets with averages of 0.5 m (a) and 5.0 m (b) on the vertical bias and RMSE of DSMs for the GPNA site for different CAs.

better results than a CA of 35°. This finding offers guidance to support
future stereo mission design and operations to improve the stereo-
generated DSM accuracy over forests. Furthermore, commercial VHR
satellite vendors should consider offering smaller along-track stereo CA
in their standard data acquisition modes. The modeling framework also
provides a flexible environment for further study of potential design
factors or sensor attributes, such as an additional study to account for
the effect of light diffraction and geolocation errors due to linescan jitter
across a larger area.

Combining all the simulation results shown in Fig. 4 indicates that
CA is the most critical variable of the geometric configuration for stereo
image acquisition over a small area in open forests. Ideally, the accuracy
of the DSM from stereogrammetry should approach that derived from
small-footprint airborne lidar. Compared to the RMSE’ for the optimal
SZA of 50 — 70° (median: 4.98 m, IQR: 1.58 m), the RMSE’ of the
optimal CA of 7° showed apparent advantages in terms of higher accu-
racy and stability (median: 3.93 m, IQR of 0.33). In addition, oblique
SZA is known to be limited by steep topography in mountainous areas
(Ni et al., 2019, 2023), while the control of CA can be relatively flexible
for most of the existing VHR satellite missions.
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4.2. Convergence angle influence on generated DSMs: the tradeoff
between height accuracy and completeness

The vegetation canopy shape, height, density and overall arrange-
ment on the landscape are important factors in the accuracy of canopy
surface estimates from stereogrammetry. Considering the similar
structural complexity of protruding shapes between high-rise urban
buildings and forest trees, similar suggestions for small CA stereopairs
can be found in past work on urban infrastructure height retrieval (Carl
etal., 2013; d’Angelo et al., 2014). In addition, the DSM accuracy relies
on the reconstruction algorithms, evaluation criteria, and quality of
reference datasets. However, occlusions induced by a large CA for two-
image stereo can not be easily corrected using traditional stereo pro-
cessing algorithms, although a systematic evaluation of available algo-
rithm performance as a function of CA is an important area for future
study. It was found that although different algorithms play a specific role
in stereo reconstruction, the geometric configuration is still the decisive
factor affecting the final results (Qin, 2019; Albanwan and Qin, 2022).

For forests, in addition to the occlusion caused by complex canopy
shapes, the bidirectional reflectance variation further reduces the
number of matched points from a stereopair, requiring an even smaller
view angle difference to reconstruct the shape compared to the reduced
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anisotropic property of the urban building surface. In addition, the mass-
processing workflow used by ADAPT (i.e., the ASP SGM algorithm)
tends to fill gaps (personal communication with Oleg Alexandrov).
These factors lead to a tradeoff between 1) accurate absolute height
retrieval with more data gaps due to occlusions (large CA) and 2) less
accurate, but more complete forest surfaces (small CA). Therefore, the
fundamental consideration of stereogrammetry application in complex
landscape structures (such as forests or urban infrastructure) is the
choice of the two tradeoff options for different objectives.

The current global archive of VHR stereopairs from WorldView
features primarily larger CA. For open forests, the total range of RMSE’
between whiskers for the sensitivity study of 35° CA is about 2.85 m,
which is similar to the ~2 m RMSE range reported by Montesano et al.
(2017) across Boreal forests. In addition, although we are working on
forested landscapes, the analogy can apply to dense, high-rise buildings
in urban landscapes. Qin (2019) showed that, over such areas, the
RMSE’ ranges from ~6 m to ~10 m (~4 m between the largest and
smallest values) for 35° CA. This magnitude of accuracy is potentially
tenable in the case of urban applications where estimated heights are
typically assigned to polygons defining building outlines created
through a land survey. Therefore, a few matched points retrieved from
the top of a building can provide sufficient height information with high
accuracy, although occlusions persist. In contrast, we do not have data
on the location and crown extent of the three trillion trees on Earth, and
the absolute heights of a limited number of matched points do not have a
clear advantage over other technologies, such as lidar. Our study
strongly supports using a smaller CA to reconstruct stereo surface ele-
vations over forests. Some existing images captured by the tri-stereo
configuration of Pléiades with smaller CA can potentially provide a
better forest DSM reconstruction.

4.3. Minimizing the canopy surface biases derived from small convergence
angles and geolocation offsets

Stereogrammetry from pairs with small convergence angles provides
important coverage of canopy gaps, but involves a tradeoff of increased
vertical bias compounded by the geolocation offsets. Although the
replacement and image distortion induced by jitter could be corrected
by using high-accuracy and high-frequency attitude data as reported for
the ZY-3 satellite (Wang et al., 2016), it is questionable whether the
jitter correction approach can be universal to all existing VHR satellites
with various sensor/platform configurations and data quality. Alterna-
tively, data from a potential multi-sensor platform or cross-platform
fusion should be investigated to minimize the derived canopy surface
biases.

From the simulation results over small study areas, considerable IQR
of vertical bias was identified for random geolocation offsets with an
average of 0.5 m along each axis, corresponding to pushbroom jitter,
especially for the small CA configuration suggested above. The IQR was
further amplified for 5 m offsets. The fact that the RMSE’ profile remains
the same regardless of the geolocation offset indicates that additional
processing should focus on vertical bias correction. A traditional method
is to use an existing reference DSM to rectify the vertical bias towards
the same elevation, given that the reference DSM is sufficiently accurate.
Point cloud co-registration methods can also be used to fit 3D combi-
nations of translation, rotation, and scaling transformations to observed
residual offsets between point clouds, such as the iterative closest point
(ICP) implementation in ASP (Pomerleau et al., 2013). However, forest
surfaces present challenges for accurate DSM alignment because of the
lack of large-scale accurate DSM over forests and real offsets between
the true “first-return” surface from airborne lidar and the lower surface
from stereo reconstruction. Therefore, the alignment to resolve the
vertical bias induced by small CA can be coarse based on the existing
forest DSM globally, which was mostly derived from stereogrammetry of
a large CA with lower resolutions of past platforms.

The fusion of stereo DSMs with spaceborne lidar can potentially
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mitigate the vertical bias induced by a small CA. Indeed, lidar returns
within the swath of VHR images can be considered as “nails” that pin the
“canvas” of stereo DSM onto its accurate 3-D position. A lidar waveform
can parse the forest structure within its footprint into the highest canopy
elevation, terrain elevation, and, to a lesser extent, tree height distri-
bution. Matching this information with a stereo-generated DSM within
the lidar footprint could provide a reference elevation for vertical bias
correction and potentially more complex alignment transformations of
the DSM to mitigate the underestimation and improve accuracy. In
addition, stereogrammetry over forests provides complementary infor-
mation on high-resolution canopy shape distribution that sparse laser
altimetry data from satellites currently cannot deliver. The fusion of the
complementary products of lidar and stereogrammetry can potentially
improve global forest information retrieval, such as the clumping effect
correction to a certain extent to better estimate LAI (Jiang et al., 2021).
These two technologies are under consideration for future NASA mis-
sions targeting the Surface Topography and Vegetation observable
(NASA, 2021). We are currently performing additional simulations for
combined stereo and lidar (Gastellu-Etchegorry et al., 2016; Wei et al.,
2020; Yin et al., 2013, 2016, 2020; Yang et al., 2022) instrument trades
at the SERC and GPNA test sites used in this study.

4.4. DTM estimation of the open forest using stereopairs with a hotspot
configuration

DeWitt et al. (2017) reported that the DTM of deciduous open forests
could be estimated by filtering the leaf-off stereo-derived DSM. Here, we
found that, over open forests with leaf-on conditions, VHR stereopairs
containing images with hotspot configuration can be used to derive an
elevation that more closely matches the DTM. This is confirmed by both
actual WorldView acquisitions over GPNA (Yin et al., 2023), and the
sensitivity study of solar direction conducted in Section 3.1.2. Indeed,
the hotspot effect over one VHR image of a stereopair causes the loss of
shadow textures from both the crown shape and leaves, generating
considerable diversity in the crown reflectance and the proportion of
shadows compared to the other VHR image without hotspot effect. In
contrast, the ground reflectance and textures are much less influenced
by the solar incident direction. In that case, more textures can be
matched over the ground than the forest canopy. This finding is prom-
ising for a potential application of VHR stereogrammetry over boreal
forests to estimate the canopy height and biomass, by subtracting a
filtered hotspot-derived DSM (e.g., as illustrated in SZA:13 of Fig. 5)
from a DSM derived from small CA (e.g., as illustrated in CA:7 of Fig. 6).

4.5. Simulation advantages and limitations

Although we simulated and analyzed thousands of configurations in
VHR stereogrammetry, three aspects cause the major differences be-
tween DART-simulated images and the actual images: 1) the cubic voxel
shape spanning over different pixels after projection along the view
direction; 2) the unknown point-spread function which describes the
diffraction of light on the sensor plane (Kolb et al., 2016); and 3) the
variable sub-pixel image artifacts caused by linescan pointing error
(jitter) (Tong et al., 2014), which was neglected because of our small
study areas. The observed RMSE’ differences between DSMs derived
from simulation and actual data (Yin et al., 2023) could add small
margins to our sensitivity study results (0.17 m for SERC, 0.21 and 0.72
m for GPNA). DART will be enhanced to eliminate or mitigate these
aspects in a future release. In addition, the default aerosol model of 23
km RURAL visibility could be different from reality. Furthermore, the
simulations for these study sites (~400 m) are small compared to the
larger swath dimensions of many linescan stereo datasets (~10-20 km
wide, ~15-110 km long). This could be solved by adapting to the latest
DART-Lux implementations (Wang et al., 2022), which have less
memory usage to allow a larger scene. Also, the study areas have small
slopes, and the topography can impact the stereo reconstruction. This
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will be studied in the future by selecting a mountainous study area with
G-LiHT data coverage.

This study also showed many advantages of combining PVlad with
DART. The forest scenes were physically reconstructed in the 3-D dis-
tribution of LAD derived from airborne lidar point reflectance using
PVlad. Forward modeling of the physical DART model was executed to
simulate remote sensing images close to reality. In addition to the
sensitivity study, this approach can build high-fidelity realistic training
data using a deep learning approach for information retrieval and
testing interdisciplinary image processing and computer vision algo-
rithms. The abundant G-LiHT data across the USA provides a consider-
able number of potential scenes to create realistic data from the
simulations.

Open access to the simulated data

For both SERC and GPNA, the simulated VHR images with RPC
stored in GeoTIFF format and the reference DSM/DTM used in this study
can be openly accessed from https://glihtdata.gsfc.nasa.gov/files/tmp/
StereoModeling/.
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The List of VHR satellites with stereo capability, partially retrieved from Deilami and Hashim (2011).

Satellite Name Country Company/Institute Launch Date Best Stereo Resolution (m)
Cartosat constallation India ISRO* 2005-2019 0.25
Deimos-2 Spain Deimos Imaging June 19, 2014 1.00
DubaiSat-2 United Arab Emirates MBRSC” November 21, 2013 1.00
EROS-A1 Israel ImageSat International December 5, 2000 1.80
EROS-B1 Israel ImageSat International April 25, 2006 0.70
Gaofen-7 China CAST* November 3, 2019 0.50
GeoEye-1 USA Maxar September 6, 2008 0.41
IKONOS USA Maxar September 24, 1999 0.82
KOMPSAT-2 South Korea KARI‘ July 28, 2006 1.00
KOMPSAT-3 South Korea KARI May 17, 2012 0.55
Kompsat-3 A South Korea KARI March 25, 2015 0.55
Pléiades-HR 1 A France Airbus December 17, 2011 0.50
Pléiades-HR 1B France Airbus December 2, 2012 0.50
QuickBird USA Maxar October 18, 2001 0.65
SkySat constellation USA Planet 2016-2020 0.70
SPOT 6 France Airbus September 9, 2012 1.50
SPOT 7 France Airbus June 30, 2014 1.50
TripleSat-1 China 21AT® July 10, 2015 0.80
TripleSat-2 China 21AT November 21, 2018 0.80
TripleSat-3 China 21AT December 3, 2018 0.80
WorldView-1 USA Maxar September 18, 2007 0.50
WorldView-2 USA Maxar October 8, 2009 0.46
WorldView-3 USA Maxar August 13, 2014 0.31
WorldView-4 USA Maxar November 11, 2016 0.31
ZY-3 China CAST January 9, 2012 2.10

# ISRO - Indian Space Research Organisation.

> MBRSC - Mohammed Bin Rashid Space Centre.

¢ CAST — China Association for Science and Technology.
4 KARI - Korea Aerospace Research Institute.


https://glihtdata.gsfc.nasa.gov/files/tmp/StereoModeling/
https://glihtdata.gsfc.nasa.gov/files/tmp/StereoModeling/
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¢ 21AT - Twenty First Century Aerospace Technology Pte. Ltd.
Appendix B. Bare-earth simulations over GPNA

As shown in Fig. A.1, only DTM,,s of GPNA was used for comparison because forest features do not exist in the simulated scene. For Bias;, the trends
of all the three angles are observed to move from a small positive to small negative median within 0.05 m. Although the IQR of Bias, can reach 0.10 m
for small SZA and CA, it is much reduced for larger angles. The RMSE’ trend is apparent for both SZA and CA, with a reduction in the median and IQR
for the rising angles. Although a larger SZA provides better accuracy, the influence of the hotspot effect is much less than that of the closed (Fig. 3a)
and open (Fig. 4a) forest scenarios. The effect of CA on accuracy is predominant over other angles, and the RMSE’ reaches a median of 0.17 m and IQR
of 0.13 m for CA of 35°.
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Fig. A.1. Influence of SZA (a), SV2A (b), and CA (c) variations on vertical bias and RMSE’ by comparing generated DSM against the reference DTM over the bare-
earth scene of GPNA (reference DTM shown in Fig. 1b; geometric configurations shown in Fig. 2b).
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