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Abstract

A reliable Digital Elevation Model (DEM) is a key input for land use planning and risk management,
particularly in floodplains where low-resolution models often fail to represent subtle topographic
variations. In many regions worldwide, high-precision elevation data are unavailable, necessitating
the development of methods to enhance existing global digital elevation models (DEM). This study
proposes a practical and replicable methodology to improve the vertical accuracy of global DEMs in
flat terrains with limited data availability. The approach is based on correcting the altimetric differences
between the DEM and GNSS-RTK-surveyed topographic points, incorporating land cover classification
to refine adjustments. The methodology was tested in the Ranchería River delta in Riohacha, La Guajira,
Colombia, using four global DEMs: FABDEM, SRTM, ASTER, and ALOS. Results showed a significant
reduction in root mean square error (RMSE), with improvements of up to 76.691% for ASTER, 55.882 %
for FABDEM, 55.932 % for SRTM, and 36.842 % for ALOS. The proposed method requires minimal
computational resources and no advanced programming. Due to minimal data requirements, it makes
it a scalable and replicable solution for similar floodplain environments. These enhancements in
local altimetric accuracy could help to improve the reliability of hydrodynamic modeling, with direct
implications for flood risk management and decision-making in vulnerable flatland areas.

Keywords: DEM-correction; GNSS-RTK; floodplains; FABDEM; SRTM; ASTER; ALOS

1. Introduction
Floodplains are defined as the flat area (slope less than 3 %) surrounding the active channel

of a river, which are flooded during high discharge events, every one or two years [1]. Within
these floodplains are deltas and valleys [2,3]. These are areas conducive to economic development,
agriculture, and community settlement [4]. In recent decades, growth in population in floodplains [5],
together with more extreme and intense rainfall events caused by phenomena such as EL NIÑO/LA
NIÑA [6], has increased the risk of flooding in many of these places around the world [5]. Faced with
this scenario, it is necessary to implement risk reduction strategies, which require good quality geo-
spatial inputs and the use of modeling tools that generate useful information for decision-making [6].

One of the most important inputs for land use planning and risk management applications is
the altimetrically reliable Digital Elevation Model (DEM) [7], particularly challenging in flat terrain
where low-precision global models cannot represent the terrain configuration in enough detail [8].
Applications like flood zone mapping, river delineation, and definition of restoration zones rely heavily
on accurate DEMs due to their direct impact on model reliability [9,10].

Currently, DEMs are mainly created by remote sensing techniques, due to the ability to map large
areas with low personnel requirements and at lower cost [11]. Among the remote sensing techniques
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are photogrammetry, Interferometric Synthetic Aperture Radar (In-SAR), and Light Detection and
Ranging (LIDAR) [7]. These types of elevation models have vertical errors, with LIDAR having the
lowest vertical errors (generally <1 m) [7] while models such as FABDEM derived from COPERNICUS
DEM, that is based on InSAR sensor [12–14], SRTM based on radar [15], ASTER based on optical
stereo image pairs [16], and ALOS also based on radar techniques as SRTM but with a different
processing [17], have errors ranging from 1.12 m to 10 m [12,18–20].

Additionally, these models contain attributes from different objects present in the terrain, both
natural (vegetation) and man-made (buildings, communication towers, among others), that need to
be removed to have the bare terrain. This is why multiple filtering and classification techniques have
been developed and applied to extract terrain points to generate the corrected DEM [21–23]. Despite
these efforts, none of these techniques is 100% effective in removing all objects that do not belong to
the terrain, which makes further editing necessary to generate a DEM suitable for the application of
modeling tools [24]. Additionally, global models do not have sufficient spatial resolution to be able to
represent small terrain structures, such as connecting channels between the main river and floodplains,
roads, and levees [25], which are necessary for flood mapping [26].

Different techniques have been developed and applied to perform corrections to global DEMs
and improve their accuracy; among the most commonly used techniques for DEM correction are: data
fusion (hybridization) [27], masking of water bodies [28], gap filling [29], channel burning [30] and
vegetation removal [8,31]. More recently, the application of machine learning techniques to perform
DEM enhancement has been explored [7,12,32,33]. The methodologies presented above have proven
effective in improving the vertical accuracy of global DEMs. However, there are certain limitations of
these methodologies to achieve the levels of DEM accuracy and detail required for different land use
planning and risk management applications. Among these limitations, a common one is the scale of
application of these methodologies; most have been applied at a regional or quasi-global scale, and
the field information included in the methodological flow is insufficient, which does not allow for an
optimal level of detail at the local scale of the resulting product. Considering that land-use planning
and risk management exercises are conducted at local scales, this is a crucial aspect.

Based on the above, this article proposes a methodology that combines global remote sensing
with locally surveyed field information to improve the vertical accuracy of digital elevation models in
flat areas with limited information. The Rancheria River Delta (La Guajira, Colombia) will be used as a
case of application of the proposed methodology.

2. Materials and Methods
The correction method proposes the use of information derived from remote sensors (land cover,

tree height) combined with information acquired in the field (topographic points) to perform the
altimetry correction of global digital elevation models. This methodology is proposed in a sequential
flow, starting with a preliminary stage in which the study area is selected and all necessary information
is collected and prepared for DEM correction. Next, an error assessment of the DEMs is conducted,
followed by the correction. A summary of the stages of the method is presented in Figure 1, and each
of these stages will be developed in the following sections.

Figure 1. Methodology summary diagram
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2.1. Preliminaries
2.1.1. Criteria for Study Area Selection

The study area should be one of the plain areas, such as alluvial plains, valleys, and deltas, which
suffer from periodic flooding due to the overflow of an active river channel, defined by [1,2], where ter-
rain variations are less than one meter in several thousand meters of extension, slopes less than 3% [34].
These areas must have the presence of an active river that causes periodic flooding.

2.1.2. Gathering and Preparation of Input Data

The following are the minimum information requirements for the application of the proposed
methodology:

• Digital Elevation Models (DEM) at least medium resolution (between 10 and 30 m) are required,
such as global models (SRTM, ASTER, ALOS, FABDEM- COPERNICUS);

• Land Cover information is necessary to identify the presence of structures such as houses,
buildings, roads, vegetation zones, and water bodies in the study area;

• Tree height information CHM (Canopy Height Model) to perform altimetric correction of global
models, since these models, being surface models, take into account the heights of elements on the
ground, such as vegetation and buildings. Several global CHM products can be used to correct
tree elevations in global DEMs [35–37]

• Thematic vector information, such as roads, streets, buildings, and rivers, is very important to
identify key terrain elements. This information is available through https://www.openstreetmap.
org/#map=14/11.5361/-72.8656, OpenStreetMap;

• Topographic information. High-precision elevation data should be collected using precision
equipment such as GNSS-RTK or Total Station, with which an accuracy (<10 cm). Providing
ground control points distributed across the study area. These data are essential for assessing the
vertical accuracy of DEMs and for the correction process.

2.2. DEM Error Analysis
2.2.1. Error Calculation

A vertical accuracy assessment of DEMs must be performed to determine their fit with respect to
the topography points surveyed. First, elevation of DEM is extracted at each point, then the error is
calculated whit Equation (1).

∆Z = Zre f − ZDEM (1)

Points must be divided into a data set for error assessment and make the adjustment, and another
set for validation of the performance of the applied correction method [7,32]. There is no unique
relation to divide the evaluation and validation data of the elevation models; different distributions
of the quantities must be tested, depending on the amount of data available, evaluating the results
obtained to determine the most optimal in each case.

2.2.2. Error Metrics

Error metrics are used to evaluate the performance or fit of the models concerning the observed
data. The following metrics are commonly used: MAE (Mean Absolute Error) [12,38] (Equation (2)),
RMSE (Root Mean Square Error) [7,31–33] (Equation (3)), BIAS (Equation (4)), which measures the
average tendency of the model data to overestimate or underestimate the true value (field data) [32],
and STD (Standard Deviation) (Equation (5)) [39].

MAE =
1
n

n

∑
i=1

|∆Zi| (2)

RMSE =

√
1
n

n

∑
i=1

∆Z2
i (3)
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BIAS =
∑n

i=1 ∆Zi

∑n
i=1 Zre f

(4)

STD =

√
1

n − 1

n

∑
i=1

(∆Zi − ME) (5)

where: Zre f : Elevation of the surveyed point; ZDEM: Elevation of the point extracted from the DEM;
n: Number of points evaluated; ME: Mean Error.

2.2.3. Error Map

Metrics can give an averaged measure of the model’s fit to the field data; however, metrics cannot
determine the spatial distribution of these errors, which is important when applying DEM correction
procedures. To appreciate the spatial distribution of the errors, error maps must be generated. They
are made by interpolating differences to create a data grid in raster format (GeoTiff). Several spatial
interpolation methods must be tested to generate the error maps, such as IDW, Kriging, Natural
Neighbor, Nearest Neighbor, among others, which are available in different GIS tools [40,41].

2.2.4. Binary Error Map

As differences can be negative and positive, it is necessary to identify in which areas the DEM is
above and in which areas it is below the points. To have clarity about this behavior, the error maps
should be classified to generate a binary map of 0 and 1, in which 0 indicates negative differences,
i.e., the DEM pixel value is greater than the terrain points, and 1 indicates positive differences, where
the terrain point value is greater than the DEM pixel value.

2.3. DEM Vertical Correction Method

Once the models have been evaluated, they are corrected. The DEM altimetry correction process
is divided into four steps, which are presented below.

i Vegetation heights removal. This step consists of subtracting from the DEM the vegetation
heights of the CHM. This operation is performed using a raster calculator tool, which subtracts
the CHM from the DEM. In this step, a DEM with removed vegetation heights is obtained.

ii Outliers Correction. The 3-sigma criterion is applied to eliminate outliers in the distribution of
elevations from the DEMs. This criterion states that all values of a data distribution must be
located between the limits: average - 3 standard deviations to average + 3 standard deviations, and
any value located outside these limits is considered an outlier [42]. This has been applied in
multiple DEM correction cases [43–45]. This method is applied using an algorithm that goes
through the DEM pixel by pixel, comparing the value with the 3-sigma calculated for that DEM.
If it finds a pixel with a higher value, that value is replaced by the 3-sigma value.

iii Unsupervised adjustment. This step should refine the DEM by incorporating surveyed terrain
points through error maps derived from interpolation methods. It is considered “unsupervised”
because the outcome depends on interpolation parameters, with limited control over the final
surface; nevertheless, it provides a reliable approximation. The procedure begins by evaluating
the binary error map: for pixels coded as 0, the DEM should be corrected by subtracting
the absolute error value, while for pixels coded as 1, the error value should be added. Two
raster grids are generated, each containing the adjusted values for their corresponding pixels.
These grids are then merged to produce the final corrected DEM. This process can be seen
schematically in Figure 2;

iv Supervised adjustment. This step is required to address residual errors propagated from the
interpolation used in error map generation. The procedure should begin with the creation of
Voronoi polygons [46,47] from terrain control points. These polygons must then be grouped into
homogeneous elevation zones, each assigned with a threshold value that defines its elevation
limit. After rasterization of the polygons, the resulting raster should serve as a mask for DEM
correction. Using a 3×3 moving window, DEM pixels are iteratively evaluated against the
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elevation limits defined by the mask. Pixels exceeding the threshold should be replaced with
the mean of their eight neighboring values, and the process repeated until no violations remain.

Figure 2. Unsupervised DEM adjustment

3. Results
3.1. Preliminaries
3.1.1. Study Area

The chosen study area corresponds to the Rancheria River Delta, in the city of Riohacha, La
Guajira, Colombia. The Rancheria River Delta is located northeast of the town. Figure 3 shows the
general location, the layout of the main channel of the Rancheria river (1) that bifurcates close to the
coastline, giving rise to two branches that form the delta, El Riito (2) and Santa Rita (3), the latter
bifurcating again to give rise to the Calancala branch (4) [48].

Figure 3. Location of the Rancheria river delta with respect to the urban area of Riohacha and its discharge to the
Caribbean Sea.

3.1.2. Information Gathered and Processed

Information used for the methodology is presented below.

• Digital Elevation Models (DEM’s). FABDEM (Forest And Buildings removed DEM). It is a
global digital terrain model derived from Copernicus DEM. It has a spatial resolution of 30 m
and covers latitudes between ±60°. Its development was based on machine learning techniques
trained with LiDAR data and land cover layers, which significantly improves accuracy in forested
and urban areas compared to other similar models [12].
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SRTM (Shuttle Radar Topography Mission). It was conducted over 11 days in February 2000,
collecting C-band synthetic aperture radar (SAR) data over terrestrial areas between 60°N and
56°S, representing about 80% of the total land mass [18]. Version 3 of the SRTM DEM with
30 meters spatial resolution, published in 2015 [49], was used.
ASTER GDEM. Terra’s Advanced Thermal Emission and Reflection (ASTER) Spatial Radiometer
Global Elevation Digital Model (GDEM) Version 3 (ASTGTM) provides a global digital elevation
model (DEM) of Earth’s terrestrial areas with a spatial resolution of 30 m [28,50].
ALOS (ALOS WORLD 3D DEM). Between 2006 and 2011, the Panchromatic Remote Sensing
Instrument for Stereoscopic Mapping (PRISM) sensor aboard the ALOS (Japan Aerospace Explo-
ration Agency) satellite captured stereoscopic images with a resolution of 2.5 m [20,51]. These
images were used to produce a commercial DEM of very high resolution (0.15 arcseconds) ALOS
World 3D (AW3D), which was subsequently resampled to obtain the open-access DEM ALOS
World 3D 30 m (AW3D30), with a resolution of 30 m [20,51]. Version 3.2 was used, the latest
available [52]. Figure 4 shows the cropping of the used DEMs to the study area;

(a) FABDEM (b) SRTM

(c) ASTER (d) ALOS

Figure 4. Used DEMs

• The European Space Agency (ESA) https://viewer.esa-worldcover.org/worldcover/?language=
en&bbox=-1.648666525072074,53.78498239999999,-1.4636494749279256,53.8349824&overlay=false&
bgLayer=OSM&date=2024-01-23&layer=WORLDCOVER_2021_MAP, ESA WorldCover 2021
v200 [53] was used as a basis to generate a classified map of the study area. The land cover map
can be seen in Figure 5;
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Figure 5. Land Cover map of the study area.

• The Global Forest Canopy Height Model, 2019 from https://glad.umd.edu/dataset/gedi/,
GLAD- Global Land Analysis and Discovery [36] was used. Figure 6 shows the cropping
of the study area;

Figure 6. Canopy Height Model of the study area.

• The field topographic information was surveyed in two campaigns carried out in the study area,
one in September 2022 and the other in March 2023. The topographic points were surveyed with
GNSS-RTK in dynamic mode, with TOPCON Hyper V equipment, which has a horizontal accuracy
of 0.005 m and vertical accuracy of 0.01 m [54]. The database used for the base station location is the
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one that includes points from Colombia’s national active and passive leveling network, managed
by the Instituto Geográfico Agustín Codazzi (IGAC). These points can be viewed through the data
portal https://www.colombiaenmapas.gov.co/?e=-74.16992317492544,4.422176247962095,-74.027
95921618541,4.531019801595585,4686&b=igac&u=0&t=25&servicio=472, Colombia en Mapas. The
points near the study area were located, and the point belonging to the MAGNA ECO ACTIVE
NETWORK (11°30’47.58123"N -72°52’10.95231"W) located at University of La Guajira, this point
was chosen because it is located on the roof of a building, which offers an advantage in terms of
the signal range of the base equipment and its link with the ROVER, also at this point there were
security conditions to leave the equipment without the need for a person in charge of its security,
while the survey of the points was being carried out.
The location of the points was determined during the survey planning, taking into account the
land cover in the area, to place points in all identified zones. A series of points was located on the
classified map, covering all land cover categories, and these were equidistant from each other.
However, during the survey’s execution, it was not always possible to adhere to the planned
approach. Consequently, a quasi-random field-survey method was employed due to accessibility
limitations caused by flooded areas, public order situations within the territory, and unfavorable
vegetation conditions, which hindered the reception of the GNSS-RTK equipment. The survey
was conducted by traveling through the study area, depending on accessibility conditions; in
some areas, it was done by vehicle (motorcycle), and in others, by walking. Points were surveyed
in areas of interest (i.e., plains, near areas of thick vegetation, embankments, roads, housing
areas, and elevated areas), trying to capture with the best possible detail the terrain configuration.
The ROVER equipment was constantly checked to ensure that it was operating under optimal
conditions of satellite reception and connection with the base station.
Figure 7 shows the points surveyed in the study area, which totaled 1016, including terrain points,
elevation points of terrain structures, and river points.

Figure 7. Topographic points surveyed in the study area.

3.2. DEM Error Spatial Analysis

Different distributions of points for adjustment and validation were tested. Better results in
error metrics reduction were found with the distribution (75% − 25%) for adjustment and validation,
respectively. From surveyed points, only the terrain points were selected for the analysis of DEMs.
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707 terrain points were used, which were divided into 75% (530) for the adjustment and 25% (177) for
validation. The elevation of the DEMs was extracted for each of the points, and the error concerning
their elevation was determined. The errors in the FABDEM are in the range between −8.36 to 2.01 m
for the SRTM, between −7.22 to 9.07 m, for ASTER between −20.27 to 4.19 m and for ALOS, between
−8.36 to 4.71. The magnitude of the errors between DEMs is very similar, except for ASTER. Figure 8
shows the distribution of errors and metrics by DEM. The tendency of errors, except for the SRTM, is
to overestimate the value of the true elevation, as can be seen in the density curves of errors in Figure 8,
and for the sign of BIAS. FABDEM generally performs better in all metrics, except for BIAS, where
SRTM and ALOS outperform, and ASTER performs poorly across all metrics. The metrics results are
within the expected range for these models [12,55].

Figure 8. Error distribution and error metrics

The metrics, being measurements of specific points, do not allow observing the spatial distribution
of the errors. For this purpose, error maps and binary maps of these errors were generated, which can
be seen in Figures 9 and 10.

(a) FABDEM (b) SRTM

(c) ASTER (d) ALOS

Figure 9. Error Maps
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Error maps and binary maps confirm the tendency shown by density curves and BIAS in Figure 8.
For FABDEM, ASTER, and ALOS, error maps have mostly negative values, and the binary maps are
mostly 0, while for SRTM, the error map is mostly positive and the binary map is mostly 1.

(a) FABDEM (b) SRTM

(c) ASTER (d) ALOS

Figure 10. Binary Error Maps

3.3. Output of Proposed Method

The procedure described in Section 2.3 of the methodology was applied to obtain the altimetrically
adjusted DEM. The result of the correction was evaluated by the error metrics described in Section 2.2.
Figure 11 presents the error distribution and error metrics taken from the DEMs after applying the
correction process, compared with the same before the correction, and Table 1 presents a summary of
metrics before and after the correction process, with the percent reduction for each metric.

As can be seen in Figure 11, the correction method results in a significant reduction in error
metrics. The reduction is different for each metric across the DEMs. Figure 11 also demonstrates the
change in error distribution in density curves. It can be seen how the correction method fits the errors
to zero; most of the density of residual errors is closer to zero. This behavior is better observed by box
plot graphs. Figure 12 shows the box plot for all DEMs, original and corrected. Box plots show how
the correction method adjusts the distribution of the residuals in the two DEMs and brings the median
closer to zero. Initially, the outliers are considerably separated from the extremes of the graph. When
the adjustment is applied, the variability of the residuals decreases, and it can be observed how the
extremes become thinner and closer to the center, and the outliers also become closer to the extremes
of the graph.

Table 1. Comparison of metrics before and after applying the correction method. Best values are highlighted
in bold.

METRIC
DEM

FABDEM SRTM ASTER ALOS

ORIG COR % ORIG COR % ORIG COR % ORIG COR %

RMSE 1.700 0.750 55.882 2.950 1.300 55.932 6.950 1.620 76.691 1.900 1.200 36.842
MAE 1.240 0.580 53.226 2.350 1.000 57.447 5.860 1.030 82.423 1.320 0.790 40.152
STD 1.370 0.740 45.985 2.710 1.130 58.303 3.960 1.460 63.131 1.610 1.110 31.056
BIAS -0.590 0.070 — 0.670 0.390 — -3.310 0.410 — -0.590 0.280 —

ORIG: Original; COR: Corrected; Values in % represent the improvement rate after correction. Bold numbers indicate the best
performance per metric.
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Figure 11. Comparison of error distribution and metrics before and after applying the correction method

Figure 12. Comparison box plot graphs, original and corrected DEMs
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According to the results in Table 1, the correction method achieves a significant reduction of the
error in DEMs, as can be seen in the different metrics. For the RMSE, which is one of the most used
metrics, a reduction of the error is 55.882 % for FABDEM, 55.932 % for SRTM, 76.691 % for ASTER,
and 36.842 % for ALOS. ASTER has the highest percent reduction in metrics, with 82.423 % for MAE
and 63.131 % for STD, while ALOS has the lower percent reduction with 40.152 % and 31.056 % for
MAE and STD, respectively. FABDEM and SRTM are in the middle, with 53.226 % and 45.985 % the
FABDEM and 57.447 % and 58.303 % for SRTM, for MAE and STD, respectively. The BIAS also shows
a significant reduction, going from −0.590 to 0.070 in FABDEM, also showing a change in the trend,
same situation for ASTER (−3.310 to 0.410) and ALOS (−0.590 to 0.280) the BIAS not only changed
magnitude, while in SRTM it went from 0.670 to 0.390 keeping its trend. Figure 13 shows the DEMs
corrected altimetrically.

(a) FABDEM (b) SRTM

(c) ASTER (d) ALOS

Figure 13. Altimetrically corrected DEMs

Another way to appreciate the change in DEMs with the application of the correction is by using
terrain profiles to see the difference in elevations between the original DEM and the corrected DEM.
Figure 14 shows the used profiles. Figure 15 shows the profiles obtained for each DEM before and
after applying the correction process. Likewise, profiles were made to compare all DEMs before and
after the application of the correction process. These comparison profiles between DEMs are shown in
Figure 16.

Figure 14. Profiles to evaluate DEM elevations (Arrow indicates profile’s drawing direction).
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Figure 15. Comparison of elevation profiles before and after applying the correction method.
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Figure 15 shows the effect of applying the correction method. Before applying the correction,
DEMs exhibit significant variability and exhibit extreme elevation changes. Profiles also show a
tendency for elevations in DEMs for FABDEM, ASTER, and ALOS original profiles to be above the
corrected ones, which coincides with the BIAS, while the SRTM original profile is below the corrected
one. After applying the correction, profiles show a significant change in elevation and present a
smoother distribution of elevation along the longitudinal profiles. Longitudinal profiles demonstrate
that the method is effective in generating a softened surface in the DEM and eliminating random peaks
and outliers in elevation. The range of elevation profiles changes from −9m to 29m in the original
DEMs, to −6m to 18m in corrected DEMs. The variability in profiles represented by the mean standard
deviation between the four profiles was also reduced; in FABDEM, it was reduced from 2.66 to 1.83, in
SRTM from 3.64 to 3.47, in ASTER from 3.56 to 1.59, and for ALOS from 3.59 to 1.95.

Figure 16. Comparison profiles between DEMs before and after applying the correction method
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As can be seen in Figure 16, before the application of the correction method, DEMs present a great
difference between them. This coincides with the results of the evaluation of the error of the DEMs
before the application of the correction method, which shows the difference in the trend of the errors
between DEMs and the field data.

FABDEM, ASTER, and ALOS tend to overestimate the real elevation data, while the SRTM tends
to underestimate the real elevation. This is evident in the profiles, where it is observed that FABDEM,
ASTER, and ALOS generally exceed the SRTM, except at specific points where the SRTM features
elevation peaks. With the application of the correction, it is possible to reduce the differences between
the DEMs.

This has already been observed with the result of the BIAS presented, which shows a decrease in
its dimension for all DEMs, the tendency of the errors is inverted for FABDEM, ASTER, and ALOS.
Also, the profiles in Figure 16 show how, after the application of the correction, the difference between
the DEMs is reduced; however, it can be observed that they still have some extreme peaks at some
points, but the difference between them is reduced.

4. Discussion
The results presented suggest that the proposed methodology can correct a large percentage of

the errors given by the digital elevation models. However, although the methodology is shown to be
simple, it is convenient to discuss a series of aspects that are involved around it and the results. The
discussion is given in two instances: firstly, on the aspects to consider in the preparation and analysis
of the input information, and secondly, on the results shown in the correction of the DEM.

4.1. Input Data Used and Processing

The methodology presented here has an advantage over other, more complex methods in terms
of the amount and variety of information needed for its application. In this methodology, the main
input of information is the topographic points, and it is essential to be clear about the quantity and
density of these in the study area. Regarding these, there are no references in the literature that can
indicate precise and applicable values for all cases; this being a determination of each investigation,
according to the needs and objectives that are had.

In this study, the number of points and their location were initially defined in the planning of
the field campaigns according to the identified land covers, seeking to have points in the different
zones; later, at the time of conducting the campaigns, other factors specific to the field were taken into
account, such as accessibility, security conditions, and environmental conditions that influenced the
execution of the field campaigns. The number of points finally obtained was based on the weighting of
all these conditions and the criteria of the research team, taking into account the characteristics of the
study area; an optimum number was considered for the DEM adjustment process. Another important
topic to discuss about points is the survey method. As the approach adopted was quasi-random, it is
possible that in future work with the availability of points in all the land cover classes, the accuracy can
change; for example, with points in dense vegetation zones, the accuracy can decrease. Other survey
methods, such as a Total station, or data from the GEDI-LIDAR sensor [56], should be considered if
available in the study area. To apply the methodology to other study zones with similar characteristics,
and based on the results of error reduction, a minimum density of 25 points per square kilometer
of study area was determined. In addition to considering that, the points should be located in the
different classes of land cover identified. However, it should be noted that this value is not an absolute
standard; the density of points that can be obtained depends on all the factors mentioned above, which
vary in each case.

On the other hand, the number of points used for the adjustment process and validation is also
a value that can vary from one case to another, and there is no exact value that applies to all [7,32].
Different combinations of the distribution of points were tested to evaluate the results in decreasing
the error in the DEMs, finding that the used distribution yielded the best results. Obtaining a higher
reduction percentage is with the 75 % for the adjustment and 25 % for the validation, which was the
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distribution used, as presented in Section 3.2. These percentages of division of the points allow avoiding
overfitting and having an optimal number of points for validation [12]. Another important topic to
discuss is the partitioning method; in this paper, a random sampling was employed. Considering
the method for the survey, this was the most suitable approach. However, the use of advanced
partitioning strategies is not completely discouraged and could be for future work to improve the
results of the method.

4.2. Error Assessment and DEM Correction

The error metrics used in this study agree with those widely used in the scientific community
to evaluate the performance of altimetry correction methodologies of DEMs, the most widely used
being the RMSE [12,33,57]. However, these metrics are not suitable for data that do not follow a
normal distribution [39]; for the analyzed DEMs, this limitation discards, with the density curves
present in Figure 7, that demonstrate that errors in DEMs follow a normal distribution, validating
metrics selection. Both RMSE and MAE are scale-dependent metrics, i.e., they show the error in the
same unit as the studied variable. The main advantage of these metrics is their easy calculation and
interpretation [58–60]. However, since these metrics are averaged, they are limited in identifying
trends in the errors. Therefore, it was necessary to use the BIAS, a metric that indicates the model’s
tendency to overestimate or underestimate real values. It can take negative or positive values, with
values closer to zero indicating less deviation or error of the model concerning the real data [32,61].
This, makes necessary the use error and binary error maps, for the spatial error analysis as were used
in this research.

The removal of tree heights using the Canopy Height Model (CHM), and the removal of outliers by
the 3-sigma criterion, constitute a good first approximation to the DEM correction; however, altimetry
errors that do not come from the vegetation will prevail in the DEM, which makes necessary the
application of the subsequent process proposed in this article.

The results show that a significant reduction in the error of DEMs is achieved; for RMSE, a
reduction between 37.842 % and 6.691 % is achieved, while for MAE the reduction is between 40.152 %
and 82.423 %. These results demonstrate the effectiveness of the method, given the minimal information
required and its low complexity, compared to other methodologies that necessitate significantly more
information and, consequently, higher computational and processing capacities. Such methodologies
that apply machine learning algorithms [7,12,32,33], with which reductions of up to 80% of the RMSE
are achieved. However, these methodologies require large amounts of information, in addition to
extensive knowledge in programming these algorithms, which may limit their application. The
methodology proposed in this article is offered as a less complex alternative to be applied, which
offers a greater potential to be replicated in similar areas. However, is important to keep in mind the
possible errors due to the methods used, mainly the interpolations made to generate the error maps,
which were used as a DEM correction surface. It was made to minimize these errors using different
interpolation methods to obtain an averaged surface between them. This strategy allowed reducing
the appearance of artifacts coming from the interpolation in the surfaces; however, it is kept in mind
that they cannot be completely avoided, and the remaining errors presented in the final DEMs are
influenced by these errors inherent to the interpolation methods.

About the correction process, presented in Section 2.3, some clarities are necessary. The process
is presented in four stages to provide a coherent workflow; however, it is important to declare that
each stage has a different effect on the final results. First and second stages act more as data curation
than correction properly, because both do not reduce significantly the error metrics. For example,
the RMSE after applying vegetation and outlier removal is still equal for FABDEM and ALOS; this
had few changes for SRTM that decreased from 2.950 to 2.530 (0.339%) and for ASTER that decreased
from 6.950 to 6.410 (7.770%). This two stages had effect on the elevation ranges of DEMs. FABDEM
changed its range (−0.24m to 17.49m) to (−0.24m to 14.089m), SRTM from (−16m to 46m) to (−9.596m
to 14.799m), ASTER from (0m to 38m) to (−5.761m to 20.167m), and ALOS from (−10m to 42m) to
(−7.548m to 14.534m). The obtained reduction percent in metrics is reached in unsupervised and
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supervised adjustment stages. The RMSE for FABDEM went from 1.700 to 1.240, a reduction of 27.059%
in unsupervised adjustment, for SRTM 2.950 to 2.530, a reduction of 14.237%, for ASTER 6.950 to 4.660,
a reduction of 32.950%, and for ALOS 1.900 to 1.470, a reduction of 22.632%.

FABDEM presented better performance in metrics, even in the initial evaluation, as in the corrected
DEM. This result follows the expected, because FABDEM is an improved version of another global
DEM, the COPERNICUS [12,62]. On the other hand, errors in SRTM, ASTER and ALOS are within
the expected range for this kind of DEMs [55]. Additionally, the fact that it is a reprocessed DEM
also distinguishes the FABDEM from the others in terms of age. ASTER, SRTM, and ALOS are older
missions than COPERNICUS, from which the FABDEM is derived [39]. This factor also influences the
accuracy of the DEMs, due to changes that occur on the ground in terms of coverage and interventions,
which can significantly modify the terrain in areas of urban growth. Tendency of errors for each DEM
is an important topic to discuss. Generally global DEMs tend to overestimate the ground surface
elevation, especially in flat areas [63,64]. This behavior was presented for FABDEM, ASTER, and
ALOS; however, SRTM has presented an opposite tendency. This is because SRTM in low-lying and
coastal areas tends to underestimate [65–67].

The remain errors in DEMs have implications for their potential applications. For example,
the remain RMSE of 0.75 for FABDEM, 1.30 SRTM, 1.62 ASTER, and 1.20 ALOS. Should affect their
application for flood modeling in flood plains, where DEMs with RMSE below 1 m are ideal [26,68].
According to results, the final RMSE obtained for FABDEM meets the minimum requirement for flood
modeling in flood plains. However, the accuracy level achieved is not equal to using a high precision
DEM such as LIDAR or UAV-derived DEMs [69,70]; nevertheless, for data scarce areas, FABDEM, after
applying our correction method, would be a suitable option.

5. Conclusions
This study presents the development of a methodology for global DEM correction in floodplain

areas. The methodology uses freely available open source DEMs of medium resolution (30 m), remote
sensing information such as land cover, tree height model, and local field topographic information
surveyed with GNSS-RTK. The correction methodology allows obtaining a significant improvement
between 36.842 % and 76.691 % of the RMSE concerning the initial error between the DEM and the
field points.

Specifically, an RMSE of 0.75 m is achieved in the FABDEM, which is a significant improvement for
this type of DEM of global coverage, considering the initial RMSE of 1.7 m. SRTM, ASTER, and ALOS
achieved an RMSE of 1.3, 1.62, and 1.2, respectively. Despite the significant vertical error reduction in
SRTM, ASTER, and ALOS DEMs, FABDEM is recommended for use in areas where high-precision
DEMs such as LIDAR are unavailable, and by applying improvement techniques, it can be used for
various applications, especially territorial planning and risk management.

Error and binary maps generated in this study demonstrate that they are handy tools for spatially
analyzing the error in digital elevation models. In contrast to statistical metrics, which only summarize
errors as average values, these maps allow for the observation of the spatial distribution of errors and
their tendency around the study area.

For instance, the developed methodology is presented as an easy-to-apply alternative with
low information and processing requirements compared to other local methodologies, offering an
advantage for DEM altimetry correction and being optimal for the required local applications. This
situation is common in areas with a lack of information. The results show the key factor in the
improvement obtained in the elimination of vegetation and the reduction in building heights.

The product generated using the developed methodology must later be subjected to a hydrological-
hydraulic conditioning process to make it optimal for these applications. As a future work of the
methodology presented in this article, it is proposed to apply a hydraulic conditioning process to
the DEM, to make it optimal for applications that require, in addition to vertical accuracy, a good
bathymetric representation, such as those that apply hydrodynamic modeling.
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Summarize, the aforementioned methodology can significantly enhance global models in situ-
ations where we must employ global DTMs (DEMs). However, more precise models such as those
derived from LiDAR scanning, are required for precise flood modeling and analysis. The proposed
method offers a technically and operationally feasible solution for improving DEM accuracy in data-
scarce floodplains, supporting local authorities, environmental agencies, and researchers involved in
local-scale flood risk assessment and land use planning.
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