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Abstract: Forest canopy height estimates, at a regional scale, help understand the forest carbon
storage, ecosystem processes, the development of forest management and the restoration policies to
mitigate global climate change, etc. The recent availability of the NASA’s Global Ecosystem Dynamics
Investigation (GEDI) LiDAR data has opened up new avenues to assess the plant canopy height at
a footprint level. Here, we present a novel approach using the random forest (RF) for the wall-to-
wall canopy height estimation over India’s forests (i.e., evergreen forest, deciduous forest, mixed
forest, plantation, and shrubland) by employing the high-resolution top-of-the-atmosphere (TOA)
reflectance and vegetation indices, the synthetic aperture radar (SAR) backscatters, the topography
and tree canopy density, as the proxy variables. The variable importance plot indicated that the
SAR backscatters, tree canopy density and the topography are the most influential height predictors.
33.15% of India’s forest cover demonstrated the canopy height <10 m, while 44.51% accounted for
10–20 m and 22.34% of forests demonstrated a higher canopy height (>20 m). This study advocates
the importance and use of GEDI data for estimating the canopy height, preferably in data-deficit
mountainous regions, where most of India’s natural forest vegetation exists.

Keywords: GEDI; vegetation type; SAR backscatters; topography; canopy height

1. Introduction

The plant canopy height is an essential parameter that specifies the ecosystem structure,
functional diversity, species regeneration and recruitment, natural and anthropogenic
disturbances and management activities [1,2]. The canopy height is measured through
field harvesting, wherein the satellite light detection and ranging (LiDAR) data can be
supplemented and minimize the ground data collection efforts. The vegetation structure
and canopy height in different climate regimes exemplify the seasonal environmental
conditions via moisture and energy availability, altitudinal or temperature gradient, edaphic
factors, etc. [3–5]. The aboveground biomass (AGB) and the vegetation carbon content
correlate well with the canopy height [6]. Several studies have highlighted the importance
of the canopy height in the AGB/carbon stock estimation, representation of the ecosystems
in vegetation dynamics models, etc. [7–9]. The canopy height estimation using satellite
data primarily involves synthetic aperture radar (SAR) interferometry and LiDAR data.
The SAR interferometry is a complex process and depends on multiple factors, such as time
intervals and distance between two data acquisitions, canopy penetration capability of the
operating wavelength, field condition, etc. [10].
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Moreover, suitable microwave data for the canopy height estimation is unavailable
publicly. Such limitations impede the ability of the SAR interferometry to generate accurate
estimates of the canopy height. In comparison, the LiDAR data is an appropriate alternative
that provides direct canopy height utilizing the principle of ranging [11]. However, the
majority of LiDAR data used for height and AGB estimation was collected via airborne
missions (airborne laser scanning: ALS), which are expensive and have limited data for the
tropics and developing nations. The availability of the open-source satellite LiDAR data
has recently expanded its operational applications. The Geoscience Laser Altimeter System
(GLAS) instrument was developed by NASA and the Ice and Cloud Elevation Satellite
(ICESat), the first spaceborne LiDAR sensor, in 2003. GLAS observed the earth’s surface
with a single laser beam with a footprint diameter of 60 m and a spacing of 172 m between
the footprints [12]. The canopy height information extracted from the GLAS data has been
used as a central component in the AGB estimation models to construct continental and
global biomass maps [13–15]. The Advanced Topographic Laser Altimeter System (ATLAS)
became only the second spaceborne LiDAR sensor after a gap of about nine years, since
GLAS ceased its operation in 2009. The ATLAS sensor, working with the photon counting
principle, has a more suitable configuration for the ecosystem measurements [16]. ATLAS
has three pairs of laser beams with a footprint diameter of around 17 m and a gap of 70 cm
between footprints, and each pair’s beams are separated by approximately 90 m [17]. Early
works using ATLAS data have shown its effectiveness in estimating the canopy height
and AGB [18–20]. The Global Ecosystem Dynamics Investigation (GEDI) onboard the
International Space Station (ISS) is a new spaceborne LiDAR sensor and has been collecting
data since April 2019. GEDI is a full waveform LiDAR sensor covering temperate and
tropical forests with four laser beams with a 25 m footprint diameter [21]. The distance
between the two footprints is 60 m along-track and 600 m across-track directions.

Recently, the level 2 version released GEDI’s Level 2A Geolocated Elevation and
Height Metrics Product (GEDI02_A) from each (GEDI01_B) received waveform, including
ground elevation, canopy top height, and relative height (RH) metrics. The methodology
for generating the (GEDI02_A) product datasets was adapted from the land, vegetation,
and ice sensor (LVIS) algorithm. Studies have used machine learning (ML) regression
algorithms to predict the forest AGB. However, only a few attempts have been made
for the forest canopy height mapping, using the new spaceborne LiDAR GEDI data by
employing ML techniques. Both optical and SAR data bring useful information about the
forest canopy structure. While the SAR beams directly interact with the trunk and other
plant biomass materials [22], providing important information about the physical scattering
mechanisms [23], the optical data capture on both the structural (i.e., leaf area index, LAI)
and biochemical (e.g., foliage chlorophyll content) attributes that can be used as indicators
of plant cover and growth [24].

Several studies have used GEDI data for the wall-to-wall canopy height estimation
and reported acceptable accuracy limits (Table 1). Many researchers predicted a canopy
height over a regional to global scale utilizing GEDI LiDAR. Lang et al. [25] employed GEDI
data for the global tree height estimation by applying the neural network that generalizes
to unseen geographical areas. They used a probabilistic deep learning approach, based on
an ensemble of deep convolutional neural networks (CNNs) to avoid the explicit modelling
of unknown effects, such as atmospheric noise (with a root mean square error [RMSE]:
2.7 m). They reported a positive bias for <10 m canopy height and a negative bias for
>10 m. Moreover, they observed a shallow bias for the deciduous broadleaf forests and
evergreen needleleaf forests; a positive bias for the deciduous needleleaf forests, woodland,
savanna, and shrubland; and a negative bias for the evergreen broadleaf forests. Liu
et al. [26] used an neural network guided interpolation for mapping the canopy height by
integrating the GEDI and ICESat-2 data and reported an acceptable accuracy (coefficient of
determination as R2: 0.55 and RMSE: 5.32 m). Adam et al. [27] analyzed the accuracy of
the first version of the GEDI ground elevation and canopy height estimates and reported
a R2 of 0.27–0.34 and an error ranging from −0.23 to 2.11 m. Fayad et al. [28] used deep-
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learning CNN models using GEDI LiDAR waveforms to estimate the canopy height. Their
results showed that the CNN variants could predict the dominant canopy height with a
RMSE of 1.54–1.94 m and a R2 value of 0.86–0.91. Potapov et al. [29] estimated the global
canopy height using the GEDI footprints and seasonal Landsat-8 data and derived the
proxy indicators with a RMSE of 6.6 m, MAE of 4.45 m, and R2 of 0.62, compared to the
GEDI data and RMSE = 9.07 m, MAE = 6.36 m and R2 = 0.61, compared to the ALS data
(collected in Australia, the Democratic Republic of Congo, Mexico, and the USA). They
reported a lower accuracy for regions with a rugged topography with a lower tree canopy
density. Dorado-Roda et al. [30] used the temporally coincident datasets to integrate the
GEDI canopy height data with ALS for the biomass estimation in the Mediterranean forest
(Table 1). They have also reported a better agreement between the GEDI and ALS data for
denser and homogenous forests than for sparse forests, which indicated that the canopy
structure (vertical and horizontal) plays an essential role in the GEDI data accuracy.

Establishing a spatially continuous canopy height map needs spatially contiguous
ancillary data, which is limited to the spaceborne LiDAR data. If only the selected auxiliary
variables correlate with the canopy height, it is possible to construct a useful canopy
height model. The satellite data-derived vegetation indices and the long-term climatic
variables have been identified as suitable proxies in the canopy height estimation [31,32].
Moreover, there is a non-linear relationship between the canopy height and various optical
and microwave satellite data and derived proxies, which thus requires non-parametric
ML algorithms for modelling [32]. Simard et al. [31] used GLAS canopy height data and
covariates (climatic variables, elevation, and tree cover) to prepare a global canopy height
map using a decision tree-based random forest (RF) ML algorithm [33]. Wang et al. [32]
also used climatic, elevation, vegetation indices, and tree cover data for the global canopy
height estimation using the RF model. Multiple studies have shown that vegetation indices
are a good predictor of the canopy height at a regional scale to a global scale [29,31,32].
Earlier attempts were made to estimate the canopy height maps over different regions in
India [34,35]. Here a maiden attempt is made to create spatially continuous canopy height
maps for the different vegetation types of India using GEDI LiDAR and multiple predictor
variables using the RF ML algorithm (Figure 1).

Table 1. Past studies on the canopy height estimation studies using the GEDI LiDAR data.

S.
No Study Method R2 RMSE (m) MAE

(m) Bias (m) Reference

1 Global Convolutional Neural Network
(CNN) Model - 3.60 2.1 −1.0 to −0.1 [25]

2 Regional Neural Network Guided
Interpolation (NNGI) 0.58 4.93 - −1.42 [26]

3 Regional Comparison of GEDI-CHM and
ALS-CHM 0.27–0.34 - - - [27]

4 Regional Convolutional Neural Network
(CNN) Model 0.86–0.91 1.54–1.94 - - [28]

5 Global Machine-Learning Algorithm
(regression tree) 0.62 6.60 4.45 - [29]

6 Regional Non-Linear Regression 0.49–0.71 1.95–3.96 -

Dehesas (−0.50), Encinares
(0.39), Alcornocales (−0.06),
Pinaster (−0.97), and Pinea

(0.27)

[30]

7 Regional Semi-Empirical Models 0.42–0.62 6.89–10.25 - 0.7–−0.8 [36]

8 Regional Artificial Neural Network
(ANN) Model 0.51 3.34–3.47 - - [37]

9 Regional
Bayesian Regularization for

Feed-Forward Neural
Networks (BRNNs)

0.49 4.68 3.66 - [38]

10 Regional Random Forest Regression 0.80 3.35 2.09 - [39]
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2. Materials and Methods
2.1. Multi-Sensor Satellite Data and Pre-Processing

Sentinel-1 is a constellation of two satellites (A and B) flying in near-polar sun-
synchronized orbit at an altitude of 697 km. Sentinel-1A and Sentinel-1B can image the
whole earth in six days with C-band SAR sensors. It operates with a central frequency of
5.405 GHz and a dual polarization mode (HH + HV, VV + VH). Recently, Sentinel-1B has
stopped working due to electronic malfunctions. The pre-processed Sentinel-1 data was
accessed from the Google Earth Engine (GEE) platform.

Sentinel-2 is a twin satellite mission orbiting the sun-synchronous orbit phased at 180.
It has a high revisit interval of five days at the equator. These provide data continuity to
SPOT and LANDSAT missions with broad applications in land management, including
forestry, agriculture, water resource, etc. It carries an optical instrument that samples the
earth in 13 spectral bands: four bands, six bands, and three bands at spatial resolutions of
10 m, 20 m, and 60 m, respectively. Sentinel-2 Level-1C (S2-L1C) multispectral images were
accessed from GEE, providing radiometrically and geometrically corrected, orthorectified
top-of-atmosphere (TOA) reflectance data. The spectral bands in the visible, near-infrared,
shortwave infrared, and red-edge wavelengths were employed in the current analysis.

PALSAR-2 (Phased Array L-band Synthetic Aperture Radar) on board the ALOS-2
(Advanced Land Observing Satellite), jointly developed by JAXA and the Japan Resources
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Observation Systems Organization (JAROS), is a SAR sensor that operates at the L-band
microwave frequency. It provides continuous data, both day and night, as it is an active
sensor. The global 25 m PALSAR/PALSAR-2 mosaic is a seamless global SAR image
created by mosaicking strips of individual tiles. The PALSAR/PALSAR-2 images were
chosen considering the minimum response to surface moisture. The backscatter values
were retrieved using the normalized radar cross section (NRCS) equation. The digital
number (DN) values obtained from the calibration process do not show any radar signal
from the field structure, illustrated as Sigma nought (σ0) in decibels (dB). The general
equation used for the PALSAR-2 image is slightly different from other sensors, due to its
normal sine term, already included in the DN values. For Level 1.5 products, the NRCS
equation of each polarization component was extracted using Equation (1), with a single
calibration factor (CF) of −83 [40].

σo = 10∗ log10

(
DN2

)
+ CF (1)

where σ0 is the backscattering coefficient in dB, DN is the raw pixel value, and CF is the
calibration factor in dB.

The land use land cover (LULC) data from Roy et al. [41] was employed to understand
the vegetation type distribution. It exhibits India’s broad vegetation types at 100 m resolu-
tion for 1985, 1995, and 2005. A combination of Landsat 4 and 5 Thematic Mapper (TM),
Enhanced Thematic Mapper Plus (ETM+), and Multispectral (MSS) data, the Indian Remote
Sensing satellites (IRS), the Linear Imaging Self-Scanning Sensor-I and III (LISS-I, LISS-III),
and ground surveys were employed for the LULC mapping using the visual interpretation
technique. The International Geosphere-Biosphere Programme (IGBP) classification scheme
was adopted. The mapping accuracy was assessed, based on 12,606 stratified random sam-
pled ground truth data (Biodiversity Information System, 2014), which indicated more than
90% accuracy [37]. The LULC data is freely available at ORNL DAAC.

2.2. LiDAR GEDI L2A Raster Canopy Top Height (Version 2)

GEDI’s Level 2A Geolocated Elevation and Height Metrics Product (GEDI02_A) com-
prises 100 relative height (RH) metrics, which collectively describe the waveform collected
by GEDI. The original GEDI02_A product is a collection of points with a spatial resolution
(footprint) of 25 m. The dataset LARSE/GEDI/GEDI02_A_002_MONTHLY is a raster
version of the original GEDI02_A product used in the current study (Table 2).

Table 2. List of data used in the study.

S. No Data Date Source Spatial Resolution (m) Product Details

1 GEDI Level 2A Height Metric 2021 GEE 25 Relative Height Metrics at 98% (rh98)
2 Sentinel-1 (GRD) 2021 GEE 10 (Polarization: VH, VV)

3 Sentinel-2 MSI 2021 GEE 30 (Bands: Blue, Green, Red, Re, NIR, Edge 1,
RedEdge 2, RedEdge 3, SWIR 1, SWIR 2)

4 SRTM DEM - GEE 30 (Slope, Elevation)

5 Global PALSAR-2/PALSAR
Yearly Mosaic 2021 GEE 25 (Polarization: HH, HV)

6 Landsat data derived Vegetation
Continuous Fields (VCF) tree cover 2015 GEE 30 Tree Canopy Cover (%)

2.3. Satellite Data-Derived Proxies Used as Predictor Variables

Six spectral bands of Sentinel-2 data were employed (blue, green, red, NIR, RedEdge-1,
RedEdge-2, Red Edge-3, SWIR-1, SWIR-2). Five vegetation indices were derived from
the surface reflectance data, the normalized difference vegetation index (NDVI), the
soil-adjusted vegetation index (SAVI), the green normalized difference vegetation index
(GNDVI), the normalized difference greenness index (NDGI), and the chlorophyll vegeta-
tion index (CVI). The Sentinel-1 SAR image (VV and VH backscatter bands) and the derived
variables as the ratio, average, and square root of the VV and VH were employed as the
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predictor variables (Table 3). Similarly, the PALSAR-2 SAR image (HH and HV backscatter
bands) and the derived variables were used as the ratio, average, and square root of the
HH and HV. In addition, the Landsat data derived the tree canopy density, the SRTM DEM
elevation and slope were considered as the predictor variables for the tree height estimation
(Table 3). All of the determinant variables were resampled at 100 m spatial resolution using
the nearest neighbour algorithm to compensate for the variable data resolution and bulk
data volume. The canopy height map was produced at 100 m resolution.

Table 3. Predictor variables used to run the model.

S. No Data Predictor Variables

1 Sentinel-1 VV, VH, VH∗VV, VH/VV, VV/VH, Average (VH, VV), Square root (VH, VV)
2 PALSAR-2/PALSAR HH, HV, HH∗HV, HH/HV, HV/HH, Average (HH, HV), Square root (HH, HV)
3 Sentinel-2 Blue, Green, Red, NIR, Red Edge-1, Red Edge-2, Red Edge-3, SWIR-1, SWIR-2,

4 Sentinel-2 Vegetation Indices
Normalized Difference Vegetation Index (NDVI), Soil Adjusted Vegetation Index

(SAVI), Green Normalized Difference Vegetation Index (GNDVI), Normalized
Difference Green Index (NDGI), Chlorophyll Vegetation Index (CVI)

5 SRTM DEM Elevation, Slope
6 Landsat Vegetation Tree Cover Tree Canopy Cover

2.4. Canopy Height Prediction Using GEDI and Machine Learning (ML)
Random Forest

The RF regression is an ensemble and supervised learning algorithm combining many
decision trees [33]. Previous studies revealed that it has advantages over other ML ap-
proaches, such as neural networks and support vector machines, as it provides information
on essential variables, is robust, provides a greater accuracy in larger datasets, and has
a lower sensitivity in the parameter optimization [42]. The RF algorithm was executed
using the random forest library in the R-programming platform with the dependency of
the “CARET” package [43]. The RF uses bagging or boosting approaches and the random
predictor selection. Usually, 2/3 of the data points of the original dataset are included in a
bootstrap sample where 1/3 of the dataset is again excluded from the bootstrap samples,
known as out-of-bag (OOB) data [42], which is used to measure the crucial variables. Two
hyperparameters were used to improve the model’s accuracy, namely the mtry and ntree
values, which were tuned according to the stability and minimum root mean square error
(RMSE). The mtry (randomly selected predictors in each node for segregation) is the only
hyperparameter for tuning in the CARET package. A grid value ranging from 1 to 10 was
passed to the algorithm to autotune the mtry value.

The values of the ancillary variables at the GEDI footprint locations were extracted as a
precursor to the model building (Figure S1). The correlation matrix was generated to test the
relationship between the LiDAR (GEDI) estimated canopy height and ancillary variables
(Figure S2). The dataset (canopy height and corresponding ancillary variable values) was
separated into five major vegetation types, based on the India LULC map of 2005. Therefore,
the separate models were built for the canopy height prediction for different vegetation
types. The vegetation classes included evergreen forest, deciduous forest, mixed forest,
plantation, and shrubland. Each dataset for the five vegetation types was further segregated
into 70:30 ratios for the model training and validation. The model’s accuracy was assessed,
based on the R2, RMSE, and normalized RMSE between the observed and predicted canopy
height values for the validation dataset. The overall data processing methodology is shown
in Figure 2.
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Figure 2. Methodological flow diagram for predicting the canopy height using the GEDI canopy
height data by applying the decision tree-based machine learning (ML) algorithm.

3. Results
3.1. Canopy Height Modelling

The number of GEDI footprints and associated height ranges for the different vege-
tation types demonstrated a wider data distribution (Table 4). The highest proportion of
footprints overlaid on the deciduous forests and the least on the plantation (Figure S1). The
canopy height range for different vegetation varies widely, with the highest variation in ev-
ergreen forests (1.64 m to 47.23 m) with a mean of 22.75 m. The lowest range was observed
for plantations (<1 m to 40 m) with a mean height of 12.75 m. However, the lowest mean
canopy height was estimated for shrubland as 7.18 m. The GEDI estimated canopy height
has the maximum correlation with TCC as 0.45, 0.59, 0.66, 0.51, and 0.59 for evergreen
forests, deciduous forests, mixed forests, plantations, and shrubland (Figure S2). The RF
model trained using the GEDI data for various vegetation types indicated an acceptable
accuracy, wherein the maximum correlation (R2) was observed for the mixed forest with
RMSE 4.94 m and the normalized RMSE of 12.41%. The lowest modelling accuracy was
obtained for the plantation (R2: 0.56, RMSE: 5.01 m and the normalized RMSE: 14.32%)
(Table 5). A positive bias was observed for the plantation (0.086), wherein the estimated
bias was negative for other forest types, such as deciduous forests (−0.03), evergreen forests
(−0.029), mixed forests (−0.06) and shrubland (−0.06). Slope and TCC emerged as the best
proxy indicators (variable importance of more than 60%) for the canopy height prediction
for the evergreen forest and plantation (Figure S3). TCC, Sentinel-1 VH, slope, avg (VV,
VH) were crucial predictor variables for the deciduous forest. Slope and Sentinel-1 VV
and VH backscatter ratios are essential predictor variables for the mixed forest. In contrast,
the slope, elevation, ALOS PLASAR HH and HV backscatter ratio, TCC, Sentinel-1 VV
and VH, and vegetation indices, such as SAVI and NDVI, emerged as essential indicators
for the shrubland. In summary, the topography, SAR backscatters, tree canopy cover, and
vegetation indices (SAVI and NDVI) are the most influential predictors of the canopy height
estimation for different vegetation classes.
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Table 4. GEDI footprints and canopy height range for the different vegetation classes.

Forest Type Observation Footprints Max (m) Min (m) Mean (m)

Evergreen Forest 62,097 47.23 1.64 22.75
Deciduous Forest 106,335 42.47 1.68 12.67

Mixed Forest 40,084 42.29 1.87 13.22
Plantation 16,340 39.89 0.03 12.75
Shrubland 33,007 40.71 1.75 7.18

Table 5. Error analysis and model validation for the different forest types (p-values < 0.001).

S. No Forest Type R2 RMSE (m) nRMSE (%) Relative Bias

1 Evergreen Forest 0.55 6.34 13.60 −0.029
2 Deciduous Forest 0.56 6.01 12.54 −0.03
3 Mixed Forest 0.64 4.94 12.41 −0.06
4 Plantation 0.50 5.01 14.32 0.086
5 Shrubland 0.60 3.73 9.70 −0.06

3.2. Canopy Height Mapping
3.2.1. Canopy Height Mapping of the Evergreen Forest

The canopy height maps show a broad range of canopy heights for the evergreen
forest. Most evergreen forests are observed in humid and topographically upland regions.
The predicted canopy height indicated a good agreement with the observed canopy height
(Figure 3b). The estimated canopy height map shows a general trend of a higher canopy
height (>30 m) in the rugged terrain of the eastern Himalayan regions, such as Arunachal
Pradesh, Sikkim, Manipur, Mizoram, and Nagaland (Figure 3a). A similar higher canopy
height is estimated in the Western Ghats and several parts of the Western Himalayan
region, such as Uttarakhand, Himachal Pradesh, and Jammu and Kashmir. In contrast, a
comparatively lower height (<30 m) is estimated for the rest of the evergreen forest. The
distribution of the canopy heights is visualized through the histogram of the images. It
shows 45.6% of the total evergreen forest cover with more than a 30 m canopy height, above
94% with more than 15 m (Figure 3c). The estimated mean canopy height for the evergreen
forests is 27.93 m (~28 m).

3.2.2. Canopy Height Mapping of the Deciduous Forest

Most of the deciduous forest is observed in the Deccan peninsular regions and foothills
of the Himalayan belt. The Deccan peninsular region is characterized by drier regions with
a higher population pressure than the evergreen forests (Figure 4a). The estimated canopy
height mostly varies from 5 m to 25 m, which encompasses 99% of the total deciduous
forest in India (Figure 4b,c). The average estimated canopy height is 13.6 m. Comparatively
taller plants (>15 m) are seen in the wet regions, including Odisha, Chhattisgarh, and the
Western Ghats. In contrast, the dominant shorter trees (<15 m) are found in drier regions,
such as Madhya Pradesh, Gujarat, Rajasthan, Telangana, and Andhra Pradesh.

3.2.3. Canopy Height Mapping of the Mixed Forest

The mixed forest is mainly found scattered in the Deccan peninsular region, except in
the Northeast Indian states of Meghalaya, Mizoram, Nagaland, and part of Assam. The
estimated canopy height map shows taller plants (>15 m) in the wet and humid Northeast
India, east coastal and Western Ghats (Figure 4a). In comparison, the shorter plants (<15 m)
are seen in the drier Deccan peninsular region. Shorter trees (5–10 m) are seen in 40.2% of
the total area, while a 10 m to 25 m canopy height is estimated in 58.3% of the total mixed
forest (Figure 5b,c). Above 25 m and below 5 m, the canopy height is seen in only 1.5% of
the mixed forest. However, the mean canopy height for the mixed forests is 12.86 m.
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3.2.4. Canopy Height Mapping of the Plantation

The plantation is predominantly seen in Southern India, wherein taller trees (>15 m)
are found in the wet and rugged terrain of the Western Ghats. On the contrary, shorter
trees (<10 m) are found in the drier and topographically flat terrain. A few plantation
patches in the Western Himalayan region indicated taller trees, compared to northeast India
(Figure 6a). The histogram indicated a nearly equal tree cover distribution (31%) in 5–10 m,
10–15 m, and 15–20 m ranges, encompassing > 93% of the total plantations (Figure 5b,c).
The average estimated canopy height is 13.15 m.

3.2.5. Canopy Height Mapping of the Shrubland

Shrub-dominated areas are also found highly scattered, similar to the mixed forest,
which is mostly seen in the Deccan peninsular parts of Northeast India, Western Himalayan
and trans-Himalayan regions (Figure 6a). Shorter plant canopies (<10 m) are dominant
(>70%), which are seen in the dry and topographically flat terrain of the Deccan peninsular
region (Figure 7b,c), while taller canopies (>10 m) are seen in the wet coastal, and rugged
terrain of the Northeast, Western Himalayan, and trans-Himalayan regions. The average
estimated canopy height is 8.69 m.

3.3. Canopy Height Map Validation

The estimated canopy height map was validated using the field-collected data from
various parts of India (Figure 1). The canopy height data collected in 94 plots using the laser
range finder was employed. The ground reference data include 41 plots from the moist
deciduous forests of Sikkim, 53 from the moist and dry deciduous forests of the Simlipal
National Park, Odisha. The correlation plot between the predicted and field-measured
values showed a coefficient of determination of 0.55 and a RMSE of 8.61 (Figure 8).
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The estimated canopy height for the different forest types was merged to create a
unified forest canopy height map of India (Figure 9). The study suggests that 33.15% of the
total forest cover (excluding grassland) has a lower canopy height (<10 m). In comparison,
44.51% have a moderate canopy height (10–20 m), and the rest, 22.34%, have a higher
canopy height (>20 m).
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4. Discussion
Canopy Height Modelling

The optical and microwave satellite data provide important indicators to model the
plant structure. The development of machine-learning models allowed the wall-to-wall tree
height mapping at the national scale. Although the canopy height shows a similar height
range for the different vegetation classes, there is a significant difference in the mean height.
The spatial auto-correlation graphs were generated to highlight the height distribution in
relation to distant observations (Figure S4). The highest mean height is observed in the
GEDI data for the evergreen forest (22.75 m) and the lowest in shrubland (7.18 m). The
GEDI-derived mean canopy height for the deciduous forests, mixed forests and plantations
are 12.67 m, 13.22 m, and 12.75 m, respectively. The taller evergreen trees (>30 m) are
primarily found in Northeast India’s topography of rugged and wet climate regions, the
Western Ghats, Western Himalayan, and trans-Himalayan regions. The shorter evergreen
trees (<25 m) are dominantly found in the dry temperate trans-Himalayas and shifting the
cultivation-dominated wet and rugged terrain of Tripura and Assam in Northeast India [44].
The distribution of the evergreen forests in different climate zones denotes the water and
energy availability, which regulates the tree cover, mortality, and succession. Moreover, the
height variations indicate the slope as an important variable in the canopy height prediction
for evergreen forests, followed by the canopy density and microwave backscatter values,
which segregates the canopy structures. Previous studies also articulated that the slope and
canopy cover are essential indicators for the height estimation [29]. Li et al. [45] utilized
deep learning and the random forest for the canopy height estimation, based on ICESat-2
LiDAR data by employing Sentinel-1, Sentinel-2, and Landsat data and derived the proxies
as predictor variables. They observed a higher accuracy with the Sentinel data than with the
Landsat data-based estimates and found the Sentinel-1 backscatter and Sentinel-2 red-edge
spectral band as crucial indicators. On the contrary, the deciduous forests are primarily
seen in topographically moderate rugged terrain. Moreover, the phenology is an integral
characteristic of the deciduous forests, which are well captured by the canopy density and
microwave backscatter values. Similar to the evergreen forests, the taller trees (>15 m) are
dominantly found in wetter regimes (Himalayan foothills, Western Ghats, and Eastern
Ghats) than shorter trees (<15 m) in drier regimes (central India). Similarly, the topography,
followed by the microwave backscatter and canopy density, plays an essential role in
estimating the canopy height for mixed forests, plantations, and shrublands. Moreover,
taller plants are observed in wet regimes and shorter plants in drier regimes, denoting the
overall trend of the climate variables that define the tree growth. Global studies have also
identified a higher canopy height in wet regimes than in drier regimes, wherein taller trees
are reported in the Himalayan region than in other parts of India [29,46].

ML algorithms, such as RF, can establish a complex non-linear relationship between
the vegetation information and remote sensing images with indeterminate data distri-
bution and can flexibly combine data from different sources to improve the prediction
accuracy [47,48]. The modelling accuracy relies on the spatial resolution of the input
predictor variables, their sensitivity to the plant structure (denoted by the correlation),
geographic extent, and topography. This study examined 31 predictor variables from
multiple sources (Figure S2). We discovered that combining ML algorithms and multi-
sensor data, compared to traditional linear models can prevent overfitting and significantly
improve the estimation accuracy. The RF-based regression models indicated well-accepted
accuracies (R2 varied from 0.5 to 0.64, RMSE from 3.73 m to 6.34 m, and nRMSE from 9.70%
to 14.32%). We have observed a minor relative negative bias ranging from −0.06 to 0.086.
The accuracies obtained in the current study show a good agreement with past global and
regional studies [26,34]. As reported in previous studies, the lower accuracy for planta-
tions could indicate the plant diversity [29]. The field validation data mainly included
deciduous forests and a few evergreen forests and showed a well-accepted accuracy of the
predicted canopy height map (R2: 0.55 and RMSE: 3.35 m). Many existing studies employed
the LiDAR canopy height and multi-sensor data to produce wall-to-wall canopy height
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maps using ML/DL techniques and reported a similar accuracy, as obtained here. Huang
et al. [49] achieved a R2 of 0.92, MAE of 4.31 m, and RMSE of 3.87 m in the tree height
estimation for China and the reported slope, red reflectance, and microwave backscatter as
important indicators. They have also reported a higher accuracy and a reduced uncertainty
(4.58%) due to the addition of the PALSAR data. They observed an average forest height
of 16.08 m and reported a minor difference in the mean canopy height for different forest
types, supporting the current study outcome. Jiang et al. [50] used a stacking algorithm of
MLR, SVM, kNN, and RF to estimate the regional forest canopy height. This study showed
that multiple model stacking has significantly reduced the RMSE and achieved the best
prediction accuracy (R2 of 0.77 and RMSE of 1.96 m).

The GEDI LiDAR data provides the footprint level (25 m) height estimation. How-
ever, the continuous canopy height maps are essential for assessing the forest structure,
productivity/carbon stock, ecosystem functionality, forest management activities, defor-
estation/mortality, monitoring tree growth, etc. Various studies have employed proxy
variables to develop regression models for the canopy height prediction [29,51]. The canopy
height models built in most of the previous continental scale studies did not use specific
models for different vegetation types. Moreover, the topography plays an important role in
estimating the canopy height, wherein the taller trees are mostly seen in topographically
rugged terrain at higher altitudes, indicating lower anthropogenic disturbances. In addition,
the canopy height in Northeast India, excluding Arunachal Pradesh, indicated prominent
human disturbances due to shifting cultivation practices in the region [44]. India has six
biogeographic zones with significantly diverse environmental conditions determining the
dominant vegetation types. Several studies have highlighted the importance of different
climatic factors, especially the moisture regulating canopy height [29,31,52]. Similarly, the
current study has highlighted the important climate variables that regulate the canopy
height distribution. The current study generated the canopy height map at 100 m spatial
resolution, which thus didn’t use coarse resolution climate data. It is also apparent that the
influencing variables differ, depending on the vegetation type and spatial distribution. The
current study clearly shows the canopy density and backscatter values, which indicates the
plant structure and growth as important variables for the height estimation. The present
study suggests building different models for different vegetation types working at the
continental scale.

5. Conclusions

The annual canopy height estimation is essential for understanding the alteration
in the ecosystem structure and its functioning, tree growth, generation and recruitment,
disturbances, management activities, etc. It is an integral part of the plant biomass and
carbon stock estimation. An accurate canopy height map will reduce uncertainty in the
estimated carbon storage in Indian tropical forests. The availability of the GEDI LiDAR
footprint data in the public domain has opened new possibilities for generating wall-wall
tree height maps for large geographic areas. The current study shows that spaceborne
LiDAR tree height data with various proxy parameters, such as the satellite data-derived
vegetation indices, the microwave backscatter and topography, can be employed for the
tree height prediction at a continental scale. Slope, tree canopy density, and backscatter
values emerged as the most important proxy indicators. Several models are available
for estimating the canopy height, each of which has benefits and disadvantages. In this
study, predicting the canopy height using the GEDI data provides a clear understanding of
how canopy height relates to its covariates. Further studies could use this information to
improve and build a more accurate model. The seamless national scale canopy height map
may be utilized in ecological studies, ongoing tree-based restoration monitoring, carbon
stock assessment and marketing to national policy formations.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/rs14235968/s1. Figure S1. GEDI Footprints for (a) Evergreen Forest, (b) Deciduous Forest,
(c) Mixed Forest, (d) Plantation and (e) Shrubland. Figure S2. Correlation Plot between predictor
variables and Canopy Height for (a) Evergreen Forests, (b) Deciduous Forests, (c) Mixed Forests,
(d) Plantations, (e) Shrubland. Figure S3. Variable importance chart for (a) Evergreen Forest, (b) De-
ciduous Forest, (c) Mixed Forest, (d) Plantation and (e) Shrubland. Figure S4. Spatial Auto Correlation
for (a) Evergreen Forest, (b) Deciduous Forest, (c) Mixed Forest, (d) Plantation and (e) Shrubland.
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