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Abstract 

This study evaluates the altimetric accuracy of the TOPODATA Digital 

Elevation Model (DEM), derived from the Shuttle Radar Topography 

Mission (SRTM), through comparison with GNSS-RTK data in an area of 

high topographic variability. The analysis was conducted in Cachoeira do 

Lepa, located in the municipality of Canguçu, Rio Grande do Sul (Brazil), 

a region characterized by pronounced altimetric breaks over short 

distances. A total of 306 georeferenced points were used, and spatial 

statistical analyses were applied. The results revealed systematic 

discrepancies, with a tendency of the TOPODATA to underestimate 

elevations, showing a mean bias error (MBE) of 3.15 m, mean absolute 

error (MAE) of 3.57 m, and root mean square error (RMSE) of 4.33 m. 

Spatial autocorrelation was significant (Moran’s I = 0.771; p < 0.001), 

reducing the effective degrees of freedom (Dutilleul: 120.4) and requiring 

robust tests (Brunner–Munzel: p < 0.0001; Cliff’s Delta = 0.60). Accuracy 

varied with elevation: low-lying areas presented an MBE of 0.75 m, while 

higher terrains reached 6.02 m (Kruskal–Wallis: p < 0.0001). Spatial 

cross-validation indicated an RMSE of 5.18 m (95% CI: 3.68–6.30 m), and 

Spearman’s correlation was weak (ρ = –0.077; p = 0.125). It is concluded 

that TOPODATA tends to underestimate elevations, with larger errors 

in higher terrains, limiting its reliability for micro-scale applications. The 

study highlights the methodological risks of using generalized DEMs in 

morphologically complex regions and suggests hybrid approaches 

supported by field data as an alternative. The findings align with the 

United Nations Sustainable Development Goals (SDGs), particularly in 

the context of precision agriculture, sustainable urban planning, and 

climate action. 
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INTRODUCTION 

 

 

Accurate representation of the Earth's surface 

through Digital Elevation Models (DEMs) is 

essential for geotechnologies, environmental 

planning, and hydrological and 

geomorphological modeling. These tools have 

revolutionized geosciences by enabling three-

dimensional representations that enhance 

understanding of physical processes and 

support territorial management. Their 

applications also encompass 3D flight planning, 

navigation, autonomous driving, precision 

agriculture, forest management, and 

hydrological modeling, all demanding high-

accuracy three-dimensional data (Cao et al., 

2024; Li et al., 2024). 

The generation of Digital Elevation Models 

(DEMs) from single images presents technical 

and methodological limitations, exacerbated in 

urban and mountainous areas, where altimetric 

accuracy depends on spatial resolution and is 

compromised by steep terrain or dense 

vegetation (Panagiotou et al., 2020; Xu et al., 

2024; Kramm; Hoffmeister, 2022; Li et al., 2023; 

Zhu; Chen, 2024). Furthermore, self-similarity 

constraints and costs (Yin et al., 2021) drive 

research into methodological alternatives, such 

as interpolation (Polidori; El Hage, 2020), use of 

UAVs in multispectral surveys (Csajbók et al., 

2022), and ground control points (Akturk; 

Altunel, 2019). 

Recent advances include the NASA Ames 

Stereo Pipeline (Shean et al., 2016), machine 

learning techniques (Yang et al., 2024), 

adversarial neural networks for super-

resolution (Zhang; Yu, 2022), and the GADEM 

Network, capable of generating high-quality 

DEMs from satellite imagery (Yang et al., 2024). 

Accessible tools such as Google Earth Pro have 

also been explored, although they still require 

validation across different environmental 

contexts (George; Mohan, 2024). 

Several freely available Digital Elevation 

Model (DEM) databases are widely utilized in 

the scientific community, as highlighted by 

Pakoksung and Takagi (2021), including GSI-

DEM, ASTER Global DEM, SRTM, 

GMTED2010, HydroSHEDS, and GTOPO30. 

In the Brazilian context, TOPODATA, 

developed by Valeriano (2008) at the INPE – 

Instituto Nacional de Pesquisas Espaciais 

(National Institute for Space Research), consists 

of a refinement of the original SRTM data 

(resolution of approximately 90 m and absolute 

vertical accuracy of 6.2 m) through kriging 

techniques, resulting in a digital elevation 

model with a nominal resolution of 30 m (1 arc 

second). Widely recognized as one of the most 

accurate freely available altimetric databases at 

regional scale (Bielski et al., 2024), TOPODATA 

presents a vertical root mean square error 

(RMSE) of approximately 6 m, a value 

consistent with previous studies (Valeriano, 

2011; Morais, 2017; Muñoz; Valeriano, 2011). 

However, the intensification of 

anthropogenic interventions on relief reinforces 

the need for more updated and detailed digital 

elevation models, particularly in urban areas 

where topographic complexity is more 

pronounced (Delchiaro et al., 2025). 

Regarding the spatial resolution of widely 

used free Digital Elevation Models (DEMs), the 

typical resolution of these global DEMs, such as 

SRTM and ASTER, is approximately 30 meters, 

suitable for regional and continental 

applications. TOPODATA, a database 

extensively employed in Brazil, is an SRTM 

derivative that underwent specific refinement 

using geostatistical kriging techniques to 

improve accuracy at regional scale (Moura-

Bueno et al., 2016; Valeriano, 2005). 
Concurrently, various free DEM databases 

are widely utilized in the scientific community, 

as highlighted by Pakoksung and Takagi (2021), 

including GSI-DEM, ASTER Global DEM, 

SRTM, GMTED2010, HydroSHEDS, and 

GTOPO30. In Brazil, TOPODATA stands out, 

developed from SRTM with kriging refinement, 

and frequently indicated as one of the most 

accurate freely available databases at regional 

scales (Bielski et al., 2024). 

The accuracy of digital elevation models 

(DEMs) strongly depends on terrain type and 

application scale, being limited in areas of high 

altimetric variability, such as scarps, steep 

slopes, and confined valleys, where moderate-

resolution models such as TOPODATA, with 

spatial resolution of 30m, may fail to represent 

critical relief features (Kramm; Hoffmeister, 

2019; Ferreira et al., 2023). In this context, the 

present study conducts a comparative analysis 

between data obtained through the RTK 

satellite-based spatial positioning methodology 

and data derived from TOPODATA remote 

sensing, evaluating altimetric discrepancies 

across different elevation classes. The objective 

is to highlight the methodological risks of 

utilizing generalized models at local scales, 

especially in morphologically complex scenarios, 

and discuss their implications for 

environmental modeling, territorial planning, 

and high-precision applications. The research 

addresses the systematic underestimation of 

microscale altimetry by radar-derived models 

and reinforces the need for hybrid 

methodologies that integrate remote data and 
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field measurements, contributing to 

applications aligned with the Sustainable 

Development Goals, such as precision 

agriculture (SDG 2), sustainable cities (SDG 11), 

and climate action (SDG 13). 

 

 

METHODOLOGY 

 

 

Study Area 

 

The study was conducted in the municipality of 

Canguçu, located in the southeastern region of 

Rio Grande do Sul, Brazil, within the 

microregion and immediate region of Pelotas. 

The municipality covers 3,526.316 km² and 

presents varied relief, with plains, hills, and 

hills over the South-Rio-Grandense Shield 

(IBGE, 2025). The substrate is composed of 

granitic and metagranitic rocks from the Pelotas 

Batholith, with Neosols, Argisols, and Luvisols. 

The area exhibits a dense drainage network and 

predominance of native grasslands and arboreal 

vegetation, interspersed with agricultural areas 

and silviculture (Dutra, 2021). 

The locality known as “Cachoeira do Lepa” 

(Lepa Waterfall), of geomorphological and 

environmental relevance, was selected due to its 

altimetric variability and natural formations 

that affect the accuracy of Digital Elevation 

Models (DEMs) (Figure 1). The region allows 

comparison between DEMs derived from RTK 

and TOPODATA, evaluating discrepancies and 

statistically validating the models. The 

integration of field data and remote sensing 

enables robust analysis of the limitations and 

potentialities in Earth surface modeling. 

 

Figure 1 - Location map of Lepa Waterfall 

 
Source: The authors, 2025. 

 

Collection Methods 

 

Altimetric Data Collection and Digital 

Elevation Model Generation 

 

For this study, the geodetic positioning of the 

point used as the base station was initially 

determined through the Precise Point 

Positioning (PPP) method. This procedure was 

performed from field-collected data in "Rinex" 

format, subsequently submitted to post-

processing, ensuring the definition of absolute 

coordinates with high precision. The Base 

station was installed at a strategically selected 

location, away from potential interferences such 

as dense vegetation or physical barriers, to 

ensure adequate reception of orbital signals. 

With the Base coordinates defined by PPP, 

the real-time survey stage was conducted using 

the GNSS-RTK technique. Two GNSS receivers 

configured for communication via UHF (Ultra 

High Frequency) radio were employed, allowing 
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continuous transmission of differential 

corrections from the Base to the Rover receiver. 

The equipment used operates on multiple 

frequencies (L1 and L2), which provides 

centimeter-level positioning accuracy (Henkel; 

Gunther, 2008; Mongredien et al., 2016). 

This high relative precision is ensured by the 

application of Real-Time Kinematic (RTK) 

positioning, which uses simultaneous carrier 

phase observations and performs real-time 

double differencing, correcting systematic errors 

common to both receivers (Shin et al., 2024). 

Thus, the accurate definition of the geodetic 

coordinates of the Base point is an essential 

step, as it guarantees the reliability of 

differential corrections transmitted to the Rover 

receiver and, consequently, the quality and 

robustness of the geospatial information 

produced in the survey. 

The rover receiver was configured to collect 

data at intervals of 0 to 5 seconds, according to 

signal conditions and operator movement, 

recording coordinates of points of interest 

through walking traverse to map the 

topographic profile of Cachoeira do Lepa. The 

sampling, dense and precise, followed the 

longitudinal and transverse altimetry of the 

watercourse, highlighting features of the 

Earth's surface. The methodology employed 

Real-Time Kinematic Relative Positioning 

(RTK), ensuring high geodetic precision. 

 

 

 

 

 

 

 

Selected Remote Sensing Platforms 

 

For the comparison of Digital Elevation Models 

(DEMs), raster images made available on the 

interactive map of the TOPODATA project – 

Geomorphometric Database of Brazil were used, 

identifying that the study area corresponds to 

scene 31S54. Processing was performed in QGIS 

3.40.2 software (QGIS Development Team, 

2025), where the area was clipped based on the 

Cachoeira do Lepa shapefile, adopting the 

SIRGAS 2000/UTM zone 22S reference system. 

Subsequently, specific rendering was applied to 

the clipped raster, that is, a form of visual 

representation that associates colors with 

altitude values, enabling the identification of 

maximum and minimum altitudes of the area. 

 

Data Processing Steps for Statistical 

Analysis 

 

The statistical analysis conducted in this study 

had as its main objective to compare the 

precision and accuracy of elevations obtained by 

the GNSS-RTK and TOPODATA methods. To 

achieve this objective, several steps were 

followed. Initially, elevation data from the 

GNSS-RTK method, collected at Cachoeira do 

Lepa, in Canguçu/RS (Rio Grande do Sul), on 

12/12/2024, together with those obtained from 

the Geomorphometric Database of Brazil, were 

organized in a database (xls file). Subsequently, 

these data underwent a cleaning and 

standardization process to ensure the quality of 

the analysis. The coordinates of each point 

(North and East) were recorded in UTM 

(Universal Transverse Mercator), in meters, 

(WGS 84 - UTM 22S), according to Table 1. 
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Table 1 - Location of obtained data 

Points 
North 

Coord. (m) 

East 

Coord. (m) 

Altitude 

(m) 

HRMS 

(m) 

VRMS 

(m) 

LatRMS 

(m) 

LonRMS 

(m) 
Status 

base 6503468,240 325377,280 110,368 0,001 0,003 0,001 0,001 FIXED 

1 6503470,377 325382,114 108,665 0,002 0,003 0,001 0,001 FIXED 

2 6503469,613 325379,613 109,495 0,001 0,003 0,001 0,001 FIXED 

3 6503465,395 325373,490 109,985 0,003 0,004 0,002 0,002 FIXED 

4 6503464,215 325369,812 109,841 0,002 0,004 0,001 0,002 FIXED 

5 6503458,794 325372,896 109,492 0,001 0,003 0,001 0,001 FIXED 

... ... ... ... ... ... ... ... ... 

305 6503318,323 325379,411 104,588 0,004 0,007 0,003 0,003 FIXED 

306 6503320,603 325374,020 105,900 0,007 0,014 0,005 0,005 FIXED 

Source: The authors, 2025. 

 

Legend of precision parameters: 

HRMS (Horizontal Root Mean Square): 

Bidirectional horizontal standard deviation (X 

and Y components); 

VRMS (Vertical Root Mean Square): Vertical 

standard deviation (Z component); 

LatRMS: Standard deviation in the latitude 

component (North-South / Y axis); 

LonRMS: Standard deviation in the longitude 

component (East-West / X axis); 

Status: Quality of RTK solution (FIXED = best 

precision). 

 

An exploratory data analysis was performed, 

examining the variation of the two-dimensional 

and three-dimensional Root Mean Square Error 

(RMSE), with the objective of identifying 

possible inconsistencies and evaluating the 

spatial distribution of sample points. From this 

assessment, it was possible to obtain an 

integrated view of the positional quality of the 

survey and the geographic organization of 

samples in the terrain. Additionally, spatial 

outliers were detected based on statistical 

criteria applied to residuals, allowing the 

identification of points whose behavior deviated 

significantly from the pattern observed in the 

local neighborhood. Spatial outliers were 

detected by statistical criteria applied to 

residuals, identifying points with anomalous 

behavior in relation to the local neighborhood. 

To analyze spatial autocorrelation, 

considering the geographic nature of the data, 

Moran's test (Anselin, 1995) was applied to the 

residuals, verifying the presence of spatial 

dependence. Furthermore, Moran's Index was 

calculated on the altimetric differences 

"(data['Diferenca'])" to quantify the general 

spatial autocorrelation present in the error. 

Subsequently, semivariogram analysis of 
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"detrended residuals" was employed to 

investigate the remaining spatial structure 

after removal of a modeled spatial trend, 

offering a robust approach to understand the 

intrinsic nature of the error. In summary, the 

"residuals" represent the portion of error not 

explained by a large-scale spatial trend, 

allowing a detailed analysis of altimetric 

discrepancies between TOPODATA project data 

and field data obtained by GNSS-RTK. 

With the objective of adjusting statistical 

tests in the presence of spatial autocorrelation, 

Dutilleul's method (1993) was used, which 

corrects effective degrees of freedom, 

considering the spatial dependence of the data. 

The evaluation of altimetric precision was 

performed through the following metrics: 

Mean Bias Error (MBE) for quantification of 

systematic bias. 

Mean Absolute Error (MAE) for mean absolute 

error. 

Root Mean Square Error (RMSE) for root mean 

square error. 

Spearman's correlation coefficient for monotonic 

association. 

The normality of residuals was tested using 

the Kolmogorov-Smirnov test with Lilliefors 

correction, while homoscedasticity, used to 

verify whether the residual errors have constant 

variance across observations, was assessed by 

Levene's test, with data stratified into elevation 

groups (low, medium, and high). 

This structured process allowed a 

comprehensive and statistically robust analysis 

of altimetric discrepancies, considering both 

spatial dependence and the statistical 

properties of residuals. 

 

Stratified Analysis by Elevation 

 

The data were stratified into three elevation 

groups of equal size (n=102 each) to investigate 

variations in altimetric precision as a function of 

relief. Comparison between groups was 

performed through the Kruskal-Wallis non-

parametric test (Rahrig, 2024), followed by post-

hoc Mann-Whitney tests with Bonferroni 

correction for multiple comparisons. 

Effect size was quantified through Cliff's 

Delta (Cliff, 1993), which provides a robust 

measure of the magnitude of differences 

between ordinal groups. 

 

Spatial Cross-Validation 

 

The robustness of results was evaluated by 

spatial cross-validation, considering data 

autocorrelation, according to Roberts et al. 

(2017). The leave-one-out technique was used to 

analyze the individual influence of sample 

points. 

 

Uncertainty Analysis 

 

Uncertainty was quantified by spatial bootstrap 

with 1,000 iterations, calculating means and 

standard deviations with 95% confidence 

intervals. Monte Carlo simulation (10,000 

iterations) generating confidence intervals for 

the mean. Expanded uncertainties calculated 

with coverage factors for 90%, 95%, and 99% 

based on standard uncertainty. 

 

 

RESULTS AND DISCUSSION 

 

 

Spatial Analysis 

 

RTK-Inferred Analysis 

 

The GNSS-RTK methodology applied for 

acquisition of altimetric coordinates provided 

high precision, resulting in reliable topographic 

detailing of the study area. The generation of the 

detailed altimetric model was enabled by the 

GNSS methodology, which, by applying the RTK 

technique, allows rapid acquisition of 

coordinates of points of interest with centimeter-

level precision. A total of 306 altimetric points 

were collected through GNSS-RTK equipment, 

with a preview of them shown in Table 2. 
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Tabel 2 - Altimetry of points collected at Cachoeira do Lepa through GNSS-RTK 

Points Elevation in meters (GNSS-RTK) 

Base 109.74 

1 108.037 

2 108.867 

3 109.357 

4 109.213 

... … 

305 103.96 

306 105.272 

Source: The authors, 2025. 

 

Based on the altimetric data obtained in the 

field, the Digital Elevation Model (DEM) of the 

study area was generated (Figure 2). Data 

analysis revealed a minimum elevation of 

103.96 m and a maximum elevation of 118.33 m. 

Thus, the altimetric variation of Cachoeira do 

Lepa, determined through GNSS-RTK survey, 

resulted in an elevation difference of 14.37 m. 

 

Figure 2 - Digital elevation model map of the study area, obtained through GNSS-RTK 

 
Source: The authors, 2025.  

 

Remote Sensing Inferential Analysis 

 

With the planimetric coordinates previously 

determined in the field through GNSS-RTK, it 

was possible to extract, from the Digital 

Elevation Model (DEM), the altimetric values 

corresponding to the same points. This 

procedure allowed the performance of a 

comparative statistical analysis between 

different DEM acquisition methods, aiming to 

evaluate their altimetric accuracy and 

consistency between the generated surfaces. 

The altitudes obtained from TOPODATA 

images, presented in Table 3, resulted in the 

following values: 
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Table 3 - Altimetry of points collected at Cachoeira do Lepa through TOPODATA 

Points Elevation in meters (TOPODATA) 

base 106.545 

1 106.545 

2 106.545 

3 106.545 

4 106.924 

... … 

305 95.839 

306 95.839 

Source: The authors, 2025.  

The TOPODATA dataset, developed by INPE 

through resampling of SRTM data using the 

kriging method, generated a Digital Elevation 

Model (DEM) with spatial resolution of 30 

meters. Although efficient at regional scale, this 

resolution limits detailed analyses in small 

areas. In the studied area, elevations between 

95.84 m and 128.30 m were identified, with an 

elevation difference of 32.46 m (Figure 3), 

evidencing altimetric variations that impact the 

accuracy of relief representation. 

It should be noted that elevations around 

113.11 meters represent specific points in the 

area, whose relative frequency is statistically 

not very expressive compared to the totality of 

the analyzed territory. This heterogeneous 

altimetric distribution reinforces the model's 

limitations in capturing local topographic 

nuances, especially in studies demanding 

greater spatial accuracy. 

 

Figure 3 - Digital elevation model map of the study area, obtained through TOPODATA 

 
Source: The authors, 2025. 
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Statistical Analysis 

 

Statistical analysis plays a fundamental role in 

the interpretation of georeferenced data, 

allowing identification of spatial patterns, 

discrepancies, and correlations between 

variables of interest. In the present study, 306 

observations were analyzed, organized in 

corresponding columns: Point, North, East, 

GNSS-RTK Method, and TOPODATA 30m 

Method. These variables provide a robust basis 

for evaluating the precision and consistency of 

elevation measurements obtained in the field 

(via GNSS-RTK) and by remote sensing 

(TOPODATA data). 

The analyses were performed in Python, in 

the PyCharm Community Edition 2024.1.3 IDE 

(development environment) (free version) 

(JetBrains, 2025), using distinct libraries such 

as: Pandas for data manipulation, NumPy for 

numerical calculations, and SciPy for statistical 

tests, including normality, comparisons between 

measurements and confidence intervals, among 

others. 

 

General Data: 

Total observations: 306. 

Columns: Point, North, East, GNSS-RTK 

Method, and TOPODATA 30m Method. 

 

The comparative analysis between GNSS-

RTK and TOPODATA data revealed significant 

systematic differences. The mean difference 

(MBE) was 3.15 ± 2.98 m, indicating a tendency 

for TOPODATA to underestimate elevations 

relative to those obtained with the GNSS-RTK 

method. Figure 4 presents the scatter plot 

between the two datasets, evidencing the low 

linear correlation between methods. 

 

Figure 4 - Scatter Plot: GNSS-RTK and TOPODATA 

 
Source: The authors, 2025.  
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Table’s 4 and 5 demonstrate some of the resulting values from the statistical analysis performed: 

 

Table 4 - Performance Metrics Comparison between GNSS-RTK and TOPODATA 

Other Metrics Value 

Spearman Correlation (GNSS-RTK vs TOPODATA) -0,0770 

Mean Absolute Error (MAE) 3,57 meters 

Root Mean Square Error (RMSE) 4,33 meters 

Source: The authors, 2025. 

 

Table 5 - Descriptive Statistics: GNSS-RTK vs TOPODATA 

Statistics GNSS-RTK (meters) TOPODATA (meters) 

Count (n) 306 306 

Mean 111.717 108.567 

Standard Deviation (SD) 2.874 2.307 

Minimum 103.960 95.840 

1st Quartile (25%) 109.344 108.222 

Median (50%) 111.890 109.188 

3rd Quartile (75%) 114.192 109.698 

Maximum 118.357 113.474 

Source: The authors, 2025. 

 

The analysis of Figure 4 and Box 1 shows a 

practically null correlation (Spearman ρ = -

0.077) between GNSS-RTK and TOPODATA 

elevations, indicating absence of a clear 

monotonic relationship. The low coefficient of 

determination (R² = 0.125) of the linear 

regression confirms TOPODATA's weak 

capacity to predict elevations compared to the 

GNSS-RTK methodology. Mean errors (MAE = 

3.57 m; RMSE = 4.33 m) reveal significant 

discrepancies. The coloring of points indicates 

systematic underestimation by TOPODATA, 

with asymmetric dispersion above the 1:1 line, 

especially between 108-112 meters, suggesting 

TOPODATA limitations in areas of low 

altimetric variation, requiring caution in high-

precision applications. 

In Figure 5, the comparison of descriptive 

statistics evidences similar means between 

datasets, although GNSS-RTK presents higher 

standard deviation, indicating greater 

sensitivity to local variations. The TOPODATA 

model, in turn, tends to smooth topography, 

reducing the amplitude of elevations and the 
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ability to represent detailed topographic 

features. 

 

Figure 5 - Descriptive Statistics: RTK vs TOPODATA 

 
Source: The authors, 2025. 

 

The analysis of altimetric differences in 

elevation classes (Figure 6) revealed progressive 

increase in discrepancy between methods with 

altitude, characterizing increasing TOPODATA 

underestimation at higher elevations. The 

Kruskal-Wallis test confirmed statistically 

significant differences between groups (H = 

168.67; p < 0.0001), indicating that error 

magnitude varies according to altimetric class. 

In the low elevation range, differences were 

close to zero with relatively symmetric 

distribution, while in the medium and high 

ranges pronounced positive bias was observed, 

reflecting systematic underestimation by the 

TOPODATA altimetric model. 

These results highlight the importance of 

considering altimetric dependence when 

evaluating the accuracy of digital elevation 

models in areas with more pronounced 

topographic variations. 
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Figure 6 - Analysis of altimetric differences between GNSS-RTK and TOPODATA data by elevation 

range 

 
Source: The authors, 2025. 

 

The distribution of altimetric differences 

between data obtained by GNSS-RTK and the 

TOPODATA model is presented in Figure 7. The 

histogram with density curve (left) reveals that 

discrepancies are concentrated mainly around a 

mean of 3.15m and median of 3.21m, evidencing 

an approximately symmetric distribution, but 

with slight negative skewness. Despite the 

proximity between mean and median, the 

presence of extreme values indicates a tendency 

toward leptokurtosis. 

The Q-Q Plot (right) confirms this 

observation by demonstrating that, although 

most values follow the expected normal 

distribution, there are significant deviations in 

the distribution tails. Such deviations suggest 

the presence of outliers and violation of the 

normality assumption, which justifies the 

adoption of non-parametric statistical tests in 

subsequent analyses. These results reinforce 

that, although the distribution of altimetric 

differences is relatively centered, it cannot be 

considered rigorously normal. 

Figure 7 - Distribution of altimetric differences and normality 

Source: The authors, 2025.
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The analysis of the spatial structure of 

altimetric differences was performed through 

experimental semivariograms (Figure 8). The 

semivariogram of differences (left side of Figure 

8) revealed increased semivariance with 

distance, indicating positive spatial dependence. 

The residual semivariogram (right), on the other 

hand, presented stationary behavior, suggesting 

absence of significant spatial autocorrelation, 

the remaining variations are random, and the 

main spatial patterns were captured by the 

model. 

 

Figure 8 - Experimental semivariograms 

Source: The authors, 2025. 

 

From Figure 9, which presents the spatial 

distribution of altimetric differences between 

RTK data and the TOPODATA model (left), as 

well as the detection of spatial outliers (right), a 

clear spatial structure is observed in the 

discrepancies, with clusters of higher values 

concentrated in specific regions, especially in 

the southwestern portion of the study area. On 

the other hand, areas with smaller or negative 

differences are located predominantly in the 

northeastern part of the spatial domain. 

 

Figure 9 - Spatial distribution of altimetric differences between data 

 
Source: The authors, 2025. 

 

Spatial outlier analysis reveals that errors 

are not randomly distributed but occur 

preferentially in transition zones or areas of 

greater local variability, indicating the presence 

of pronounced localized inconsistencies. 

The results evidenced systematic altimetric 

discrepancies between the TOPODATA model 

and GNSS-RTK data, with more pronounced 

underestimation in elevated areas. This 

behavior, widely reported in the literature, is 

related to the limited low spatial resolution of 
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radar-derived DEMs, which tend to smooth 

abrupt features and reduce accuracy in complex 

terrains (Chang; Tsai, 1991). This effect can 

affect hydrological simulations, although 

impacts vary: some studies indicate 

underestimation of flow peaks in high-

resolution models (Goldstein et al., 2016), while 

others observed stability in water balance, 

except at very coarse resolutions (Bormann, 

2006). 

In the present study, mean errors (MBE = 

3.15 m; RMSE = 4.33 m) corroborate such 

limitations, reinforcing that moderate-

resolution models are inadequate for microscale 

analyses. These findings, analogous to 

international research, emphasize the risks of 

indiscriminate use of radar-derived DEMs in 

complex terrains and point to the need for 

calibration, systematic corrections, or adoption 

of hybrid models. 

 

 

CONCLUSION 

 

 

This study evidenced that the use of the 

TOPODATA model in microscale analyses, such 

as in the investigated area, generates 

systematic and spatially correlated errors that 

exceed simple point altimetric imprecisions. The 

results point to a consistent underestimation 

bias (MBE = 3.15 m), which intensifies in higher 

altitude regions, revealing altimetric 

dependence of the error. More relevant than the 

magnitude of absolute error (RMSE = 4.33 m) is 

the practical absence of correlation (Spearman's 

ρ ≈ -0.08) between TOPODATA and GNSS-RTK 

altitudes, indicating that the model cannot 

faithfully reproduce the variability and 

structure of relief. This limitation is reinforced 

by excessive terrain smoothing, resulting from 

its 30 m spatial resolution, which eliminates 

features that promote homogenization of the 

topographic surface and eliminates critical local 

relief features. 

Such constraints call into question 

TOPODATA's applicability for purposes 

demanding high geometric precision or 

sensitivity to topographic dynamics. In the 

context of Engineering and Urban Planning 

(SDG 11), cut and fill calculations, drainage 

projects, and risk mapping can be seriously 

compromised. In Precision Agriculture (SDG 2), 

practices such as irrigation management and 

localized input application, which depend on 

detailed understanding of water flow, tend to be 

compromised by the model's limited spatial and 

vertical resolution. Similarly, in Environmental 

Modeling (SDG 13 and 15), low accuracy 

compromises the representation of drainage 

networks and slopes, potentially leading to 

underestimation of flow peaks or erroneous 

delineation of preservation areas. 

Therefore, although TOPODATA maintains 

its utility for regional syntheses and 

macroscales, its use at local scale must be 

preceded by an important caveat. The presented 

results dialogue with the SDGs not only through 

direct mention but especially by warning about 

the risks of uncritical use of public 

geoinformation databases in decision-making 

(SDG 9). The solution does not lie in abandoning 

remote sensing but in adopting hybrid 

methodologies that integrate field validation 

and calibration of global models from high-

precision geodetic data, in order to correct the 

identified systematic biases. Such an approach 

represents the most consistent path to meet 

technical demands and effectively contribute to 

the fulfillment of the SDGs. 
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