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Abstract: The Shuttle Radar Topographic Mission (SRTM) digital elevation model (DEM) is a widely
utilized product for geological, climatic, oceanic, and ecological applications. However, the accuracy
of the SRTM DEM is constrained by topography and vegetation. Using machine learning models
to correct SRTM DEM with high-accuracy reference elevation observations has been proven to be
useful. However, most of the reference observation-aided approaches rely on either parametric or
non-parametric regression (e.g., a single machine learning model), which may lead to overfitting
or underfitting and limit improvements in the accuracy of SRTM DEM products. In this study,
we presented an algorithm for correcting SRTM DEM using a stacking ensemble machine learning
algorithm. The proposed algorithm is capable of learning how to optimally combine the predictions
from multiple well-performing machine learning models, resulting in superior performance compared
to any individual model within the ensemble. The proposed approach was tested under varying
relief and vegetation conditions in Hunan Province, China. The results indicate that the accuracy of
the SRTM DEM productions improved by approximately 46% using the presented algorithm with
respect to the original SRTM DEM. In comparison to two conventional algorithms, namely linear
regression and artificial neural network models, the presented algorithm demonstrated a reduction
in root-mean-square errors of SRTM DEM by 28% and 12%, respectively. The approach provides a
more robust tool for correcting SRTM DEM or other similar DEM products over a wide area.

Keywords: digital elevation model; SRTM DEM; ICESat-2; machine learning

1. Introduction

A digital elevation model (DEM) is a three-dimensional representation of bare to-
pographic surfaces created through digital means [1]. DEMs are essential for various
applications in fields such as topography, geology, geomorphology, hydrology, and ecol-
ogy [2], as they allow for the characterization, monitoring, and analysis of changes to the
Earth’s surface in three dimensions [3]. Due to the increasing demand for DEMs [4], a
range of freely available global or near-global DEMs have been produced over the past two
decades, including the Shuttle Radar Topography Mission (SRTM) DEM [5], Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM [6], Advance
Land Observing Satellite (ALOS) world 3D-30 m (AW3D30) DEM [7], and the Copernicus
DEM [8]. These DEM products were obtained through various remote sensing techniques.
For example, the ASTER DEM and AW3D30 DEM were both generated using the space-
based optical stereo matching technique, whereas the SRTM DEM and Copernicus DEM
were generated using space-borne interferometric synthetic aperture radar (InSAR) tech-
niques. Among the global DEMs, the SRTM DEM is widely utilized due to its extensive
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coverage from 60◦N to 57◦S [9], open accessibility, and early release date in February 2003.
However, according to [10], SRTM DEM contains error biases of up to 3.6 m and large
uncertainties of up to 16.16 m in vegetated areas or areas with steep topography. It has been
demonstrated that an effective method to correct SRTM DEM errors involves the utiliza-
tion of high-quality auxiliary elevation observations obtained from ground-based leveling
benchmarks, GPS receivers, LiDAR, and ice, cloud, and land elevation satellites (ICESat).
Consequently, numerous algorithms have been developed in recent years to facilitate the
correction of the error of the SRTM DEM. These algorithms can be roughly categorized
into two groups based on the models employed, namely parametric regression and non-
parametric regression. The former aims to model and eliminate DEM error trends by fitting
SRTM DEM deviations with error-related variables derived from high-quality auxiliary
elevation observations (e.g., canopy cover, slope, aspect, elevation height, vegetation height,
and density) [11–24]. In addition to the quality of collected reference elevation observations,
such as their number, density, and accuracy, the performance of SRTM DEM correction
using parametric regression algorithms primarily depends on the fit of the mathematical
models. Theoretically, incorporating more variables related to SRTM DEM errors into these
models is beneficial to better describe complicated error patterns. However, the inclusion
of additional input variables may result in the curse of dimensionality, particularly in
areas with highly nonlinear error patterns [25], which significantly restricts the practical
applications of parametric regression algorithms.

The second category of SRTM DEM correction involves non-parametric machine
learning algorithms. For example, Ref. [26] proposed the use of an artificial neural network
(ANN) to correct SRTM DEMs. Their approach involved generating a training model based
on 11 bands of Landsat-8 multispectral imagery and highly accurate reference elevation
data. Their results indicated an average improvement in accuracy of approximately 55% for
two test sites. Compared to parametric regression algorithms, machine learning algorithms
do not require specific assumptions about the mapping function between DEM errors and
the related variables. Therefore, if suitable training samples are available, machine learning
algorithms can theoretically describe and correct complex error patterns in SRTM DEM. In
recent years, several enhanced machine learning-based algorithms have been developed to
improve the accuracy of predictions. These include incorporating additional variables [25]
and utilizing other ANN algorithms, such as multilayer perceptron neural networks, fully
convolutional neural networks, random forests, and multi-channel convolutional neural
networks, among others [25,27–32]. However, the majority of existing studies employ a
single machine learning model to correct SRTM DEM errors, resulting in poor robustness.
Specifically, for the same or slightly different training samples, the same machine learning
algorithm produces varying prediction outputs each time. Additionally, different machine
learning algorithms yield distinct predictions.

Ensemble learning algorithms involve training multiple machine learning models and
combining their predictions to improve accuracy and robustness [33,34]. Numerous studies
have demonstrated the superior accuracy and robustness of ensemble learning algorithms
compared to any single machine learning model involved in the ensemble, as evidenced by
research in image classification, data mining, and numerical prediction [35–37]. Meanwhile,
ensemble methods have gained widespread adoption in terrain characterization and digital
elevation model research [20,23,24]. For instance, Shastry et al. [20] enhanced the precision
of a digital elevation model for flood simulation through the application of ensemble data
assimilation techniques. Due to this advantage, utilizing ensemble learning algorithms
instead of a single machine learning model, as used in previous studies, can improve the
level of accuracy and correct SRTM DEM errors. However, to the best of our knowledge,
few studies on correcting SRTM DEM errors using ensemble learning algorithms have been
presented so far. Therefore, in this paper, we propose a framework for correcting these
errors with the assistance of high-quality auxiliary elevation observations. We refer to this
framework as the Stacking Fusion Correction Model (SFCM). This paper is organized as
follows. Section 2 introduces the study area and dataset, followed by a description of the
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methods used to correct SRTM DEM errors using an ensemble learning framework. The
results and discussions are presented in Section 4, while Section 5 provides conclusions
and prospects.

2. Study Areas and Datasets
2.1. Study Areas

In this study, the SFCM algorithm was tested in four regions in Hunan Province,
namely Chenzhou, Yongzhou, Yueyang, and Changde (see Figure 1b), China. The total area
of these four regions is approximately 74,845 km2. The Chenzhou and Yongzhou regions
are situated in the southern part of Hunan Province and are delineated by cyan and red
lines in Figure 1b. These areas are characterized by the Luoxiao Mountains and Nanling
Mountains, which create a dramatic variation in terrain with elevations ranging from 28 m
to 2040 m and slopes changing from 0◦ to 73◦ (see Figure 1c,d). The Yueyang and Changde
regions, delineated by cyan and red lines in Figure 1b, are situated in the northern part of
Hunan province with elevations ranging from 12 m to 2060 m and terrain slopes varying
from 0◦ to 75◦ (see Figure 1e,f). The mean slope of the Yueyang and Changde regions
is approximately 8.5◦, which is lower than that of the selected Chenzhou and Yongzhou
regions, whose average slope measures around 14.7◦.

Remote Sens. 2023, 15, x FOR PEER REVIEW 3 of 21 
 

 

framework for correcting these errors with the assistance of high-quality auxiliary eleva-
tion observations. We refer to this framework as the Stacking Fusion Correction Model 
(SFCM). This paper is organized as follows. Section 2 introduces the study area and da-
taset, followed by a description of the methods used to correct SRTM DEM errors using 
an ensemble learning framework. The results and discussions are presented in Section 4, 
while Section 5 provides conclusions and prospects. 

2. Study Areas and Datasets 
2.1. Study Areas 

In this study, the SFCM algorithm was tested in four regions in Hunan Province, 
namely Chenzhou, Yongzhou, Yueyang, and Changde (see Figure 1b), China. The total 
area of these four regions is approximately 74,845 km2. The Chenzhou and Yongzhou re-
gions are situated in the southern part of Hunan Province and are delineated by cyan and 
red lines in Figure 1b. These areas are characterized by the Luoxiao Mountains and Nan-
ling Mountains, which create a dramatic variation in terrain with elevations ranging from 
28 m to 2040 m and slopes changing from 0° to 73° (see Figure 1c,d). The Yueyang and 
Changde regions, delineated by cyan and red lines in Figure 1b, are situated in the north-
ern part of Hunan province with elevations ranging from 12 m to 2060 m and terrain 
slopes varying from 0° to 75° (see Figure 1e,f). The mean slope of the Yueyang and 
Changde regions is approximately 8.5°, which is lower than that of the selected Chenzhou 
and Yongzhou regions, whose average slope measures around 14.7°. 

 

 
Figure 1. Location (a) and land cover (b) of Hunan province, China; terrains of Chenzhou, 
Yongzhou, Changde, and Yueyang regions are shown in (c–f). Cyan and red lines in (b) indicate the Figure 1. Location (a) and land cover (b) of Hunan province, China; terrains of Chenzhou,

Yongzhou, Changde, and Yueyang regions are shown in (c–f). Cyan and red lines in (b) indi-
cate the four selected regions. Cyan and pink circles in (c–f) mark the locations of used CORS GPS
points and ICESat-2 points.

As depicted in Figure 1b, the four selected regions exhibit diverse surface covers,
including forests, grasslands, wetlands, cultivated lands, artificial surfaces, and bare earth.
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This enables us to evaluate the performance of the SFCM algorithm across different land
cover types. In Table 1, it is evident that the mean canopy height in the Chenzhou (8.1 m)
and Yongzhou (7.5 m) regions are almost equivalent to each other, surpassing those of
the Yueyang (5.6 m) and Changde (5.8 m) regions. Additionally, the average vegetation
coverage in Chenzhou (71.8%) is approximately equivalent to that of Yongzhou (70.2%),
both of which exceed that of the Yueyang (59.4%) and Changde regions (58.7%). In terms
of overall terrain characteristics and surface coverage, Chenzhou is similar to Yongzhou,
while Yueyang resembles Changde. Therefore, we utilized datasets from the Chenzhou
and Changde regions as training data while employing datasets from the Yongzhou and
Yueyang regions for testing purposes to validate our proposed algorithm.

Table 1. Average characteristics of four study areas, including area, elevation, slope, canopy height,
and vegetation cover.

Topography Region Area (km2)
Mean

Elevation
(m)

Mean
Slope (◦)

Mean
Canopy

Height (m)

Vegetation
Coverage

(%)

Number of
CORS Ob-
servations

Number of
ATL08 Ob-
servations

Mountainous
Chenzhou 19,387 493.3 14.9 8.1 71.8 219,439 12,569
Yongzhou 22,400 434.3 14.5 7.5 70.2 125,442 7185

Low-relief
Changde 18,200 159.3 9.2 5.8 59.4 240,009 13,747
Yueyang 14,858 133.5 7.9 5.6 58.7 157,117 8999

2.2. Datasets
2.2.1. SRTM DEM

SRTM (Shuttle Radar Topography Mission) was a radar topography mission conducted
by the space shuttle Endeavor in February 2000 [5], which acquired elevation data from
56◦S to 60◦N of the global land surface [38]. The SRTM DEM products are available in
resolutions of 90 m and 30 m, with a horizontal datum of WGS84 and an elevation datum
of EGM96. Since its initial public release in 2003, the SRTM DEM has undergone multiple
revisions, resulting in several data versions being available. The first version, SRTM3
V1, was released by the National Aeronautics and Space Administration (NASA) on a
continental basis but contained numerous voids and anomalous values while lacking
any oceanic elevation data [5]; SRTM3 V2 was released by NASA in 2005 to address
the gap region of SRTM3 V1 through spatial interpolation methods, which effectively
mitigated water noise [39]. Subsequently, the Consortium of International Agricultural
Research Centers (CGIAR) released SRTM3 V3 in 2006, which utilized the Global Waters
Boundary Dataset to crop the shorelines and flatten waters. The gaps in SRTM3 V2
were filled using interpolation based on auxiliary data (e.g., GTOPO30, NED DTM, and
ASTER DEMs) [40]; SRTM3 V4, which was released by the CGIAR in 2008, employs a
novel interpolation algorithm [41] and addresses data gaps present in SRTM3 V3 with
the aid of high-resolution DEMs such as Canadian Digital Elevation Data Level 1 [40]. In
contrast to previous versions, SRTM1 was launched by the United States Geological Survey
(USGS) in 2014 with significantly fewer voids, rendering it the highest resolution and
most consistently high-quality SRTM DEM available; however, it still contains voids and
outliers [42]. Compared to SRTM3, SRTM1 offers higher resolution and accuracy, enabling
the extraction of more precise topographic information. Additionally, these data are more
practical for calibration purposes. Therefore, in this paper, we have selected the SRTM1
DEM version obtained from (http://earthexplorer.usgs.gov/) (accessed on 8 October 2022).

2.2.2. Reference Elevation Data

In this study, two types of high-quality auxiliary elevation datasets were employed as
reference elevation observations for SRTM DEM correction. The first dataset was obtained
through the Global Navigation Satellite System (GNSS) with the assistance of Hunan
Province’s Continuously Operating Reference Station (CORS) network. The CORS network

http://earthexplorer.usgs.gov/
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comprises over 120 base stations (as of 2018) that facilitate the correction of common errors
between base and rover receivers [43], thereby improving the post-processed coordinate
accuracies of rover receivers to approach centimeter-level precision in both the vertical
and horizontal dimensions [44,45]. To rectify errors in the SRTM DEM, we gathered a total
of 742,007 GNSS observations from the CORS network located in Hunan province’s four
selected regions (refer to Table 1 for further details).

The other type of high-quality auxiliary elevation dataset was acquired through the
utilization of ICEsat-2 (Ice, Cloud, and Land Elevation Satellite). Launched in 2018, ICESat-
2 represents the second generation of laser altimeter technology following the ICESat
mission [46]. The Advanced Topographic Laser Altimeter System (ATLAS) employs multi-
beam micropulse laser technology, emitting a single beam with a wavelength of 532 nm
at an exceptionally high frequency of 10 kHz [47]. Each laser pulse transmitted is split by
diffractive optics in the ATLAS, resulting in six separate beams arranged into three groups.
Each group consists of strong and weak beams with an energy ratio of approximately 4:1,
enabling continuous ground observation [48]. The ATL08 product generated from ICESat-2
acquisition provides highly accurate ground elevation data and vegetation canopy data,
with vertical accuracy ranging from several centimeters to a few meters (e.g., below 3 m),
depending on the evaluated areas and reference elevation samples [47,49]. This level of
accuracy surpasses that of the SRTM DEM product. Therefore, we collected a total of 42,500
ATL08 elevation observations for our selected four study regions between 2019 to 2022 as
an auxiliary elevation dataset to correct the SRTM DEM. The locations of the selected ATL08
elevation observations (https://search.earthdata.nasa.gov/) (accessed on 15 October 2022)
are indicated by pink cycles in Figure 1c–f.

For the purpose of this work, we have designed the collected CORS GNSS and ICESat-
2 ATL08 elevation observations as reference elevations. To ensure high-quality reference
elevation data, we have eliminated significant errors exceeding a difference of 50 m between
the reference elevations and corresponding SRTM DEM elevations [50]. This resulted in a
total of 364,635 reference elevations for the two training regions (Yongzhou and Yueyang)
and 419,872 reference elevations in the two testing regions (Chenzhou and Changde).

2.2.3. Ancillary Data

As indicated by previous studies [12–14,25,51], the accuracy of SRTM DEM products
is closely associated with canopy height, vegetation coverage, and surface cover type.
Therefore, we initially acquired the 2019 canopy height dataset provided by [52] at a
resolution of 30 m. The canopy height dataset was generated through the fusion of Global
Ecosystem Dynamics Investigation (GEDI), ICESat-2 ATLAS, and Sentinel-2 images using
neural network-guided interpolation [52]. This resulted in a spatial resolution of 30 m and
an accuracy level of 5 m (as denoted by standard deviation).

Additionally, vegetation coverage data obtained from the inversion of the normal-
ized difference vegetation index for 2021 (https://modis.gsfc.nasa.gov/data/) (accessed
on 18 December 2022) were also collected. The original resolution of the collected veg-
etation coverage data was 250 m, which was resampled to 30 m using the approach
described by [53] to match the spatial resolution of the collected SRTM DEM. Finally, Glob-
alLand30 2020 data (http://www.globallandcover.com/) (accessed on 21 November 2022),
a surface cover-type dataset with a resolution of 30 m and an accuracy level of 80% [54],
were obtained.

3. Method

The ensemble learning algorithm combines predictions from multiple machine learn-
ing algorithms to produce an optimal predictive model, enhancing prediction robustness
beyond that of a single machine learning algorithm. The models used in ensemble learning
can be divided into two categories: base models consisting of multiple machine learning
algorithms and meta-models that combine the predictions of the base models to produce an
optimal result. In this study, we developed an ensemble learning framework for accurately

https://search.earthdata.nasa.gov/
https://modis.gsfc.nasa.gov/data/
http://www.globallandcover.com/
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correcting SRTM DEM data with the primary objective of improving correction accuracy.
The base models in the constructed framework consist of random forest, extreme gradient
boosting (XGBoost), light gradient boosting machine (LightGBM), and an ANN, with linear
regression selected as the meta-model. The developed ensemble learning framework was
employed to refine SRTM DEM using the collected ancillary data.

3.1. Stacking Fusion Correction Model (SFCM) Construction
3.1.1. Base Models of the SFCM

The accuracy improvement achieved by ensemble learning over an individual machine
learning algorithm can be primarily attributed to two operations performed by the base
models: (i) bagging, which reduces prediction variance by randomly sub-sampling the
original dataset and independently training on each sub-sample, and (ii) boosting, which
reduces prediction bias through iterative reweighting of the original datasets. In recent
decades, a plethora of bagging and boosting algorithms have been developed. Theoretically,
any combination of two or more algorithms can be selected as base models; however, the
accuracy of different combinations may vary [55]. Among these algorithms, random forest
is widely used for its ability to handle large datasets and provide higher predictive accuracy
compared to decision tree algorithms. The extreme gradient boosting (XGBoost) algorithm
and the light gradient boosting machine (LightGBM) are two advanced boosting algorithms
that efficiently handle large datasets, generate highly accurate predictions, and exhibit
good resistance to overfitting. These merits make them preferable base models for reducing
variance and bias in SRTM DEM correction alongside the random forest algorithm [56–58].
Furthermore, artificial neural networks (ANN) exhibit a remarkable capacity for capturing
nonlinear patterns in sample datasets while maintaining a high degree of robustness against
data errors [59]. As such, this study incorporates an ANN into the base models to enhance
prediction heterogeneity.

3.1.2. Meta-Models of the SFCM

As illustrated in Figure 2, the base models generated predictions based on all training
datasets, and each selected model produced a distinct prediction due to varying training
strategies. To address this issue, the stacking (or stacked generalization) technique was
employed to integrate the predictions from multiple base learning models using a meta-
learning model. In light of this, the base models are denoted as level 0 models, while the
meta-model is referred to as a level 1 model. The meta-model initiates training and deter-
mines the optimal combination of predictions from multiple base models by minimizing a
user-defined loss function. Specifically, the meta-model learns a weight vector denoting
the significance of base learners according to the defined loss function, with larger weights
implying a greater influence on the final prediction. It then multiplies each base learner’s
prediction by its weight and sums them to obtain the final prediction. By quantifying
each base learner’s contribution through the weighting mechanism of the meta-model, the
prediction accuracy of the ensemble is enhanced. Therefore, the meta-model is typically a
highly interpretable model, such as a decision tree, linear regression model, logistic regres-
sion model, and so on [60,61]. In this study, we selected linear regression as the meta-model
for SFCM due to its simplicity, strong interpretability, and robustness. Additionally, we
defined a loss function using the mean squared error (MSE), i.e.,

MSE =
1
n

n

∑
i=1

(
yi − yp

i

)2
(1)

where yi represents the prediction of the i-th base model, yp
i is the prediction of the meta-

model, and n is the number of the selected base models.
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3.1.3. SRTM DEM Correction Using SFCM

The SFCM procedure for correcting SRTM DEM is described in detail below. As
illustrated in Figure 3, firstly, training datasets (including SRTM DEM products, reference
elevation data, and the ancillary data listed in Section 2.2.3) were prepared, and parameters
such as SRTM elevation, slope, surface cover type, canopy height, and vegetation coverage
were input into four selected based models: random forest, XGBoost, LightGBM, and
an ANN. Secondly, each of the selected base models underwent training on the training
datasets through a 5-fold cross-validation process. The primary objective of utilizing this
technique was to evaluate the proficiency of base models in handling new data and generate
novel features that can expand the input samples for the meta-model [62]. In each iteration
of the 5-fold cross-validation, the training dataset was randomly partitioned into five folds
with approximately equal sizes. Each unique fold served as a validation set, while the
remaining four folds were used for training. Each base model was trained on the training
datasets for each combination of the 5-fold cross-validation, and its training performance
was evaluated on the split validation set. As a result, five predictions were generated
from each base model, which were then used as inputs to the meta-model to produce
a final prediction using weighted linear regression. After obtaining the training model
of the constructed ensemble learning algorithm, it was theoretically possible to correct
SRTM DEM products outside of the training regions based on this model (as depicted in
Equation (2)).

As indicated in Table 1, the terrain characteristics, canopy height, and vegetation cover
exhibit similar averages between the Changde and Yueyang regions. Similarly, comparable
averages are observed for the terrain characteristics, canopy height, and vegetation cover
between the Chenzhou and Yongzhou regions. Therefore, we designated the Changde
and Chenzhou regions as training areas while reserving the remaining two regions for
validation purposes in order to optimize the ensemble learning algorithm’s training model
generation. Specifically, we utilized CORS GNSS and ICESat-2 ATL08 elevation datasets
collected from the Changde and Chenzhou regions as reference elevations to estimate
errors present within SRTM DEM products. Then, the canopy height, vegetation coverage,
elevation, slope, and land cover types of the Changde and Chenzhou regions were selected
as training datasets in response to the estimated errors of SRTM DEM products. To mitigate
the impact of gross errors, samples with estimated absolute errors larger than 50 m were
filtered from the training datasets. It should be noted that the accuracy of SRTM DEM
correction is evaluated using mean error (ME) and root-mean-square error (RMSE), as
previously described by [9,63,64].
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ME =
1
k

k

∑
i=1

hi,SRTM − hi,re f (3)

RMSE =

√√√√1
k

k

∑
i=1

(
hi,SRTM − hi,re f

)2
(4)
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where hi,SRTM represents the elevation values of SRTM DEM products, hi,re f denotes the
corresponding reference elevation data, and k represents the total count of such reference
data points.

4. Results and Discussion
4.1. SFCM-Based SRTM DEM Correction

Figure 4 illustrates both the original SRTM DEM and its corresponding SFCM-corrected
version over these two test areas. The differences between the two are illustrated in
Figure 4c,f for comparative analysis. As depicted in Figure 4, SRTM DEM has apparent er-
rors in regions with complex terrains. More specifically, the root-mean-square error (RMSE)
increases from 12.6 m to 17.3 m in the Yongzhou region and from 8.7 m to 15.6 m in the
Yueyang region when slopes range between 0◦ and 30◦; similarly, when elevations range
between 0 m and 1500 m, the RMSE increases from 6.5 m to 14.4 m in the Yongzhou region
and from 5.l m to 11.7 m in the Yueyang region. Additionally, the precision of SRTM DEM
in non-vegetated regions is significantly superior to that in vegetated areas. As vegetation
coverage increases from 0% to 100%, the root-mean-square error (RMSE) rises from 7.0 m
to 13.6 m in the Yongzhou region and from 6.7 m to 10.5 m in the Yueyang region.
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4.2. Accuracy Evaluation of the SFCM-Corrected SRTM DEMs

Figure 5 displays scatter plots depicting the correlation between the in situ reference
elevations and the corresponding corrected SRTM DEMs across the Yueyang and Yongzhou
regions. The SFCM-corrected SRTM DEM exhibits a favorable agreement with the in situ
reference observations, as depicted in Figure 5. Specifically, for the Yueyang region, the
mean error (ME) and root-mean-square error (RMSE) are approximately 0.01 m and 5.4 m,
respectively, while for the Yongzhou region, they are about 0.01 m and 7.3 m. In addition,
we conducted a linear regression analysis to establish the relationship between in situ
reference elevations and the corresponding corrected SRTM DEM. The results indicate
that the intercepts and slopes of the fitted linear functions (indicated by lines in Figure 5)
for both the Yueyang and Yongzhou regions are close to zero and one, respectively, with
coefficients of determination (R2) of 0.99 and 0.98 for the Yueyang and Yongzhou regions.
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4.3. Performance Comparisons between the SFCM and the Classical Algorithms

As mentioned in Section 1, methods for correcting SRTM DEM based on in situ
reference elevations can be broadly classified into two categories: parametric regression
and non-parametric machine learning. In this section, we compared the performance of
the presented SFCM algorithm with two classical algorithms for SRTM DEM correction,
specifically linear regression (LR) [14], which belongs to the parametric regression group,
and the ANN model [65], which belongs to the non-parametric machine learning group.

4.3.1. Comparison of Overall Accuracy

Figure 6b–d illustrates the histograms depicting the disparities between in situ ele-
vations and SRTM DEMs, which have been rectified by employing the proposed SFCM,
ANN, and LR algorithms across the Yongzhou region. Additionally, a histogram comparing
the differences between the in situ elevations and the original SRTM DEM was presented
in Figure 6a. The MEs and RMSEs of these discrepancies are displayed in Figure 6. As
depicted by Figure 6, due to the presence of dense vegetation and mountainous terrain,
the original SRTM DEM exhibits an ME and RMSE of 5.9 m and 13.4 m over the Yongzhou
region. This indicates that the original SRTM DEM contains significant bias (as indicated
by ME) and high variance (as denoted by RMSE), leading to errors. Fortunately, the uti-
lization of the SFCM, ANN, and LR algorithms effectively mitigated bias and variance
with varying degrees of accuracy. Specifically, these algorithms reduced the original bias of
5.91 m to 0.01 m, −0.05 m, and −0.06 m, respectively. However, the SFCM-corrected SRTM
DEM exhibits a slightly smaller ME compared to the corrected SRTM DEMs generated
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by the other two algorithms. Furthermore, all three algorithms are capable of reducing
the original RMSE of 13.4 m in the SRTM DEM to 7.3 m, 9.0 m, and 10.8 m for the SFCM,
ANN, and LR algorithms, respectively. Compared to the existing ANN and LR algorithms,
the SFCM-corrected SRTM DEM exhibits an RMSE that is smaller by 18.8% and 32.4%,
respectively.
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Figure 7 depicts the histograms illustrating the differences between the in situ eleva-
tions and the original, SFCM-corrected, ANN-corrected, and LR-corrected SRTM DEMs
across the Yueyang region. As depicted in Figure 7a, the SRTM DEM still exhibits errors
with a mean error of approximately 1.5 m and a root-mean-square error of 9.9 m. Due to
the coarser resolution and lower vegetation cover in the Yueyang region, both the bias
and variance of the original SRTM DEM are smaller than those observed in the Yongzhou
region. In addition, as depicted in Figure 7b–d, the SFCM, ANN, and LR algorithms all
exhibit effective bias removal and significant variance reduction of the original SRTM DEM.
However, among these three algorithms, the proposed SFCM algorithm outperforms both
ANN and LR algorithms in terms of variance reduction (by approximately 18.2% and 35.7%,
respectively).

The comparison between the Yongzhou (mountainous) and Yueyang (low relief) re-
gions demonstrates that the SFCM, ANN, and LR algorithms are all effective in mitigating
bias in SRTM DEMs when appropriate samples are available. However, the SFCM algo-
rithm exhibits superior performance in reducing the variance of SRTM DEM errors (with
mean variance improvements of approximately 18.5% and 34.1%) compared to the ANN
and LR algorithms due to its ensemble learning approach. Specifically, base models such
as random forest, XGBoost, and LightGBM are capable of mitigating bias and variance
through bagging and boosting operations. Moreover, the fundamental architecture of
artificial neural networks (ANNs) exhibits robust capability in capturing nonlinear rela-
tionships between variables and responses [55]. These ANNs generate diverse features
from the SRTM DEM errors and other variables, which are then utilized by a meta-model
based on linear regression to produce an optimal model. Numerous case studies have
demonstrated that ensemble learning typically outperforms individual models within
the ensemble [61,66,67]. Therefore, it is reasonable to expect that the SFCM algorithm will
exhibit superior performance in variance reduction compared to the ANN algorithm se-
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lected as a base model in this study. Moreover, the LR algorithm fails to capture the
nonlinear correlation between variables and SRTM DEM errors [68], resulting in a higher
RMSE for the LR-corrected SRTM DEM compared to those corrected by SFCM and ANN.
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4.3.2. Accuracy Comparison with Respect to Slopes

Table 2 presents an accuracy comparison of the original SRTM DEM and its corrected
versions, namely SFCM-corrected, ANN-corrected, and LR-corrected SRTM DEMs across
different slope ranges. The results indicate that the accuracy (including ME and RMSE) of
the original SRTM DEM in both the Yongzhou and Yueyang regions decreases as slopes in-
crease. This phenomenon has been observed in previous literature (e.g., [69,70]), indicating
a strong correlation between slope and errors in SRTM DEM products [14,38].

Table 2. The accuracies of original, SFCM-, ANN-, and LR-corrected SRTM DEMs were tested against
different slope ranges in Yongzhou and Yueyang regions.

Slope
Thresholds (◦)

SRTM DEM SFCM-Corrected ANN-Corrected LR-Corrected

ME (m) RMSE (m) ME (m) RMSE (m) ME (m) RMSE (m) ME (m) RMSE (m)

0–5 2.70 10.7 −0.03 6.1 −0.01 7.5 −0.38 9.9
5–10 4.91 11.5 0.05 6.4 −0.12 7.9 −0.05 10.2

10–20 7.73 13.1 0.07 7.3 0.03 8.8 0.02 10.9
20–30 10.10 16.4 −0.08 10.2 0.15 11.4 0.21 14.3
≥30 12.45 18.6 0.43 11.5 0.02 13.0 0.77 16.9

Table 2 demonstrates that the SFCM, ANN, and LR algorithms can effectively mitigate
the average biases of SRTM DEMs over the Yongzhou and Yueyang regions for slope ranges
from 0◦ to greater than 30◦, resulting in absolute MEs below 1 m. However, the decrease in
the variance of SRTM DEMs in these two regions using SFCM, ANN, and LR algorithms
differs. For example, the original RMSEs for different slope ranges vary from 10.7 m to
18.6 m. The LR algorithm-corrected model’s original RMSE range from 9.9 to about 16.9 m,
which is inferior to that of the ANN algorithm, whose RMSEs range from 7.5 m to 13.0 m.
The proposed SFCM was found to be effective in improving the accuracy of SRTM DEM,
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with RMSEs ranging from 6.1 to 11.5 m. Specifically, for plain terrain (slopes ranging from
0◦ to 10◦), the RMSE of the SFCM-corrected SRTM DEM is 6.3 m, which represents a relative
improvement of about 37.6% and 18.2% compared to LR- (10.1 m) and ANN-corrected
(7.7 m) SRTM DEMs, respectively. For undulating terrain with slopes ranging from 10◦ to
30◦, the SFCM-corrected SRTM DEM exhibits a mean RMSE of 8.7 m, which represents
an improvement of 13.6% and 30.6% over the LR and ANN corrections, respectively. In
contrast, for mountainous terrain with slopes greater than 30◦, the mean RMSE of the
SFCM-corrected SRTM DEM is measured at 11.5 m, indicating an enhancement of 11.8%
and 32.1%, compared to those achieved by LR and ANN corrections.

These results suggest that the SFCM, ANN, and LR algorithms can effectively correct
the bias of SRTM DEM when appropriate reference elevation measurements and ancillary
data are available. However, for the plain terrain present in the tested Yongzhou and
Yueyang regions, the variance correction using these three algorithms showed that SFCM
outperformed the ANN, which in turn outperformed the LR algorithm.

4.3.3. Accuracy Comparison with Respect to Vegetation Coverage

Table 3 presents an accuracy comparison of the original SRTM DEM and those cor-
rected by the SFCM, ANN, and LR algorithms for varying levels of vegetation coverage
(0%~25%, 25%~50%, 50%~75%, and 75%~100%). As demonstrated, the mean error (ME)
and root-mean-square error (RMSE) of the initial SRTM DEMs across the Yongzhou and
Yueyang regions exhibit an upward trend with increasing vegetation coverage percentages.
Specifically, the average MEs escalate from 2.3 m to 8.0 m as vegetation coverage rises from
0% to 100%. Meanwhile, the average RMSEs increase from 6.8 m to 12.0 m. The significant
bias present in the original SRTM DEM is primarily attributed to the limited penetration
of C-band radar through the vegetation canopy [14], resulting in most of the incident
electromagnetic energy being reflected by scatterers within the vegetation canopy [51].
Additionally, the SRTM DEM utilized was released in 2014, whereas the ancillary data was
generally from 2020. Land cover transitions in certain regions between 2014 and 2020, such
as forest to cultivated regions or urban areas, would alter vegetation conditions such as the
vegetation fraction. Therefore, this temporal discrepancy also accounted for the varying
SRTM DEM errors across vegetation densities.

Table 3. Accuracies of the original SRTM DEM and those corrected by SFCM, ANN, and LR were
evaluated against varying vegetation coverage ranges in Yongzhou and Yueyang regions.

Vegetation
Coverage

Thresholds
(%)

SRTM DEM SFCM-Corrected ANN Corrected LR Corrected

ME (m) RMSE (m) ME (m) RMSE (m) ME (m) RMSE (m) ME (m) RMSE (m)

0–25 2.27 6.8 0.03 3.9 0.09 4.6 −0.03 6.0
25–50 3.56 8.4 0.06 4.9 0.10 6.1 0.08 6.1
50–75 4.90 9.2 −0.02 5.2 0.10 6.4 0.03 7.7
75–100 8.00 12.0 0.05 6.6 −0.03 7.6 −0.20 9.2

The results in Table 3 demonstrate that the SFCM, ANN, and LR algorithms can
effectively mitigate the average biases of SRTM DEMs for vegetation coverage ranges
in the Yongzhou and Yueyang regions (with absolute MEs below 1 m). However, the
decrease in the variance of SRTM DEMs in these two regions varies when using SFCM,
ANN, and LR algorithms. Specifically, the original RMSEs for different vegetation coverage
range from 6.8 m to 12.0 m. The LR algorithm-corrected model’s original RMSE range
from 6.0 to 9.2 m, which is inferior to that of the ANN algorithm, whose RMSE ranges
from 4.6 m to 7.6 m. Nevertheless, the RMSE ranges were further reduced to 3.9~6.6 m
when utilizing the proposed SFCM to correct the SRTM DEM. Moreover, the RMSE of the
SFCM-corrected SRTM DEM was 3.9 m for low vegetation cover (0% to 25%), indicating a
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relative improvement of approximately 14.6% and 34.4% compared with mean RMSEs of
LR- (6.0 m) and ANN-corrected (4.6 m) SRTM DEMs. For areas with moderate vegetation
cover (25% to 50%), the SFCM-corrected SRTM DEM has a mean RMSE of 4.9 m, which is
an improvement of 19.5% and 30.0% compared to LR and ANN corrections, respectively.
In high vegetation cover (>50%), the mean RMSE of the SFCM-corrected SRTM DEM is
5.9 m, which represents an improvement of 16.1% and 30.2% compared with LR and ANN
corrections. The results indicate that the SFCM, ANN, and LR algorithms are effective
in correcting the bias of SRTM DEM. However, when it comes to variance correction, the
SFCM outperforms both the ANN and LR algorithms.

4.3.4. Accuracy Comparison with Respect to Land Cover Types

The land cover in the two tested regions can be broadly categorized into seven types,
namely cultivated land, forest, grassland, wetland, water body, artificial surface, and
bare land. Table 4 illustrates the distribution of the CORS GNSS and ICESat-2 ATL08
elevation observations across seven land cover types. As shown in Table 4, the reference
elevation observations exhibit the highest distribution across cultivated land, followed
by forests and artificial surfaces. Regrettably, this study only has access to 52 reference
elevation measurements on bare land. To mitigate the impact of randomness caused
by limited elevation measurements, we refrained from analyzing accuracy in relation
to the bare land below. The box plots depicted in Figure 8 present a comparison of
accuracy among the original SRTM DEM and those corrected using SFCM, ANN, and
LR techniques with respect to six distinct land cover types, excluding bare land within the
Yongzhou and Yueyang regions. As depicted in Figure 8, the accuracies of SRTM DEM
vary significantly across different land cover types. Specifically, the elevation biases for
forest and grassland (with a mean of 5.1 m) are approximately three times greater than
those for cultivated land, wetlands, and artificial surfaces (with an absolute mean of 1.4 m).
This is attributed to the fact that, in comparison with the latter three land cover types,
forest and grassland vegetation exhibit higher density, which results in larger biases due
to the limited penetration capacity of the SRTM C-band into these regions. In addition,
the root-mean-square errors (RMSEs) of elevation for forest and grassland are significantly
higher than those for cultivated land, wetland, and water bodies. This is due to the fact
that most areas covered by cultivated land, wetland, and water bodies in Yongzhou and
Yueyang regions are situated on flat terrain with sparse vegetation. Moreover, as mentioned
in Section 4.3.3, the gradual transitions in land cover types over time also contributed to the
discrepancies across types. For instance, the conversion from forest to grassland in certain
areas led to larger biases and variations than the conversion from grasslands to cultivated
lands. The evolution of cultivated lands into urban districts resulted in considerably greater
deviations in artificial surfaces compared to cultivated lands.

Table 4. The distribution of observation counts for the CORS GNSS and ICESat-2 ATL08 elevation
observations across seven land cover types in the study areas.

Land Cover Types CORS GNSS ICEsat-2 ATL08

Cultivated Land 407,669 17,188
Forest 192,769 16,301

Grasslands 58,099 4106
Wetlands 611 36

Water Bodies 17,186 1008
Artificial Surfaces 65,634 3848

Bare Land 39 13
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As depicted in Figure 8, the SRTM DEM biases for all six land cover types were effec-
tively mitigated (with an absolute ME below 1 m after corrections) through the utilization
of SFCM, ANN, and LR correction algorithms. This outcome is primarily attributed to the
copious number and relatively uniform distribution of reference elevation measurements
across various model fittings of land cover types. However, the performance of these three
algorithms in terms of variance reduction differs. Specifically, for forest and grassland types
with high variances, the mean RMSE of the SFCM-corrected SRTM DEM (6.7 m) improved
by 46.0% compared to that of the original SRTM DEM (12.4 m), which outperforms the
RMSE improvements achieved by ANN- (8.3 m, 33.1%) and LR-correction SRTM DEMs
(10.4 m, 16.1%). Additionally, for land, wetland, and water body types with relatively
low variance, the mean RMSE of the SFCM-corrected SRTM DEM is 4.2 m, indicating
a 50.6% improvement compared to the original SRTM DEM (8.5 m). This demonstrates
superior performance compared to the RMSE improvements of ANN- (5.5 m, 35.3%) and
LR-corrected SRTM DEMs (7.7 m, 9.4%).

4.3.5. Time Cost Comparison

In this section, we compared the time costs of the SFCM, ANN, and LR algorithms for
correcting SRTM DEM. All three algorithms were implemented in Python 3 on a laptop
equipped with an Intel Core i7-12700K CPU and 16 GB of RAM. The time costs of three
algorithms over the selected study areas are presented in Figure 9. It can be observed that
the SFCM algorithm required a significantly longer time (190 min) compared to the ANN
(49 min) and LR algorithms (7 s). The reasons for this extended computational time of the
SFCM algorithm are enumerated below. Firstly, the SFCM algorithm employs four base
models (i.e., random forest, XGBoost, LightGBM, and ANN) instead of a single model such
as ANN or LR to fit the training samples separately. Secondly, the 5-fold cross-validation
strategy is utilized in learning the base models, which incurs additional time when making
predictions with these models. Thirdly, a linear regression model serves as a meta-model to
produce final predictions from multiple base model outputs.
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5. Conclusions

In this study, we proposed a novel algorithm named SFCM for correcting SRTM
DEM. Specifically, we constructed a stacking ensemble learning framework that integrates
random forest, XGBoost, LightGBM, and ANN as base models with linear regression as the
meta-model. An ensemble learning framework was employed to rectify the SRTM DEM by
leveraging reference elevation measurements and ancillary data, such as canopy height,
vegetation coverage, and surface cover type. Experimental results conducted in four regions
of Hunan province, China, demonstrate that the SFCM algorithm can effectively mitigate
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the bias of the SRTM DEM with an improvement rate of approximately 99.7%, given
appropriate training datasets in terms of quantity and spatial distribution. Meanwhile,
the SFCM algorithm can reduce the variance of the original SRTM DEM by 45.5%. In
comparison with two typical parametric and non-parametric regression algorithms (i.e., LR
and ANN), it is found that all three algorithms (including the proposed SFCM algorithm)
exhibit similar levels of bias correction in tested regions. However, when it comes to
variance reduction, both the LR and ANN algorithms perform worse than the SFCM
algorithm by 28.2% and 12.4%, respectively.

The constructed ensemble learning algorithm combines multiple machine learning
models to produce an optimal prediction. However, the improved accuracy of the SFCM
algorithm comes at the cost of much longer processing time compared to the LR and ANN
algorithms. In addition, the proposed SFCM algorithm was only tested in four regions
with a total area of 74,845 km2 and compared to an LR and ANN as the only benchmark
algorithms. This limited scope may not fully demonstrate the superiority of SFCM over
existing parametric and non-parametric algorithms. Therefore, our future research will
focus on reducing the computational cost of SFCM and comparing it with other existing
algorithms in more diverse regions.
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