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ABSTRACT: Relief characterization using a digital terrain model (DTM) is widely applied in 

erosion, soil and vegetation modeling. However, factors, such as acquisition technology and the 

spatial resolution of the digital model, affect modeling results. The aim of this study was to 

characterize noises in a DTM of the entire state of Santa Catarina recently made available through 

the state’s Sustainable Economic Development Secretary and to evaluate different methods of 

interpolation and smoothing of the original 1 m resolution to a new digital model with a spatial 

resolution of 15 m. Using the SAGA GIS program, spurious data that appeared as peaks and sinks 

were removed from the digital model. Of five processing procedures, the following three were used 

for smoothing: a Gaussian filter, a Lee filter, and mesh denoising. The remaining two were for 

interpolation: nearest-neighbor, and ordinary kriging. Altimetric reference data were collected in the 

study area of 11,597 km² with two dual-frequency GPS RTK receivers located in the Celso Ramos 

community in the municipality of Frei Rogério (SC). The root mean square error showed that the 

documented values of the aerial survey report were consistent with the findings of this study. 

However, the GPS RTK data showed a difference of 1.07 m compared with the original DTM with 

1 m spatial resolution. There were pixels with peaks and sinks in the digital model of the Santa 

Catarina State. 

 

KEYWORDS: digital elevation model, geomorphometry, slope, digital soil mapping, aerial 

imagery. 

 

 

INTRODUCTION 

The processing of a digital terrain model (DTM) that applies geomorphometrics (HENGL & 

REUTER, 2008) in a geographic information system (GIS) facilitates the generation of primary 

(e.g., slope and aspect) and secondary (e.g., profile and planar curvatures) topographic attributes. 

Studies have shown the potential of topographic attributes for environmental modeling (MINELLA 

& MERTEN, 2012), land cover identification (LAMPARELLI et al., 2011) and soil class and 

properties prediction (TEN CATEN et al., 2011; SAMUEL-ROSA et al., 2013). However, the value 

assumed by a topographic attribute is a function of the selected algorithm for DTM processing 

(KOPECKÝ & ČÍŽKOVÁ, 2010). In addition, the various topographic attributes are affected by the 

spatial resolution of the DTM used to generate them (SØRENSEN & SEIBERT, 2007) and by the 

DTM production source (GUEDES & SILVA et al., 2012).   

Technological development has facilitated the emergence of an increasing range of 

technologies that generate information that enables the characterization of a landscape relief. In 

recent years, several studies have been conducted with data from the Shuttle Radar Topography 

Mission (SRTM) (TEN CATEN et al., 2011; VALERIANO & ROSSETTI, 2011). Another data 

source has been the DTM derived from ASTER imagery (CHAGAS et al., 2010; LAMPARELLI et 

al., 2011). Other studies have produced DTMs from interpolating topographic contour curves 

(CHAGAS et al. (2010); BARBOSA et al. (2012); PINHEIRO et al. (2012) or from light detection 

and ranging (LIDAR) data (ZHANG et al., 2008). 
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Spatial resolution and the DTM data source have a substantial impact on derived topographic 

attributes and their subsequent application (ZHANG et al., 2008). A study by KIENZLE (2004) 

demonstrated that a DTM derived from a small landscape sampling density has limited application 

to environmental and hydrologic modeling. The same author also showed that terrain attributes, 

such as elevation, slope and the planar and profile curvatures, exhibit significant variation at 

different spatial resolutions. According to author, slope is not well characterized by a DTM with a 

spatial resolution smaller than 25 m, and profile curvature values are underestimated in a DTM of 

lower spatial resolution. Furthermore, the importance of using a DTM with a spatial resolution of at 

least 20 m increases from a primary to a secondary and finally to a compound topographic attribute. 

For applications related to crop-harvesting maps, ERSKINE et al. (2007), in a study with relief 

amplitudes up to 21 m, recommend applying a pixel size of 30 m. However, the authors stress that 

the pixel size is a function of the DTM’s application. 

In a study by ZHANG et al. (2008), the application of a DTM produced by LIDAR with a 

spatial resolution of 10 m facilitated a positive association between data volume and predictive 

power in sediment-yield modeling in two watersheds of 110 and 176 hectares. These authors also 

showed that data obtained using a LIDAR technique, with a resolution of 30 m, produced 

unsatisfactory results. The authors also confirmed that SRTM data interpolated to 30 m are 

ineffective in modeling sediment yield. 

In 2009, the Secretary of State for Economic and Sustainable Development (SDS) of Santa 

Catarina State through held a public bidding to hire an aerial survey service. Among the data 

collected at that time was a DTM available in a spatial resolution of 1 m for the entire state, a total 

of 97,037 square kilometers (SDS, 2012). In this context, the objective of this study was to conduct 

a quality check of the data in this DTM and to evaluate procedures for the interpolation and 

smoothing of the original DTM to a new spatial resolution of 15 m. 

 

MATERIAL AND METHODS 

The area selected for the study is located in the Celso Ramos community of the municipality 

of Frei Rogério. Frei Rogério is in the Serrana region of Santa Catarina, near the state center (Figure 

1). The DTM for this study has an area of 11.597 km², with a spatial resolution of 1 m. The relief of 

the study area is characterized by gentle rolling hills, with an elevation that ranges between 810 and 

945 m. 

Geomorphometric data processing was performed using SAGA GIS 2.1.0 software 

(BÖHNER et al., 2014). The DTM, which had a spatial resolution of 1 m, was imported into the 

software, and analyses were performed to detect and treat spurious data (i.e., outliers), such as 

pixels surrounded by other pixels of much lower values (i.e., peaks or spikes). Corrections of these 

pixels in the DTM were performed using the DTM Filter algorithm in SAGA GIS, with a search 

radius of three pixels and a maximum allowable slope of 45%. In addition, the DTM was searched 

for pixels surrounded by much higher values (i.e., sinks or spurious depressions). The latter were 

corrected using the Fill Sinks algorithm, as described by HENGL & REUTER (2008). 
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FIGURE 1. Location of the study area in Brazil and Santa Catarina. Dashed lines indicate the 

position of the drainage system. Solid lines indicate contour lines with elevation 

values in meters. White dots indicate the 70 points used to verify the DTM with GPS 

RTK. Coordinates in UTM projection zone 22 / SIRGAS 2000. 

 

Five procedures for DTM processing were evaluated. The following three procedures were 

used for smoothing: a Gaussian filter (BÖHNER et al., 2014), a Lee filter (LEE, 1980), and mesh 

smoothing (STEVENSON et al., 2010). The remaining two procedures were used for interpolation: 

nearest-neighbor, and ordinary kriging (WALTER et al., 2001). The kriging was performed using 

Vesper 1.6 software (WALTER et al., 2001). The other four procedures were performed using 

SAGA GIS 2.1.0. All analyzed DTMs had spatial resolutions of 15 m. This value was selected 

based on results previously discussed in ZHANG et al. (2008) and KIENZLE (2004). That is, this 

spatial resolution was deemed an appropriate value for future studies, because it does not require 

processing an excess of data in a DTM of higher spatial resolution (<15 m), or cause information in 

a DTM with much lower resolution (30 or 60 m) to be lost. 

For smoothing with the Gaussian filter, the Lee filter and mesh, the DTM previously 

generated by the nearest-neighbor method was used, with a spatial resolution of 15 m. Smoothing 

with the Lee filter and mesh were used in their standard configurations in SAGA GIS 2.1.0. 

Smoothing with the Gaussian filter was conducted considering a window of 3 by 3 pixels. The 

interpolation by ordinary kriging used the original DTM of 1 m as the input data after removing 

spikes and sinks in a block of 15 m (i.e., block kriging). The adopted semivariogram was 
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exponential, with a nugget effect of 36.21 m, a sill of 1996.2 m and a range of 2692.5 m. The 

variation in the data was defined by Vesper 1.6 as isotropic. 

To quantitatively compare the variations in the landscape and how they were represented in 

each DTM of 1 and 15 m, a field campaign was performed to collect the elevation of 70 points in 

the study area. The elevations were collected using two GPS instruments (Topcon Hiper GGD; 

model Lite Plus) with dual-frequency receivers in a real-time kinematic (RTK) configuration. The 

application of GPS RTK has proven effective as a fast, precise method to collect reference data for 

studies that investigate terrain elevation (FARAH et al., 2008; KIZIL & TISOR, 2011). One GPS 

unit (termed Base) was installed near the center of the study area, and the other (termed Rover) was 

carried throughout the study area to a maximum distance of 2 km from the Base. The elevation of 

the Base receiver was determined as being the same as that of the corresponding pixel in the 

original 1 m DTM. Thus, considering the small size of the study area, the ellipsoidal GPS elevation 

could be used as reference to characterize the local relief. In the RTK mode, the GPS Rover was set 

to collect latitude, longitude and elevation using the fixed solution of ambiguities, with a collection 

of three epochs in each of the sampled points. 

The elevation data collected in the field campaign were tabulated for the quantitative analysis 

of the DTM. Each of the five procedures tested was assessed by comparing the descriptive statistics 

of (i) the elevation values of the different DTMs, (ii) the differences between the original DTM and 

the DTM of 15 m resolution, and (iii) the differences between the elevation according to GPS RTK 

and each DTM. The descriptive statistical parameters were minimum, maximum, mean, standard 

deviation, root of the mean square error (RMSE), skewness and kurtosis. The statistical data 

processing was performed using the R programming language (R DEVELOPMENT CORE TEAM, 

2014). 

 

RESULTS AND DISCUSSION 

Noise in the DTM 

The observation of the data contained in the original 1 m DTM enables the visualization of 

the noise that is present in the form of spikes and depressions (Figure 2A). It can be observed in 

Figure 2B that noise in the form of peaks is linked to the edges of ponds. Additionally, noise in the 

form of depressions is linked to abrupt differences between the digital surface model (DSM) and the 

derived DTM (Figures 2A and 2B). The DSM is a mathematical representation of the three-

dimensional spatial distribution of the physical surface variations on Earth and describes the 

topography together with all aboveground elements, such as trees and buildings (SDS, 2012). 

According to the aerial survey report, the DSM was generated by an automatic measurement 

technique from correspondence points between aerial stereo pairs using a technique known as 

epipolar geometry (SDS, 2012). This digital correlation technique reduces the search space for 

corresponding points on adjacent images in epipolar lines. In turn, these lines are calculated based 

on image geometry and orientation in the object space. After the creation of the DSM, the DTM 

extraction was performed according to the following procedure: i) visual inspection of DTM 

features (e.g., buildings and vegetation), ii) creation of filtering masks, iii) application of masks to 

remove and smooth points in the DTM, and iv) replacement of eliminated / smoothed points by 

measured points. Then, the DTM was generated in the form of a triangulated irregular network 

(TIN) using Inpho software (SDS 2012). 

Thus, it could be verified that the method used to derive the DTM from the DSM did not 

produce a model free of artificial depressions (i.e., noise). It can be observed in Figure 2 that sudden 

elevation changes at certain sites, such as wood clearings and buildings, resulted in noise in the 

original 1 m DTM and thus generated depressions that do not correspond to the actual relief 

characteristics. Digital correlation using the epipolar geometry technique is sensitive to errors in the 

orientation of the stereo pairs that result from aerial triangulation (EGELS & KASSER, 2001). 

Overall, the procedure for DTM derivation from the DSM may be impossible to perform without 

adding noise to the final digital model. After identifying noise in the form of peaks and sinks, 
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further investigations should be conducted to improve the understanding of the origins of such 

noise, particularly in other regions of the DTM of Santa Catarina State with its total of 97,037 km².  

 

 

FIGURE 2. Presence of spurious data in the form of spikes and sinks: (A) the location of noise in a 

DTM extract; the continuous line represents a transect 'a-b' for analysis in (C); (B) 

causes of spurious data in (A); (C) schematic representation of a transect 'a-b' DTM 

before and after correction; (D) DTM corrected by removing the effects of spikes and 

sinks. 

 

Visual analysis of Figures 2C and 2D reveals the effect of applying the spurious-data 

correction techniques used in this study. The DTM Filter algorithm of SAGA GIS 2.1.0 facilitated 

the identification of a pixel surrounded by other pixels of much lower values and its elimination 

from the DTM. This technique is based on VOSSELMAN (2000), who states that it is unlikely that 

an abrupt change in elevation between two neighboring pixels is due to the presence of a cliff or 

steep slopes. Similarly, a pixel completely surrounded by a group of much higher pixel values was 

corrected using the Fill Sinks algorithm. This technique not only fills the depressions but also 

preserves the flow direction between pixels toward smaller elevations. Thus, a minimum relief 

gradient is maintained between the pixels when the Fill Sinks algorithm is applied (WANG & LIU, 

2006). 

Applying both pre-processing techniques in the DTM resulted in a more coherent relief model 

that conformed to actual landscape features without the sudden elevations (peaks) or pixels that 

represent sinks on the DTM. According to PINHEIRO et al. (2012), a DTM should be 
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hydrologically consistent so it can be used in modeling phenomena that depend on water movement 

through the landscape, such as in wetlands, oxidation and reduction zones as well as removal and 

deposition spots. 

Quantitative analysis of the DTM used in the study 

In this study, five procedures were applied to evaluate the effects of disintegrating (i.e., 

downscaling) the original DTM with a spatial resolution of 1 m into a coarser one of 15 m (Table 

1). The descriptive statistics of the original DTM and the five generated DTMs reveal that the 

models share similar characteristics, such as the lowest and highest points represented in each of the 

relief models. The range between the lowest and highest points ranged from 171.02 m in the DTM 

generated using the Lee filter to 171.52 m in the original DTM. The data distribution statistics 

indicated that all digital models for the study area have a symmetrical distribution of elevation 

values close to the normal, with a moderate value from 0.52 to 0.54 for asymmetry. Regarding the 

shape of the distribution, the kurtosis values (between 0.52 and 0.54) indicated that the elevation 

values in the study area are close to the normal distribution, with a curve with mesokurtic 

characteristics (the values are not included in Table 1). 

The comparison between the original DTM and each of the five generated DTMs reveals 

slight differences between these relief models (Table 1). The largest differences can be observed in 

the nearest-neighbor DTM, which reach a range of 16.45 m. This interpolation procedure does not 

evaluate surrounding pixels and only samples (for the new DTM of 15 m) the closest pixel value in 

the DTM of 1 m. Therefore, in certain locations, the nearest-neighbor procedure highlights the 

differences between the DTMs. However, the lower amplitude differences between the resampled 

and the original DTMs are apparent in the Gaussian filter procedure, with a value of 13.62 m, and 

exhibited a smaller standard deviation of 1.25 m. This procedure applies a smoothing operator in a 

window of 3 x 3 pixels. Thus, the pixel value in the new DTM is an average value that is 

contextualized from the values of neighboring pixels. 

 

TABLE 1. Descriptive statistics for the analyzed DTM (values in meters). 

Statistics for the original 1 m DTM and the five procedures used in the study 

DTM Minimum Mean Maximum Range Standard deviation  

Original1 805.07 868.48 976.59 171.52 31.25  

NearNei2 805.07 868.70 976.58 171.51 31.28  

LeeFilter2 805.10 868.61 976.12 171.02 31.20  

MeshSmo2 805.08 868.70 976.50 171.42 31.24  

GausFilter2 805.14 868.70 976.27 171.13 31.18  

OrdKrig2 805.08 868.47 976.24 171.16 31.12  

Statistics for the differences between the original 1 m DTM and each other DTM (15 m) 

DTM Minimum Mean Maximum Range Standard deviation  

NearNei -9.29 0.22 7.16 16.45 1.21  

LeeFilter -9.29 0.13 6.87 16.16 1.22  

MeshSmo -7.58 0.22 6.86 14.44 1.36  

GausFilter -6.48 0.22 7.14 13.62 1.25  

OrdKrig -9.15 -0.01 6.93 16.08 1.53  

Statistics for the differences between the elevation obtained by GPS RTK and each DTM 

DTM Minimum Mean Maximum Range Standard deviation RMSE 

Original -4.95 0.05 3.51 8.46 1.08 1.07 

NearNei -6.20 0.09 3.38 9.58 1.42 1.41 

LeeFilter -5.30 -0.24 3.20 8.51 1.55 1.56 

MeshSmo -5.81 0.06 3.24 9.06 1.44 1.43 

GausFilter -5.33 0.05 3.33 8.67 1.45 1.44 

OrdKrig -4.55 -0.24 3.53 8.09 1.68 1.68 
NearNei: nearest neighbor, LeeFilter: Lee filter, MeshSmo: mesh smoothing, GausFilter: Gaussian filter and OrdKrig: ordinary 

kriging. RMSE: root of the mean square error. ¹spatial resolution of 1 m. ²spatial resolution of 15 m. 
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The observation of standard deviation values (Table 1) in the five DTMs varied between 1.21 

and 1.53 m for the nearest-neighbor and kriging methods, respectively. Associated with the values 

discussed in the previous paragraph, these numbers indicate that the methods of interpolation and 

smoothing generally reproduced the information contained in the original 1 m DTM. However, 

occasional punctual differences of a few meters occurred. 

The differences between the GPS RTK data and the original DTM ranged from -4.95 to 3.51 

m, with an amplitude of 8.46 m (Table 1). The standard deviation of the differences between these 

two data sets was 1.08 m, and the RMSE was 1.07 m. These data are consistent with the results of 

the aerophotogrammetric flight report (SDS, 2012). However, the report does not mention the 

occurrence of punctual discrepancies in the original 1 m DTM or their origin, as indicated by data 

obtained using GPS RTK and in the DTM. In ERSKINE et al. (2007), in areas of up to 70 hectares 

with differences in elevation of 21 m, the authors concluded that due to the technique used for their 

generation the DTM errors are more significant than the interpolation procedure or the pixel size. 

Thus, this area is one in which future studies can increase our understanding of the effects of the 

techniques used to generate the SDS (2012) DTM. 

Among the evaluated DTMs, the largest differences in standard deviation and RMSE 

observed in ordinary kriging were 1.68 and 1.68 m, respectively. ERDOGAN (2009) concluded that 

the magnitude and distribution of errors in the interpolated DTM were associated with relief 

characteristics, sampling density and the applied interpolation algorithm. An interpolation of 24,000 

points, which was obtained by conventional leveling, ordinary kriging and cross validation, 

indicated RMSE values of 0.41 and 0.80 m for spatial resolutions of 10 and 20 m, respectively. For 

this author, ordinary kriging represents a disadvantage because of the time required to process large 

volumes of data. The efficiency of ordinary kriging is significantly more related to the quality of 

spatial variability modeling, which uses semivariogram adjustment, than the kriging method itself. 

The nearest-neighbor interpolation method generated a DTM with elevation values that were 

more similar to the local relief, which is indicated by the RMSE value of 1.41 m. This method 

simply sets the value of the new pixel (based on the original pixel value) closer to the center of this 

new spatial resolution. The adoption of the nearest-neighbor interpolation results in a fast approach 

but with a lower reproductive capacity with respect to the original DTM compared with the bilinear 

interpolation techniques and cubic convolution (WU et al., 2008). 

Spatial distribution of the differences between GPS RTK and the studied DTM 

Figure 3 shows the spatial distribution of the differences between each of the field-collected 

GPS RTK points and the studied DTM. The images made it possible to observe if there were any 

patterns in the distribution of differences between the field data and the DTM. Figure 3A shows that 

in the original 1 m DTM most points, particularly those located in Region B of the image, have a 

difference between -1.000 and 1.000 m compared to the field-collected elevations. Occasional 

differences from -4.954 to 3.514 m can also be observed (Table 1). 
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FIGURE 3. Spatial distribution of the differences between elevation values collected by GPS RTK 

and the five resampled DTMs: (A) original, (B) nearest neighbor, (C) Lee filter, (D) 

mesh smoothing, (E) Gaussian filter (F) ordinary kriging. 

 

As previously described, to generate the DTM from the DSM, a number of steps were applied 

to extract the influence of aboveground elements (e.g., trees and buildings). Figure 1 shows that the 

study area has many elements, such as trees, buildings and water ponds located in Region C of 

Figure 3A. The presence of these elements in the DSM influences the quality of the resulting 

elevation in the DTM. Region C of the study area has the largest number of discrepancies between 

the DTM and the field-collected data (Figures 3A to 3F). Therefore, in future proposals to assess 

and mitigate the noise in the SDS (2012) DTM, special attention should be paid to areas that present 

aboveground elements, such as forests and urban centers. 

Based on Figures 3B to 3F, a systematic distribution of the differences between the DTM and 

the GPS RTK-collected data did not occur. The differences were distributed throughout the study 

area, as shown by the values in Table 1. Thus, it is difficult to apply a systematic procedure to 

correct the spurious elevations in the original 1 m DTM. Additionally, the user of the information in 

the DTM should take into account that the model is not free of abrupt noise in the form of peaks and 

sinks. Even after DTM corrections, spurious elevations continued to exist in the numerical model in 

areas in which the relief is thus not precisely represented.   
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In future studies, quality verifications of the data presented in the SDS (2012) DTM, which is 

available for the entire state of Santa Catarina, should be expanded. It is important that these data in 

different spatial resolutions are implemented and evaluated as a basis for the derivation of primary, 

secondary and compound topographic attributes. The applicability of these attributes should be 

considered, for example, in environmental modeling, the prediction of soil properties, sediment 

production and with respect to the distribution of fauna and flora. It is also important to analyze the 

magnitude of uncertainties generated during environmental modeling due to the presence of errors 

in the DTM. Error propagation possibly due to noise in the SDS (2012) DTM should also be 

examined. 

 

CONCLUSIONS 

Noise in the form of sinks and spikes occurs in the DTM with a spatial resolution of 1 m in 

the study area. Data collected in a field campaign using GPS RTK technology indicated a RMSE of 

1.07 m in the DTM available for the tested area. 

Among the interpolation procedures, the nearest-neighbor approach generated a 15 m DTM 

with elevation values closer to those obtained in the field (RMSE of 1.41 m). Interpolation using 

ordinary kriging generated a DTM with the largest differences in relation to the data collected in the 

field (RMSE of 1.68 m) and demanded a longer processing time. Interpolation using a Gaussian 

filter, a Lee filter and mesh smoothing did not generate smaller RMSE values than the DTM 

interpolated using the nearest-neighbor method. 
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