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laks.ireneusz@gmail.com

2 Department of Land Improvement, Environmental Development and Geodesy, Poznan University of
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Abstract: This study compares four digital elevation models (DEMs), based on various data sources,
to define polder retention capacities. Two commercial and two publically available, free of charge
data sources were used. Commercial sources are DEMs based on aerial images and LIDAR (Light
Detection and Ranging) data. Free data source DEMs generated are based on: SRTM (Shuttle Radar
Topography Mission) and ASTER GDEM (ASTER Global Digital Elevation Model). In addition, the
impact of the spatial resolution of the numerical terrain model on the calculated polder volume was
evaluated. A DEM based on LIDAR data was used as the reference model and was supplemented
with our own geodetic GPS (Global Positioning System) measurements. In flood modeling and
management, including retention of river valleys and polders, it is necessary to properly estimate
their capacity and the relation between capacity and water level. The study showed the impact of
quantitative and qualitative data sources in determining the retention capacity of a polder.
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1. Introduction

Digital elevation models (DEMs) are often used to estimate the capacities of natural flood valleys
and polders, as well as flood threats [1–6]. The polders in Poland were created mainly in the valleys
of the largest rivers: Vistula, Oder and Warta. These polders are an important factor influencing
the transformation of a flood wave. During floods, polders are flooded in order to protect the cities
that are located along the river [7–11]. The accurate estimation of the polder volume is of particular
importance, and the water that is stored in its area correlates with the decreasing of the flood wave
and the mitigation of the threat of embankment breaks. After the flood, water is drained from the
polder back to the river via the weirs by means of gravitation or mechanically with pumps. Polders
are often intersected by channels and ditches to ensure the gravitational drainage of the excess water.
The restoration of proper water conditions in the polder areas is necessitated by the fact that, due
to their fertile soil, they are often used for agricultural purposes. The appropriate and accurate
modeling of a polder (e.g., its volume) is a precondition for the correct estimation of flow parameters
in the case of flooding. Numerical terrain models like DEMs are very useful for modeling polders.
The possible sources of these DEMs can be Interferometric Synthetic Aperture Radar (InSAR), like
SRTM (Shuttle Radar Topography Mission) or ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer), photogrammetric methods with space and aerial images, laser scanning using
airborne Light Detection and Ranging (LiDAR), and classical geodetic GPS surveys. In many countries,
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including Poland, LIDAR data are developed for medium-sized and large river basins. In the absence
of access to high-resolution data (e.g., LIDAR data), DEMs based on ASTER [12–14] or SRTM [15–17]
data can be used. Modeling of floodplains in the small scale in low-resolution, low-precision surface
elevation data is hardly possible [15]. In this case, the accuracy of the resulting map depends too much
on DEM uncertainties and errors both in the horizontal and vertical directions. It is also important,
from an economic point of view, that ASTER and SRTM data are free of charge. The quality of data that
are used to develop the numerical model is of particular importance in this case [12,18–24]. It often
occurs that, despite possessing quite accurate landscape data, records of some crucial elements in
terms of flood protection, such as embankments, are very scant [25]. DEMs should be complemented
by data on river bathymetry in order to create an integrated model of a river [23,26].

The purpose of this study was to determine whether it is possible to use generally available, free
and commercial numeric terrain models to define polder volumes. In the paper, numerical terrain
models that were developed based on the following systems were analyzed: SRTM, ASTER and the
commercial medium-resolution Airborne-DEM. The impact of the spatial resolution of the numerical
terrain model on the calculated polder volume was also evaluated. A DEM based on LIDAR data that
were supplemented with geodetic GPS measurements was used as the reference model.

2. Study Area

Majdany Polder (Figure 1) is located approximately 4 km south-west of the town of Koło on the
right bank of the Warta River (from 439 + 900 to 444 + 400 km) in the Kolska Valley. The polder is
situated in three municipalities of the Wielkopolskie region: Koło, Kościelec and Dąbie. It is surrounded
by a system of embankments from the sides of the Ner and Warta Rivers, which are 2155 and 4155 m
long, as well as from the Rgilewka River with a backwater embankment, which is 375 m long. The
gentle slope toward Majdany village acts as a natural barrier. The embankment system was designed
for summer floods with an overflow probability rate of 10%. The polder features two weirs, Majdany
(located at 444 + 200 km of the Warta River) and Powiercie (located at 440 + 400 km of the Warta
River), which automatically fill the polder with the water of the Warta. The drainage of water occurs
primarily automatically via the weirs (mainly the one in Powiercie). However, when the polder water
level is lower than the weir threshold, water is drained with a ditch system and by way of the Tralalka
watercourse to the compensation reservoir, and further on to the Powiercie pump station, with an
efficiency of Q = 1.4 m3¨ s´1. The purpose of the pump station is to drain the water of the Tralalka to
the Rgilewka River. The facility is also fitted with a gravitational drain to direct the water from the
compensation reservoir of Tralalka to the Rgilewka River in case the water level of the Rgilewka is
lower than the polder water level.

The polder area is used only partially as meadows. The rest of the polder area is wasteland. A
large portion of the polder is free of bushes and trees. Some bunches of bushes and trees appear mainly
to the right embankment of the Warta. In the area of the backwater embankment of the Rgilewka and
the Warta dyke, there are numerous oxbows that are filled with water. Willow trees are abundant in
the cutoff area of Ner.

The Majdany polder is an element of the ECONET-PL network as a node area 19M [27], and is
listed as a mainstay within the CORINE biotopes network. This area is also a bird mainstay on the
European level-PL076 Middle Warta River Valley [28], especially for water birds.

In 2005, within the “Program for the Oder—2006”, embankment modernization was carried out.
The project goal was to prevent the Majdany polder from being flooded during the vegetation period
and to ensure the effective drainage of flood water in the spring. This initiative also aimed to improve
the technical condition of the embankment in order to mitigate the probability of dyke interruption
during the flood within the vegetation period. The modernization of the embankments included the
consolidation of the existing dyke, increasing the threshold and profiling the body. The threshold level
was determined in accordance with the Decree of the Minister of Environmental Protection, Natural
Resources and Forestry on 20 April 2007 regarding the technical conditions for the water engineering
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facilities and their locations [29] and amounted to 0.5 m above the design water level at a probability
rate of p = 10% (for Class IV buildings). In addition, the Powiercie weir was reconstructed, and its threshold
ordinate was adjusted to synchronize its operation with the Majdany spillway (completed in 1998).
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3. Methodology

In the course of this study, the following free and commonly available numerical terrain models
were used: SRTM and ASTER GDEM V2.

In addition, two commercial DEMs were used: one from 2009, based on aerial images at the
1:26,000 scale, available in the TIN (Triangular Irregular Network) format, and LIDAR-DEM of 2011.
A LIDAR-DEM was constructed based on data that were imported from aerial laser scanning within the
IT System of the Country’s Protection against Extreme Hazards (ISOK in Polish) 2011 [30], in sectional
view 1:2500, available in the form of binary files in the LAS 1.2 format. The files were processed in
order to filter out plants and buildings from the points cloud. File processing was performed with
ArcGIS 10.0 software.

To estimate the accuracy of terrain and embankments modeling, our own terrain measurements
were applied, performed with a GPS GRX-1 set by SOKKIA. The measurement accuracy of the applied
device was 10 mm + 1 ppm for the X and Y coordinates and 20 mm + 1 ppm for the Z coordinate. More
than 2000 measurements were performed, mainly of dykes. For communication and control purposes,
Sokkia Spectrum Field ver. 8.1 was installed on controller SHC-250, as well as Topcon Link v.8 and
Spectrum Survey Office v.8.2 for postprocessing purposes.

The numerical terrain model that was obtained with LIDAR data was quite accurate in terms of
polder area modeling. The accuracy of dyke modeling and weirs for the LIDAR-DEM fluctuated from
´0.33 m to 0.57 m [25]. The most frequent errors amounted to ´0.1 m/0.1 and accounted for 85% of all
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errors. The average square error RMSE (Table 1) of the embankments is 0.12 m, while the ME is 0.05 m,
and the accidental error is SD 0.12 m (Table 2). The DEM based on aerial images (Airborne-DEM) was
less accurate. Due to the above reasons, in this study, a LIDAR-DEM was used as the reference model,
while the embankments were modeled based on our own measurements.

Table 1. Accuracy measures for embankments DEM.

Statistical Measures
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n
ř
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ř
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Table 2. Result of Airborne-DEM and LIDAR-DEM embankment evaluations.

Error Indicator 1 Unit
Embankment

Airborne-DEM LIDAR-DEM

Min. m ´1.86 ´0.33
Max. m 1.46 0.57

RMSE m 0.72 0.12
SD m 0.57 0.11
ME m ´0.44 0.05

Note: 1 RMSE-average square error; ME—average error; SD—accidental error (see Table 1); Min and Max—the
differences between the DEM and own terrain measurements with a GPS GRX-1.

The polder volume and area were calculated based on the numerical terrain models by means
of ArcGIS 10.0 and the 3D Analyst and Area and Volume Statistics add-on. The polder volume was
calculated as confined between 90.3 m above sea level (a.s.l.) and the embankment spillway threshold
at 94.4 m a.s.l., for the LIDAR-DEM, ASTER-DEM, SRTM-DEM and Airborne-DEM models.

3.1. LIDAR Data

To date, analyses of flood area volumes most frequently have been related to numerical terrain
models that were developed based on aerial (satellite) views, stereometry, data resulting from contour
lines [5], and direct geodetic GPS measurements. Along with the ISOK system, numerical terrain
models for the main river valleys of Poland are prepared based on LIDAR, which allows obtaining
of a much more accurate DEM than before [5,10,25,31,32]. Its accuracy may depend on the land
type (grassland, bushes and forests) [33]. One should also remember that raw LIDAR data require
processing and therefore sometimes may cause significant problems [34]. This results mainly from the
excessive amount of data, making it necessary to calculate the capacity and data filtering. Therefore,
the resolution and LIDAR data density are often reduced (resampled), which may additionally affect
the survey results [35]. Obviously, this density may also affect the quality of DEMs [36]. It is also
sometimes necessary to filter out or remove medium and small flora, trees, or even buildings [37,38].
This removal naturally necessitates the application of appropriate filtering algorithms [39,40].

The LIDAR-DEM from the ISOK project [30] was used in this study. The point cloud covering the
polder area included over 400 million points records (Figure 2).
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Figure 2. LIDAR point cloud (a) before and (b) after filtration.

Points with errors and small and medium flora and trees were filtered out (Figure 3).
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Such a model was supplemented by field geodetic GPS measurements of embankments and
spillways. As mentioned earlier, the model was used as a reference model for further analyses.

3.2. ASTER and SRTM Data

As an alternative for data obtained from aerial-view LIDAR, one may use The Shuttle Imaging
Radar Mission (SRTM) [41] of 11 February 2000. This mission aimed at the interferometric reproduction
of the topography of the entire Earth. The area of this mission covered almost 80% of the land between
60˝ North latitude and 56˝ South latitude. The data for the area of Poland are provided free of charge
at a resolution of three seconds (90 m ˆ 90 m); a higher resolution (30 m ˆ 30 m) is available only in
the USA. The following [42] tolerance values are assumed for the Eurasia zone: Absolute Geolocation
Error of 8.8 m, Absolute Height Error of 6.2 m and Relative Height Error of 8.7 m. For the Wielkopolska
region [43,44], it is assumed that the average measurement error is 3.7 m for a land inclination of 2˝

and 4.8 m for a land inclination of 2˝ to 6˝. However, after eliminating the system error, the accuracy
for the area of Poland is 1.0 m for plains and 2.7 m for hilly areas. This accuracy may vary, however,
depending on the presence of vegetative cover plants [45]. As a rule, this accuracy is higher than that
in the cartographic DEM [46].

Since 29 June 2009, as in the case of SRTM, data of the ASTER Global Digital Elevation Model
have been provided free of charge [47]. For model generation, data that were collected by the ASTER
scanner of the NASA (National Aeronautics and Space Administration) Terra satellite were used. The
DEM, ASTER-DEM was established based on data that were collected 1999–2008, and it covers land
between 83˝ North latitude and 83˝ South latitude at a grid resolution of 1 ˆ 1 second (30 m ˆ 30 m),
which is theoretically higher than that of the SRTM data that are available in Poland. Since October
2011, the ASTER-GDEM is available in Model Version 2. The ASTER-GDEM V2 maintains the GeoTIFF
format and the same gridding and tile structure as V1, with 30-meter postings and 1 ˆ 1 degree tiles.
The ASTER-GDEM V2 was used in this analysis.

The materials are available in the forms of both stereoscopic images and ready DEMs (free of
charge). The accuracy of the ASTER-DEM oscillates around the elevation root-mean-square error
(RMSE), which is 13 m–15 m, s less than the pixel size (15 m) [48–50]. The average errors of DEMs from
ASTER stereoscopic images for flood areas reach just below 20 m [51]. Therefore, while comparing
both free data sources, one can note that DEMs based on the SRTM mission (although with a worse
resolution than that of ASTER) is more accurate and closer to the reference models [52–57]. DEMs may
also be constructed as a combination of these two models [58] and, for example, OpenStreetMap [4].

ASTER-DEMs may be attractive, as these materials are available free of charge and for
downloading directly from the web. The quality of data may be satisfying for various cartographic
applications, however, discrepancies of even a few meters in practice exclude them for modeling
flood zones.

Sometimes ASTER- and SRTM-DEMs could be useful for large-scale and regional models but
inappropriate to local-scale ones. However both of these models require large statistical samples in
order to determine their accuracy and to remove possible systematic error.

3.3. Airborne Data

Within the analysis, a DEM that was developed based on aerial images from 2009 was used at
a scale of 1:26,000, available in TIN format (Airborne-DEM) consisting of dispersed altitude points
forming a Triangulated Irregular Network. The specific files correspond to the section areas in the
system of flat rectangular coordinates, 1992, scale 1:10,000.

According to the results [59], if the required accuracy is near 50 cm in the three directions,
photogrammetry can be a useful ‘fit-for-purpose’ tool because the cost/gain and time/gain ratios are
low. The photogrammetric DEM can been successfully used as input in a GIS-based hydrological and
geotechnical model to derive sufficiently accurate slope and local drainage direction maps. Vertical
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accuracy of the DEM is a function of photo scale and is estimated as 1/9000th of the flying height of
the aircraft carrying the camera system.

3.4. DEM Resampling and Volume Calculation

Within the first stage of the study, using the original measurement data that were obtained with
LIDAR, a numerical terrain model in the TIN format was developed. The spatial area of the polder
was defined by intersecting the numerical model of the terrain with a plane to which an ordinate of the
embankment spillway threshold was assigned at 94.4 m a.s.l. In this manner, a numerical LIDAR-DEM
polder model was created, which was then used as the reference model. Because the spatial resolution
of the ASTER-DEM, SRTM-DEM and Airborne-DEM differed and that the embankments defining the
polder borders were partially or entirely left unmarked on the river side, it was assumed that all of the
calculations will be carried out with the assumption that the polder border was delimited based on
the LIDAR-DEM.

After the polder volume was calculated, cross-sections for each of the applied models were created
to determine how the natural and artificial landscape elements are reflected, that is, slopes and river
valley beds, oxbows, channels and ditches, and embankments (Figure 4).
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square error (RMSE).

4. Results

The evaluation of the influence of spatial resolution on the result of the polder volume calculations
was carried out with the LIDAR-DEM model at spatial resolution of 1 m. For the LIDAR-DEM and
Airborne-DEM, polder models were created at spatial resolutions of 5, 10, 25, 50, 50 and 100 m.
Thereafter, the polder volume and flood zone were calculated for each model. The change in spatial
resolution was carried out by the calculation of mean height within unit area (model pixel). The applied
resampling method allowed the simulation of the sensor operating at a varying spatial resolution [60].
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In parallel, while calculating the polder volume with the LIDAR-DEM and heights recorded in
5000 random points (Figure 4), the RMSE was calculated (Table 3) as follows:

RMSE “

d

řn
i“1 pzmodel ´ zLiDAR´DEMq

2

n

where zmodel means the height of the given model, and zLIDAR-DEM means the height of the reference
terrain model form of the DEM that was developed based on the LIDAR data.

Table 3. RMSE for DEM models.

Airborne-DEM ASTER-DEM SRTM-DEM

RMSE 0.657 3.973 5.399

The impact of the reduced LIDAR-DEM and Airborne-DEM resolution (resampling spatial
resolutions from 1 m to 5, 10, 25, 50 and 100 m) on the determination of the polder volume was analyzed
(Figures 5 and 6). In the case of the DEM based on LIDAR, resampling changed the determined volume
by approximately 890,585 m3 (difference between 1 and 100 m spatial resolution), which corresponds
to approximately 10.7% of the volume as determined for the LIDAR-DEM (resolution 1 m). Horritt et al.
and Cotter et al. have also obtained similar results in their studies with a resolution of 100 m and
higher [61,62]. In the case of the Airborne-DEM, the maximum difference amounted to 1,119,948 m3,
which is approx. 9.5% (resolution 1 m). Changes in the range of about 10% depending on the spatial
resolution demonstrate little impact on the resolution of the results obtained. Therefore, a direct
comparison of the models LIDAR, SRTM and ASTER is possible.
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In addition, for the LIDAR-DEM, Airborne-DEM, ASTER-DEM and SRTM-DEM polder models,
volume and area curves were developed to reflect the correlation of altitude against the volume and
area below the defined ordinate. The calculations were performed between 90.3 m a.s.l. and 94.4 m
a.s.l. at a gradation of 0.1 m (Figures 7 and 8).

The determined polder volume for ordinate 93.4 (Powiercie spillway threshold ordinate) was
3,265,611 m3 in the case of the LIDAR-DEM, while for the Airborne-DEM it was 6,145,217 m3, which
is twice as high. In the case of the ASTER-DEM and SRTM-DEM, the calculated volumes are even



Water 2016, 8, 230 9 of 20

higher, reaching 16,708,307 m3 for ASTER (5 times higher) and 23,760,684 m3 for SRTM (more than
7 times higher). Having considered the adjustment of systematic error for the SRTM-DEM, the
estimated polder volume amounted to 8,601,406 m3 (approximately three times higher than LIDAR).
The great differences between the calculated areas are visible particularly for low water levels ordinates
between 91.5 and 93.0 m a.s.l. For the ordinate of 93.4 m a.s.l., the difference between the LIDAR-DEM
and Airborne-DEM was 781,421 m2. The Airborne-DEM model indicates a larger flood zone area.
In addition, the flood zones that were obtained with the specific models were analyzed (Figure 9a–e).
According to the analysis of the flood zones depending on the applied DEM, the zone that resembled
the reference model the most was recorded in the DEM Airborne-DEM and second in the ASTER-DEM.
Without the altitude correction, the SRTM-DEM may only reflect the estimated flood zone, with
numerous ‘isles’ that indicate flood-safe spots. The adjustment correction greatly improves the entire
image, however, there are still quite significant differences compared to the LIDAR-DEM (Figure 10a–f).
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Figure 11 presents a comparison of a few selected polder cross-sections that were generated for
various DEMs.
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Figure 11. Comparison of cross-sections through the polder for different models of DEM.

There is a high correlation between the generated profiles and the data that were provided
with the Airborne-DEM and LIDAR-DEM. The profiles that were developed for the ASTER-DEM
and SRTM-DEM diverge significantly from the LIDAR-DEM. This trend is also evident from the
correlations between the specific models and the reference model for 5000 random points (Figure 12).
By analyzing the data that were obtained from the SRTM model, a systematic error of 2.67 m was
detected. Thus, the SRTM-DEM was duly corrected by creating the SRTM_cor. However, it is worth
noting that the estimate of the systematic error was possible only owing to the fact that extensive
records of geodetic GPS measurement data were collected. In practice, such verification is not always
possible, and the data are narrowed only to the necessary measurements, e.g., the hydrotechnical
infrastructure and its vicinity.
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Figure 12. Comparison of the correlation between the specific models (TIN, ASTER and SRTM) and
the reference model.

A high correlation was only recorded in the case of the Airborne-DEM (R2 = 0.9287). Regarding
the ASTER-DEM, the correlation amounted only to 0.4836, whereas in the SRTM-DEM, the correlation
is non-existent (R2 = 0.2374). This result indicates the low usability of free DEMs ASTER and SRTM for
modeling the polder volume and operation.

5. Discussion

Digital Elevation Models play an important role in terrain analysis, and their accuracy and
resolution is crucial for hydrological and hydrodynamic models. The accuracy and resolution of
the DEMs have serious implications on modeling of natural processes [32]. Significant advances in
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remote sensing technology have led to higher quality DEMs being generated by different techniques
(contour-derived, photogrammetric, LIDAR- and RADAR-DEMs) [63]. Thomas et al. [63] and
Schumann et al. [15] indicated that SRTM and ASTER elevation datasets provide equally reliable
representation, hence a valid source of topographic information, and are useful in a large scale. In
a smaller scale, as indicated in this paper, the ASTER and SRTM digital elevation models were not
considered viable volume sources due to large deviations from the reference data. Mondal et al. [64]
concluded that DEMs with higher accuracy (LiDAR DEMs, planimetric survey DEMs, aerial photo
DEMs) will give more accurate results and will reduce the uncertainty.

Based on the results obtained in this study, the RMSE for Airborn-DEMs has a range of up
˘0.657 m, while ME = 0.51 m are comparable to those obtained by Wang at all [65]. Pulighe and
Fava [66] reported that obtained accuracy (RMSE of ˘4.9 m) for DEMs based on archive aerial
photos are higher than Aster (RMSE = ˘12.95 m) for their study area. The basic statistics of errors
in ASTER-DEM show a mean error of 2.7 m and vertical accuracy RMSE 3.97 m. In the SRTM-DEM,
mean error is in the 0.59 m level and RSME accuracy 5.39 m. The RSME shows that in this case the
ASTER-DEM have a better vertical accuracy than the SRTM-DEM. Similar results in relation to DEMs
obtained by Mukherjee et al. [67] where the ASTER-DEMs have better accuracy (RMSE = 6.08 m) than
the SRTM (RMSE = 9.2 m). The large variation in RMSE (see Table 4) seems to be consistent with that
found in other research.

Table 4. Varying reported height accuracies for the ASTER-GDEM2 and SRTM-DEMs based on [57]
and other publications (unit in meters).

Studies Study Areas ASTER-GDEM2 SRTM v4.1

ME RMSE ME RMSE

Suwandana et al. [68] Karian Dam, Indonesia N/A 5.68 N/A 3.25
Rexer and Hirt [69] Australia (Bare areas) ´4.22 8.05 2.69 3.43

Li et al. [70] China (Tibetan Plateau) ´5.9 14.1 0.9 8.6
Mukherjee et al. [67] Shiwalik Himalaya, India ´2.58 6.08 ´2.94 9.2

Athmania and Achour [57]
Anaguid test site ´2.32 5.3 0.48 3.6
Tebessa test site ´1.02 9.8 0.48 8.3

Pulighe and Fava [66] Italy, southern Sardinia 5.82 12.95 N/A N/A
Wang, et al. [71] Southeast Tibet 15.4 13.5

Forkuor and Maathuis [54]
Ghana Guinea Savannah ´3.30 5.46 3.67 4.95

Ghana Volta Lake ´3.32 18.76 2.09 14.54
This study Majadny polder 2.7 3.97 0.61 5.39

High compliance with the reference model LIDAR-DEM occurred only for the Airborne-DEM
model (R2 = 0.93). For the ASTER-DEM model, coefficient R2 was only 0.48, while for the SRTM-DEM
model only 0.24. This indicates an inadequate usefulness of generally available, free-of-charge
DEMs (ASTER and SRTM) for capacity and hydrodynamic modeling of a polder. However, in other
studies [54,57,70] correlations R2 for elevation are above 0.9 for large areas. Depending on region [55],
there is no obvious relationship between the DEM-GCP (Ground Control Points) differences and actual
elevation for either ASTER or the reference DEMs. The differences between the reference model and
ASTER-, SRTM-DEM elevation may be in the range of up to 120 m [55]. In this study, the differences
are varied but maximum differences between LIDAR-DEM and Airborne-, ASTER- and SRTM-DEMs
are 4.13, 18.6 and 49.55 m respectively, which can be observed in Figures 9 and 10.

The advantage of LiDAR-DEM in relation to the free-of-charge DEMs is its accuracy and resolution.
In many countries, LiDAR-DEMs developed on data from one measurement are available, which will
not allow analysis of the temporal changes. The LiDAR data storage requirement and DEM processing
times will be higher than in other methods. Strategies for handling the large volumes of terrain data
without sacrificing accuracy are required [72].

Grohmann and Sawakuchi [35] indicated that cell size of LiDAR-DEM have an impact on
calculated volume. This can be explained by a random factor among the size of the cell, the size
of the landforms and the position of the cell with reference to the landforms, where a small change
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in cell size can lead to an under- or overestimation of the volume. Zandbergen [73] indicates that
DEM cell resolution has a very strong effect on the occurrence of depressions. Otherwise, Tan et al. [74]
indicate that DEM resolution is the most sensitive parameter compared to the DEM source and DEM
resampling technique for simulating the hydrological processes. Changes in volume of the polder
in the range of 10%, depending on the LIDAR-DEM resolution, indicate the small impact of this
parameter on the results obtained in this study. It means it is possible, in this case, to reduce sample
data to create DEMs.

Polder volume estimated at the stage of the project [75] was 3,700,000 m3. The actual volume,
based on LIDAR data is lower by about 22% (3,265,611 m3). This is confirmed by the results obtained
in the project [30]. Volume estimated based on other DEM models are twice (Airborne-DEM) and up to
seven times higher (SRTM-DEM) than the reference model. This may affect adversely the management
of the flood system. Low accuracy of ASTER and SRTM data in this particular application makes it
impossible to use them for hydrological modeling.

6. Conclusions

The four digital elevation models (LiDAR-, Airborne-, ASTER- and SRTM-DEM) were tested
to define polder retention capacities. The LiDAR-DEM supported by our GCPs measurements was
used as a reference model. Because the spatial resolutions of all DEMs are different, the spatial
resolution of the LiDAR-DEM and Airborne-DEM on the calculated polder volume was evaluated.
Changes in volume of the polder range of 10%, depending on the DEMs resolution in topographically
homogeneous floodplains, indicate the small impact of this parameter on the results obtained in this
study. It is possible, therefore, to make a direct comparison of the models LIDAR, SRTM and ASTER.

Free and generally available ASTER or SRTM DEMs allow for the quick development of terrain
models. However, the accuracy of these models (mean error of 2.7 m and 0.59 m and vertical accuracy
RMSE 3.97 m and 5.39 m for ASTER-DEM and SRTM-DEM, respectively) is insufficient for modeling the
transformation of flood waves, modeling polders as flood-protection systems, and defining flood zones.
High correlation (R2 = 0.9287) was recorded only between the LiDAR and Airborne data. Free-of-charge
DEMs characterized a small correlation (0.48 and 0.24 for ASTER and SRTM, respectively) and this
indicates low usability for modeling the polder volume and operation. The polder volume, estimated
at the reference model (LiDAR-DEM), is 3.2 million m3. Estimated volume based on the ASTER-DEM
was five times higher, and seven times for the SRTM-DEM. The low accuracy of ASTER and SRTM
data in this particular application make them unviable for use in hydrological modeling.

The model and data quality improvement procedures that were used in SRTM, by means of
defining the systematic error and the appropriate adjustment offset, are to some extent effective but
still insufficient for river flow modeling or the delimitation of flood zones. These procedures also
require a large number of field measurements (e.g., based on geodetic GPS measurements) to specify
the necessary adjustments.

The LiDAR-DEMs provide the most accurate information about terrain and should be treated
as a reference for hydrodynamic modeling. In the absence of the availability of LIDAR-DEMs,
Airborne-DEMs can be used in hydrodynamic modeling. However, these models must also be
tested and corrected on the basis of field measurements.

The vertical accuracy of available ASTER- and SRTM-DEMs is insufficient to calculate the polder
volume and model the transformation of flood waves in river systems. The spatial accuracy of the
ASTER and SRTM models is insufficient due to their lack of good reproduction of levee embankments
in order to determine the polder boundary. These models may, however, become useful for certain
cartographic studies.
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