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Abstract: The aim of this paper is to evaluate the usefulness of TanDEM-X DEM (digital elevation
model) for remote geomorphological analysis in Argentinian Patagonia. The use of a DEM with
appropriate resolution and coverage might be very helpful and advantageous in vast and hardly
accessible areas. TanDEM-X DEM could represent an unprecedented opportunity to identify
geomorphological features because of its global coverage, ~12 m spatial resolution and low cost.
In this regard, we assessed the vertical accuracy of TanDEM-X DEM through comparison with
Differential Global Positioning System (DGPS) datasets collected in two areas of the Patagonia Region
during a field survey; we then investigated different types of landforms by creating the elevation
profiles. The comparison indicates a high agreement between TanDEM-X DEM and reference values,
with a mean absolute vertical error (MAE) of 0.53 m, and a root mean squared error (RMSE) of
0.73 m. The results of landform analysis show an appropriate spatial resolution to detect different
features such as beach ridges, which are impossible to delineate with other lower resolution DEMs.
For these reasons, TanDEM-X DEM constitutes a useful tool for detailed geomorphological analyses
in Argentinian Patagonia.
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1. Introduction

Various scientific papers have investigated the role of digital elevation models (DEMs), spatial
resolution and quality in geological studies. For example, DEMs have been used for hydrological
simulation [1], geomorphological studies in glacial and periglacial environments [2], fluvial environments [3],
volcanic areas [4–6], archeological contexts [7–10], landslide analyses [11,12] and recognition of active
tectonic deformation [13].

The spatial resolution of a DEM can strongly affect the results of a specific research. Light detection
and ranging (LiDAR) data have been successfully used in different geomorphological contexts thanks
to their very high spatial resolution, but they are usually very expensive. LiDAR is not available
everywhere and its new acquisition is expensive and time-consuming. By contrast, the free-of-charge
Shuttle radar topography mission (SRTM) DEM can be used to cover very wide areas, despite the
limited usefulness caused by its low spatial resolution.

The study of past sea-level changes in coastal areas based on morphological evidences can benefit
from the use of DEMs. Ancient shorelines can be recognized and measured in order to achieve
significant information about sea-level and climate changes. Geomorphological features such as beach
ridges, littoral terraces, valley-mouth terraces, notches, shore-platforms are common features along
the Argentinian Patagonia coasts [14–19]. Their elevations are the result of the interplay between
tectonic uplift, glacioisostatic rebound and eustatic rise. However, an accurate measurement of the
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elevation of these features above sea-level by a Differential Global Positioning System (DGPS) has
been rarely performed [20,21]. Most previous data sets have been referred only to the local mean
high-tide e.g., [15,17,18], so as to make correlations in a global setting difficult to perform. Given
their dimensions, beach ridges can be easily mapped using a digital elevation model characterized by
a proper spatial resolution, but their extension (several km) along the coast requires a DEM with wide
coverage. The SRTM DEM cannot be used because of its low resolution with respect to the average
dimensions of these morphological features.

A correct estimation of elevation above sea-level of these deposits acquires great significance,
since elevation is the basis for past sea-level reconstructions. So far, the elevation of these deposits
(mainly beach ridges and marine terraces) has only been measured directly in the field because the
remote-sensing data available were considered unreliable. However, some coastal areas along the
Patagonian coast are hardly accessible and this makes it difficult to obtain data from part of this
territory; moreover, when possible, the activity of measuring the elevation directly on the field is
always time-consuming and expensive in terms of resources.

In addition to the beach ridges, which represent one of the most studied paleo sea-level indicators,
a more complete framework of sea-level variation can be obtained by mapping and studying other
geomorphological features such as marine terraces or other characteristic elements of this region,
or hypersaline lagoon deposits locally known as “salitrales”: these are depressed areas that are remnants
of old coastal lagoons formed in dry evaporative environments [22]. Other significant data related to
paleo landscape changes can derive from the study of fans and fluvial terraces. The identification of
salitrales, alluvial fans and fluvial and marine terraces can also benefit from a DEM characterized by
an appropriate spatial resolution.

In Patagonia (Argentina, South America), most of the geomorphological features that can be used
to reconstruct sea-level variation are scattered over a very wide area. The launch of the TanDEM-X
DEM (TDX-DEM) product represents an unprecedented opportunity to map geomorphological features
impossible to be mapped by SRTM DEM, given its higher resolution, global coverage and low cost.

The usefulness of TDX-DEM has been evaluated in different geomorphological settings.
For example, Pipaud et al. [23] used TDX-DEM in mountainous areas of Tibet to detect and interpret
landforms by comparing the results obtained with Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) and SRTM DEMs. The authors concluded that landforms smaller than
30 m can be detected and that TDX-DEM is widely superior to ASTER and SRTM. Erasmi et al. [24] used
TDX-DEM to detect archeological features in the Seyhan river valley (Turkey), on the basis of their
heights. Also in this case TDX-DEM performance is superior to that of ASTER and of SRTM DEMs,
but heights measured by TDX-DEM introduce a relevant error along the coastline when compared
to the Real Time Kinematic (RTK)-GPS field survey. Avtar et al [25] compared TDX-DEM with
SRTM and ASTER in the urban area of Tokyo. Although their results confirm that TDX-DEM shows
considerably lower root mean squared errors (RMSEs) than the existing global DEMs, TDX-DEM
is characterized by a high elevation error for urban and vegetated areas. A similar problem was
encountered by Rizzoli et al. [26] in highly vegetated areas affected by strong volume decorrelation
phenomena. Wessel et al. [27] assessed the vertical accuracy of TDX-DEM at global scale by using three
million globally distributed GPS points. This achievement confirmed the outstanding performance of
TDX-DEM with an increase in RMSE in urban and highly vegetated areas. According to the literature,
the performance of TDX-DEM is undoubtedly superior to that of ASTER and SRTM, despite the
increased error in urban and vegetated areas.

Our study investigates the usefulness of TDX-DEM in a flat coastal area of Patagonia (Argentina),
where the vegetation cover is very limited. The aim was to understand whether TDX-DEMs are able to
detect peculiar geomorphological features that will be used to reconstruct past sea levels.

We compared the values inferred with the ~12 m of spatial resolution TDX-DEM with those
measured by using a DGPS station along six transects perpendicular to the coasts (Figure 1) to evaluate
the usefulness of the ~12 m resolution of TDX-DEM in the geomorphological analysis conducted
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in Patagonia. To pursue this goal, we assessed the vertical accuracy of TDX-DEM, we located areas
with large discrepancies, andthen we investigated different types of landforms in the study areas or
nearby regions.

2. Study Areas

This work is concentrated on two river mouth areas of the Patagonian region (Figure 1). The selected
areas are centred in the villages of Puerto Deseado (area 1) and Puerto San Julian (area 2), located at 47◦46′ S;
65◦50′ W ca. and 49◦16′ S; 67◦40′ W ca., respectively. These areas are characterized by a similar geological
and geomorphological context and have long been studied by several authors [15,28], owing to the
presence of extraordinary series of Quaternary marine deposits investigated since the mid-19th century [29].
In addition to the well-known marine deposits, the areas of study included Quaternary continental
deposits (e.g., alluvial fans, fluvial terraces) and transitional deposits (e.g., salitrales) [14].

Both areas are located in the geological province of the Deseado Massif [30], mainly characterized
by calc-alkaline and peraluminous rhyolites, with some dacitic members [31,32]. The rocky substratum
dominates the inner landscape, while the coastal landscape and the lower part of the river mouths
mostly concern marine deposits of paramount importance for the study of sea-level and climate
changes. The selected areas are characterized by a mixed macro-tidal regime with a tidal range of
4-6m. Exposure to oceanic waves creates a very energetic environment, triggered by a cyclonic activity
mainly operating over the south [33].

Figure 1. (a) Location of the study areas (Sentinel 2, Google Earth); (b) classified digital elevation model
(DEM) based on TDX-DEM for each area. The red lines indicate the profiles studied, while the black
lines divide the land from the water bodies. The black lines also indicate the coastline.

3. Methodology

3.1. Elevation Dataset

3.1.1. Global Positioning System (GPS) Dataset

The GPS dataset consists of 2217 points divided into 6 topographic profiles: Cabocurioso 1 (1282
points), Cabocurioso 2 (211 points) and Playa La Mina (74 points) located in area 2 (Puerto San Julian
Village); Deseado North (279 points), Deseado Cuevas (307 points) and Ria Deseado (64) located
in area 1 (Puerto Deseado Village). The GPS points were collected during a field survey conducted
in January/February 2016. These profiles were obtained near the shore and the end of the profile
represents the sea-level at the time of measurement. GPS was used to measure ellipsoidal heights
showing a difference of about 11.634m with respect to the orthometric heights in the study area.
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The GPS equipment was a Trimble R10 DGPS (Differential Global Position System). The data were
acquired by the WGS84 Geographic Coordinate System (maximum error in the elevation of acquired
points was 10 cm).

3.1.2. TanDEM-X Digital Elevation Model (DEM)

TDX-DEM is a global digital elevation model of the Earth’s land masses. TDX-DEM was generated
during the TanDEM-X mission by TanDEM-X, a spaceborne radar interferometer based on two
TerraSAR-X radar satellites flying in close formation [34]. The global DEM acquisition phase took
four years, from December 2010 to January 2015, and the final products were the result of multiple
TanDEM-X DEM acquisitions. The horizontal and vertical datum is WGS84 in its newest realization
(WGS84-G1150). For the study areas, the spatial resolution is 0.4 arcseconds, which corresponds to
12.37 meters. All products are distributed in 1◦ × 1◦ tiles.

Two tiles were used for the comparison: TDM1_DEM__04_S48W066_DEM and TDM1_DEM__
04_S50W068_DEM. The acquired SAR data had already been processed as described in Wessel [35].
Other DEM products were provided along with TDX-DEM, including the height error map (HEM).
For each DEM pixel the HEM values represent the corresponding height error in the form of standard
deviation. The value is derived from interferometric coherence and from geometrical considerations [35].
This value was taken into account for the comparisons.

Table 1 summarizes the characteristics of the elevation datasets analyzed.

Table 1. Characteristics of the elevation datasets analyzed in this study.

Data Spatial
Resolution (m)

Horizontal
Datum

Vertical
Datum

Absolute
Horizontal
Accuracy
CE90 (m)

Absolute
Vertical

Accuracy
LE90 (cm)

Date of
Procurement

GPS points - WGS84 WGS84 - <10 Jan–Feb 2016

TDX-DEM 0.4” (~12) WGS84
(G1150)

WGS84
(G1150) <10 <10 Mar 2017

3.2. Vertical Accuracy Assessment

Accuracy is the closeness of observation to a correct value or to a standard [36]. By assuming GPS
measurements as reference values, absolute vertical accuracy assessment of TDX-DEM was performed
comparing its elevation values with GPS elevations at each GPS point location.

Data preparation was performed through the free and open-source QGIS software. GPS and
TDX-DEM datasets have the same vertical datum (WGS84), so that no reprojection was performed.
TDX-DEM elevation values were extracted at the GPS measurement locations using the SAGA tool
“Add raster values to point”. In order to plot the elevation with the distance, a broken line among the
points was constructed and the length of each sector was calculated.

The TDX-DEM error was computed by subtracting the GPS data from TDX-DEM elevation at each
GPS point location. Statistical analysis was performed in terms of mean error (ME), mean absolute
error (MAE), and RMSE obtained from the Equations (1)–(3). ME tells us whether sets of measurements
consistently underestimate (negative ME) or overestimate (positive ME) the true value. Both MAE and
RMSE exhibit on average to what extent the observed values differ from the assumed true values [37].
The difference is that RMSE gives a relatively high weight to large errors because these are squared
before they are averaged. Therefore, RMSE is useful when large errors are particularly undesirable [38],
as in this case. In addition to RMSE, the linear error was also calculated with 90% confidence level
(LE90). If the elevation differences between the TDX-DEM and the reference values follow a normal
distribution, LE90 can be calculated directly from the RMSE by using Equation (4) [36].

The equations are as follows:

ME = 1/n
∑

n
i=1 (Z*

i - Zi) (1)
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MAE = 1/n
∑

n
i=1 |Z*

i - Zi| (2)

RMSE =
√ 1/n

∑
n

i=1 (Z*
i - Zi)2 (3)

LE90 = 1.645 * RMSE (4)

where: Z*= modeled DEM value (TanDEM-X elevations) (1)

Z = reference height (GPS elevations)

The level of agreement between TDX-DEM elevation values and reference data is also evaluated
in terms of linear regression (LR). A statistical analysis was performed without the outliers that were
identified by applying a threshold. The threshold was selected as three times the mean RMSE value,
derived from a preliminary calculation of profile accuracy measures [39].

The height error values obtained by HEM were used to calculate the percentage of GPS points
included in the height error range and to represent the TDX-DEM profile, which is described as a strip
obtained from TDX-DEM values ± height error values for each point.

3.3. Landform Analysis

Vertical accuracy assessment was designed to evaluate the usefulness of TDX-DEM in
geomorphological studies carried out especially near the coast. For this reason we also identified some
landforms of interest present in the study areas or nearby regions by means of optical satellite imagery
(Sentinel 2, Google Earth), and we verified whether they were highlighted in the TDX-DEM by making
an elevation profile. The landforms considered were: alluvial fans, fluvial terraces, marine terraces,
beach ridges and salitrales.

4. Results

Figures 2a, 3a, 4a, 5a, 6a and 7a shows the GPS and TDX-DEM datasets. The length of the profiles
is different and varies from a minimum of 120 m (Ria Deseado) to a maximum of 4800 m (Cabocurioso
1). The TDX-DEM spatial resolution of ~12 m is highlighted in the shorter profiles. For all analyzed
GPS datasets, the elevation is included in the range 10–50 m. On average, about 38% of GPS points
fall within the height error range provided for TDX-DEM, indicating a good correlation between
the datasets. However, some profiles (Cabocurioso 1, Deseado Cuevas and Ria Deseado) display
discrepancies in the final part, very close to the shoreline. In this area the TDX-DEM has higher
variability and height error than the rest of the profile.

The histograms of error data (TDX-DEM elevation–GPS elevation) are plotted in Figures 2b, 3b,
4b, 5b, 6b and 7b and the statistics are reported in Table 2, which also indicates the number of outliers
eliminated for each profile. The histograms show a roughly normal distribution with a mean (ME)
between −0.56 and 0.12. The error dataset histograms are slightly skewed to the left, indicating that
TDX-DEM mainly underestimates the true value. The MAE is rather small and varies between 0.41 m
(Cabocurioso 1) and 0.78 m (Deseado Cuevas). RMSE is similar to MAE and reaches a maximum
of 1.05 m in Deseado Cuevas. The total amount of outliers is 36 points out of the 2217 GPS points
analyzed, which corresponds to 1.62% of the total. As expected, they are located in the profiles that
show discrepancies in the final part. The outliers are displayed in Figures 2c, 3c, 4c, 5c, 6c and 7c,
which shows residuals plotted across the GPS elevation values and which reports the threshold used.

LE90 is on average 1.19 m (Table 2), much lower than the value of 10 m reported in the TDX-DEM
product specification (Table 1). The level of agreement between the data is also pointed out by the
linear regression line equation (Equation LR) reported in Table 2. The slope of about 1 and the intercept
close to zero indicate a good fit between the data.

As regards landform analysis, satellite imagery and elevation profiles are reported in Figures 8–12.
All the variations in altitude of the landforms are detected with good precision. The larger landforms
are of course detected better than others, e.g., fluvial terraces are more delineated than beach ridges,
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which are represented by sharp shapes due to their average size close to the resolution of TDX-DEM.
Moreover, “salitral”, a depressed area characterized by marshes, is the only one that presents very
noisy height values.

Table 2. Statistics of differences between TDX-DEM elevation and GPS elevation for each profile.

n◦ outliers MIN (m) MAX (m) ME (m) MAE (m) RMSE (m) LE90% (m) Eq. LR

Cabocurioso 1 17 −2.19 1.16 −0.28 0.41 0.51 0.84 y = 0.993x −
0.140

Cabocurioso 2 / −2.10 0.77 −0.28 0.42 0.54 0.89 y = 1.004x −
0.372

Deseado
Cuevas 15 −3.38 2.40 −0.26 0.78 1.05 1.73 y = 0.968x −

0.483

Deseado Nord / −1.84 2.15 −0.15 0.44 0.57 0.94 y = 0.973x −
0.457

Playa La Mina / −2.10 0.76 −0.56 0.63 0.79 1.30 y = 0.964x −
0.174

Ria Deseado 4 −0.67 3.25 0.12 0.49 0.89 1.46 y = 0.619x +
5.90

All DGPS
points 36 −3.38 3.25 −0.24 0.53 0.73 1.19 y = 0.983x +

0.107

Figure 2. Results of vertical accuracy assessment of Cabocurioso 1: (a) terrain profiles; (b) histograms
of error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.

Figure 3. Results of vertical accuracy assessment of Cabocurioso 2: (a) terrain profiles; (b) histograms
of error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.
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Figure 4. Results of vertical accuracy assessment of Deseado Cuevas: (a) terrain profiles; (b) histograms
of error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.

Figure 5. Results of vertical accuracy assessment of Deseado Nord: (a) terrain profiles; (b) histograms
of error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.

Figure 6. Results of vertical accuracy assessment of Playa La Mina: (a) terrain profiles; (b) histograms
of error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.



Remote Sens. 2019, 11, 1767 8 of 13

Figure 7. Results of vertical accuracy assessment of Ria Deseado: (a) terrain profiles; (b) histograms of
error data (TDX-DEM elevation–GPS elevation) without outliers; (c) residual plots.

5. Discussion

The results concerning vertical accuracy assessment indicate that TDX-DEM has high vertical accuracy.
The analysis of the differences between the DGPS (2217 points) and the TDX-DEM elevations show a very
good fit, with an MAE of 0.53 m and an RMSE of 0.73 m. The 90% LE calculated in this study is 1.19 m.
These results are in agreement with those of other studies showing high accuracy of TDX-DEM and LE90 less
than the value of 10m reported in the product specification [23–27]; they also corroborate the greater vertical
accuracy of TDX-DEM compared to other currently available global elevation datasets [40–43]. RMSE
and LE90 obtained in this study result in being considerably lower than the values reported in the papers
cited above. The better performance of TDX-DEM in our sites probably depends on the morphological
features of the analyzed profiles. Indeed, slope and land cover are some of the factors that can affect the
accuracy of a DEM. Vertical errors are generally minor in areas with low slope and scarce vegetation [25,27].
The profiles analyzed in this study are characterized by a slope inferior to 10% and by rather sparse or
absent vegetation. The results obtained thus agree with previous studies according to which TDX-DEM
provides more accuracy in moderate and bare terrains [24–27].

The few outliers identified in the profiles are located along the shoreline. These aberrant values
are due to the presence of water and of tidal oscillation that make these areas inconsistent in the DEM
datasets. This is an issue of the radar-based products in which the specular reflections on flat areas
such as lakes or sea surfaces result in artefacts in the unwrapping phase [44]. The inconsistency of
these areas in the TDX-DEM are also highlighted in Figure 1b and in the “salitral” profile, which show
very noisy height values. In this respect, we must consider that morphological analyses conducted
near the shore could be affected by relevant errors.

Figure 8. Results of landform analysis of Alluvial fan: (a) satellite imagery; (b) elevation profile derived
from TDX-DEM along the section line.
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Figure 9. Results of landform analysis of Fluvial terrace: (a) satellite imagery; (b) elevation profile
derived from TDX-DEM along the section line.

Figure 10. Results of landform analysis of Marine terrace: (a) satellite imagery; (b) elevation profile
derived from TDX-DEM along the section line.

Figure 11. Results of landform analysis of Beach ridges: (a) satellite imagery; (b) elevation profile
derived from TDX-DEM along the section line.
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Figure 12. Results of landform analysis of Salitral: (a) satellite imagery; (b) elevation profile derived
from TDX-DEM along the section line.

However, in this study the extension of the area affected by aberrant values is rather small. Moreover,
DEM products provided along with TDX-DEM allow us to find areas with large error and inconsistency,
until they can be removed with the tools provided. In this case, some areas may not be suitable for
geomorphological analysis, or greater attention should be given to the results obtained. In any case,
the results of landform analyses show the usefulness of TDX-DEM, which can highlight all kinds of
geomorphological features, even those with smaller average size such as beach ridges. These are in fact
impossible to delineate with other DEMs with lower resolution, e.g., SRTM DEM. The high vertical accuracy
of TDX-DEM demonstrates that this product can be used not only to map geomorphological features but
also to infer their altitude, given the opportunity to use them in paleo-sea level variation studies.

Therefore, TDX-DEM constitutes a very good quality elevation dataset with global coverage,
higher resolution and vertical accuracy than other global elevation datasets available at a low cost and
therefore less expensive than LiDAR.

6. Conclusions

In this paper, we performed vertical accuracy assessment of TanDEM-X DEM in terms of absolute
elevation error in two coastal areas of the Argentinian Patagonia region. Our analysis showed a very
good quality DEM in strong agreement with reference values (DGPS datasets), high vertical accuracy
(MAE and RMSE for LE90 of 0.53 m and 1.19 m respectively), and appropriate spatial resolution to
detect landforms such as beach ridges, marine terraces, fluvial terraces, alluvial fans and “salitrals”
with good precision. The high accuracy calculated in our study was probably due to the terrain
features of the analyzed profiles located on low slopes and bare terrains. Less accuracy was detected
in tidal areas and in the presence of water, so that greater attention must be paid to geomorphological
analyses along the coast. However, the tools provided along with TanDEM-X DEM allowed us to
identify and to manage areas with inconsistent elevation values. Therefore, TanDEM-X DEM is a great
tool for geomorphological studies in the Argentinian Patagonia area and it constitutes an important
resource for analysis and mapping in broad and hardly accessible areas. Future research will be aimed
at mapping the morphology of this wide and poorly studied area through appropriate GIS tools for the
study of paleo landscapes and past sea-level changes driven by paleoclimatic variations.
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