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ABSTRACT

Today, it is increasingly clear that non-stationarity hydrological and hydraulic variables and processes are occurring largely because of global
warming. Accordingly, extreme hydrological events are becoming more common over time, and their effects are creating greater negative
impacts on the environment (fluvial geomorphology and floodplains) and society (flood damage). Given this situation, the implementation
of adaptation-mitigation measures is vital, as well as an increased knowledge of the interaction between water and physical environments.
In the binominal water-terrain, having a reliable digital elevation model (DEM) is essential because of its important influence on fluvial
modelling. However, this is frequently a technical-economic problem. The aim of this paper is first to evaluate the compatibility between
hydraulics and geometrics for fluvial applications and second to determine the quality of a novel DEM by robust estimators. This was ob-
tained through the photogrammetric processing of digital aerial images acquired from a low-cost camera mounted on an alternative aerial
platform. Flood modelling and hydraulic parameters were obtained with the assistance of photogrammetric DEM (mesh size: 0.15 m, vertical
accuracy: 0,102 4 0,081 m, point density: ~40 point/m?). Finally, our other goal is to develop a comparative analysis between light detection
and ranging and digital photogrammetry on-demand. This comparison revealed that flood modelling by photogrammetric DEM was con-
siderably more detailed than that by light detection and ranging-DEM, mainly because of higher point density and vertical accuracy.
Consequently, flood analysis assisted by this novel geometric modelling approach qualifies as a reliable and competitive approach. Copyright
© 2016 John Wiley & Sons, Ltd.
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INTRODUCTION should be addressed not only on the basis of different hydro-
logical scenarios but also via a detailed representation of the
physical environment, an essential element for the proper
evaluation and management of natural flood risks.

Thus, having reliable and accurate topographic data in a
continuous digital elevation model (DEM) form is crucial
(Saksena and Merwade, 2015; Wechsler, 2007). Further-
more, it is well known that the accuracy of terrain 3D
models is highly dependent on fluvial modelling and hy-
draulic parameters (Merwade et al., 2008, USACE, 2010;
Zazo et al., 2015). Nevertheless, acquiring DEM data may
present a technical-economic problem.

The aim of this paper is to assess the joint behaviour and
performance of hydraulics and geometrics, by means of a
novel DEM for river applications. This was obtained through
the photogrammetric processing of digital aerial images by
the structure from motion (SfM) technique. Finally, a com-
parative analysis of light detection and ranging (LiDAR)
technique was performed. A ‘pilot test’ was carried out via
a low-cost passive sensor (digital camera) mounted on a

The non-stationarity of hydrological variables due primarily
to global warming, together with other factors, is a tangible
reality, recognizable even by non-experts. Consequently,
hydrological-hydraulic extreme events such as floods,
droughts and other events have become more frequent in
the water cycle over the last several decades (Huntington,
2006; Labat et al., 2004; Lepori et al., 2015; Praskievicz,
2016; Reihan et al., 2012, Yang et al., 2012).

In this sense, global warming causes considerable nega-
tive impacts for society, as well as involves considerable
environmental, social and economic costs. Furthermore,
measures to subvert climate change are having limited
effects in the short-medium term, largely attributable to the
persistence of anthropogenic effects (IPCC, 2014).

Given this growing global challenge, the implementation
of adaptation and/or mitigation measures seems crucial
(Poussin et al., 2012; Williams et al., 2013). Such measures
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Additionally, this paper proposes a method for evaluating
the DEM’s vertical precision through robust estimators
(RE); this method does not require a priori knowledge of
errors distribution function (EDF).

Finally, this work demonstrates that digital photogram-
metry (DP) can deliver accurate DEMs to analyse the behav-
iour of fluvial systems on a reliable and competitive basis.

Over the last several decades, geomatic advances have fa-
cilitated the development of new instruments and techniques
to acquire high-resolution, accurate topographic data. This is
mainly due to digital sensors, artificial vision and image pro-
cessing algorithms. Within the field of river hydraulic and
fluvial geomorphology, these advances have substantially
transformed 3D ground modelling (Westoby et al., 2012).
Instruments such as Global Navigation Satellite System
(GNSS) and other techniques such as airborne/terrestrial la-
ser scanning are firmly established among researchers
(Brasington et al., 2000; French, 2003; Hodge et al., 2009;
Rosser et al., 2005). However, they present some limita-
tions. For example, GNSS data have a spatial resolution
limited by the operator (Molina ef al., 2014). Alternatively,
airborne laser scanning data entail high operating and logis-
tical costs (Hugenholtz et al., 2013; Westoby et al., 2012),
whereas the terrestrial laser scanning technique is suitable
for specific zones but requires a significant investment
(Westoby et al., 2012), and the data processing is time con-
suming (Molina ef al., 2014). A review of current geomatic
techniques applied to water resources modelling (with their
uncertainties, limitations and spatial resolutions) is available
in Molina ef al. (2014).

On the other hand, artificial/computer vision and novel
imagery processing algorithms have revolutionized DP be-
cause of the SfM technique (Fonstad ef al., 2013; Snavely,
2008). Specifically, an object’s 3D geometry is reconstructed
by 2D images acquired from multiple viewpoints and from
various non-calibrated cameras supported by the principle
of epipolar geometry (Hartley and Zisserman, 2004). These
techniques are extremely useful (Molina ef al., 2014) and of-
fer maximum time-cost efficiency (Tonkin et al., 2014; Zazo
et al., 2015). However, their highest potential remains in the
geomatic products that can be derived, such as dense point
clouds, DEMs and orthoimages (Fonstad et al., 2013;
Tamminga ef al., 2015).

Additionally, DP creates geomatic products from a unique
instrument, a camera (passive sensor). In contrast, the Li-
DAR technique requires an active sensor to obtain a DEM
and a photogrammetric camera that provides an orthoimage.

Currently, alternative aerial platforms [ultra-light motor
(ULM), unmanned aerial vehicles (UAV)] based on fixed-
wing or multirotor platforms are opening new research doors
for the geoscience community (Lejot ef al., 2007; Westoby
etal.,2015). Solutions based on fixed-wing platforms are ap-
propriate for flood modelling and fluvial analysis, given their
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suitability to flight over wide or narrow areas (Ortega-Terol
et al., 2014; Zazo et al., 2015). In contrast, multirotor solu-
tions exhibit an important limitation in autonomy (Hardin
and Jensen, 2011) that may negatively impact their applica-
bility to river studies (Ortega-Terol et al., 2014).

The growing necessity of producing adequate DEMs for
flood modelling (Saksena and Merwade, 2015) is driving
the emergence of innovative solutions (time-cost) on the
basis of DP on-demand (DPod).

This new research direction towards hybridization be-
tween hydraulic and geomatic sciences is characterized by
simplicity, quickness and efficiency in the acquisition of
topographic data (Molina ef al., 2014). It also provides effi-
cient and low-cost solutions (Ortega-Terol et al., 2014;
Tamminga et al., 2015; Zazo et al., 2015), as well as accu-
rate and detailed topographic products (Tamminga ef al.,
2015; Zazo et al., 2015).

MATERIALS
Photogrammetric data

To take full advantage of the potential of new photogramme-
try algorithms for the DEM generation, a low-cost digital
camera was employed (GoPro Hero 2 model, GoPro, Inc.,
San Mateo, California, USA). Its main technical characteris-
tics included low weight (167g) and small dimensions
(42 x 60 x 30 mm) suitable for the new generation of fixed-
wing UAVs (Toth and J6zkéw, 2016). Moreover, the fisheye
lens yields a wide field of view of up to 170°, whereas its
moderate resolution of 11 megapixels (3840 x2880) leads
to an optimal trade-off for this case study.

According to previous studies in the area (Zazo and
Rodriguez-Gonzélvez, 2014; Zazo et al., 2015), the planned
flight height was established at 200 m above ground level.
Flight planning and execution was determined by MFLIP
software (Hernandez-Lopez et al., 2013).

Light detection and ranging data

Light detection and ranging data are usually applied to flood
modelling. In Spain, LiDAR is the geometric base for flood
zone mapping (MAGRAMA, 2011). Recently, these data
have been provided by the National Plan of Aerial
Orthophotography (PNOA, 2016). Here, LIDAR-DEM will
be used as ground truthing to evaluate the suitability of
DPod-DEM for hydraulic purposes. Table I summarizes
the technical characteristics of LIDAR data.

Hydrological data

Water flow data were supplied by the Duero River Basin
Authority through a map of instant peak flows under the nat-
ural regime (CEDEX, 2013).
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Table 1. Technical specifications of LIDAR data

Geomatics products LiDAR data
Point clouds Spatial resolution. 0.5 points/m”
Point density:
Average distance 141m
between points:
Vertical precision, +0.20m
RMSE(Z):
Maximum error +0.40m
(in 95% of points):
Maximum allowable +0.60m
error (Z):
Update period 6 years
(temporal reference)
Digital elevation Mesh size: 1.50x1.50m
model
Orthoimage Image resolution: 0.25m
Update period 2 to 3 years
(temporal reference):

Root mean square rrror, RMSE; LiDAR; light detection and ranging.

Map values were obtained through maximum discharges
series, relating the peak flood flow with its annual probabil-
ity of occurrence (quantile). Through a process of quality
and data consistency validation, the gauging of peak flows
was adjusted to a distribution function. Frequency adjust-
ment was accomplished through a generalized extreme
values function and adjusted by the L-moments method
(CEDEX, 2013). Because the point of flow assessment
was not a gauging station, a results extrapolation was made
for the quantile at that point. This extrapolation was per-
formed according to statistical multiple regression models
that relate the quantiles of gauging stations or specific statis-
tics with physiographic and climatic characteristics of the
basin. Thus, a quantile can be estimated by these character-
istics of the regression.

Methodology

Case Study. The location of the case study was the upper
basin of the Adaja River. This subsystem is integrated
within the Duero River basin, the largest basin in the
Iberian Peninsula (Figure 1a). The area under study
(0.50km?) is characterized by a meandering fluvial channel
with a wide and regular floodplain and a well-defined
gravel-bed main channel. It has a length of 1300 m (straight
line 1140m) and according to Martin Vide (2009), a low
sinuosity (s=1.14; 1 <s < 1.3; Figure 1b).

At the morphometric level, the sub-basin of 530 km? has a
main stream 39.9km in length, an average height difference
of 430m and a time of concentration of 11.7h.

Methodology. Our methodology comprises four stages.
First, a continuous DEM was built through an image data
set acquired from a low-cost digital camera. Then, a
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complete geometric assessment of this DEM was carried
out by means of RE methodology. Subsequently, hydraulic
modelling was performed, first via a hydrological model
and second via a 1D hydraulic simulation. Finally, as a
means of verification, the results (flood modelling and
basic hydraulic parameters) were compared with those
obtained through more commonly employed DEMs, such
as the LiDAR technique (Figure 2).

Stage-1. digital elevation model generation. In this initial
stage, DEM was generated by the photogrammetric
processing of image data run through Agisoft Photoscan®
software. This commercial software is based on the
principle of SfM. The objective of this article is not the
process itself; however, in depth background on theoretical
photogrammetric can be consulted in Snavely (2008),
Fonstad et al. (2013), Javernick et al. (2014), Tonkin et al.
(2014) and Westoby et al. (2012). However, it should be
noted that the matching of homologous points among
images was performed by the Scale Invariant Feature
Transform detector and descriptor (Lowe, 2004).

This processing presents a twofold challenge: 1 the inher-
ent lack of technical details common in black-box solutions
for 3D image processing (Cramer et al., 2013; Javernick
et al., 2014) and 2 the singular behaviour that a fisheye lens
exhibits in a photogrammetric workflow. More specifically,
these types of lens have limitations in terms of lens quality
and camera shutter. Regarding the former, lens quality is re-
lated to variation of interior camera parameters over time.
This is solved by the self-calibration protocol of the SftM
technique. The latter (camera shutter) determines how light
is recorded. Non-professional cameras do not record all light
from a scene at the same time, which could cause undesir-
able effects. To avoid this, flight planning was designed
taking into account the platform speed (approximately
11m-s7') and a safety ground sample distances (GSD)
threshold (5 cm) to compute the minimum necessary expo-
sure time. The images were acquired with a minimum expo-
sure time of 1/800, far from the safety threshold of 1/220
(0.05m/11m-s71h).

Empirical experiments lead to the assumption that the
employed low-cost camera lens follows a stereographic
model. This lens model presents different behaviours than
the normal lens, especially between the central point and ex-
tremes, because of the great perspective distortion of the
lens. Consequently, for a flight height of 200 m, there will
be different GSD, ranging from 128 mm at the central point
to 300mm in the extremes. Consequently, to reduce the in-
fluence of distortion, it is necessary to consider a specific
mathematical distortion model and use masks in the digital
images, excluding those excessive GSD points.

The resulting DEM must be geo-referenced: 1 planimetri-
cally with the legal system coordinates of the area, based on
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Figure 1. (a) Duero River basin and case study. (b) Studied stretch (Coordinate Reference System: EPSG:25830). [Colour figure can be
viewed at wileyonlinelibrary.com]

the following cartographic projection and reference system were used for precise photogrammetric geo-referencing,
UTM30N, ETRS89, EPSG:25830 and 2 vertically with the while the remaining 58 points were used as check points
Spanish vertical reference system EPSG:5782. For that, a (natural features) for the geometric assessment (Figure 3).
differential GNSS survey was completed via bi-frequency Table II shows a summary of the photogrammetric process-
receiver TRIMBLE R6 as a rover and reference station ing, and Table III shows the geomatic products.

AVIL (regional GNSS network). The observation method Regarding potential problems arising from vegetation, as
was real-time kinematic. A total of 70 points were observed; shown in Hugenholtz et al. (2013), Javernick et al. (2014)
12 ground control points corresponding to artificial targets and Lane (2000), they were not relevant to our experiment

Copyright © 2016 John Wiley & Sons, Ltd. River Res. Applic. (2016)
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Figure 2. General methodology. [Colour figure can be viewed at wileyonlinelibrary.com]

because the flight execution was carried out according to the
phenology of vegetable species in the area. In this way, the
influence of vegetation was minimized, allowing the study
area to be considered ‘vegetation-free’.

In spite of the different substeps involved in photogram-
metric DEM generation (images acquisition, GNSS obser-
vations, etc.), the final temporal efficiency is optimal for
flood analysis tasks. In the first place, image acquisition
was carried out at speeds of 11m-s™!, requiring only the
displacement of the aerial platform near to the study zone.
Secondly, the time required for GNSS observations is di-
rectly proportional to the study area extension, which
was 2h in the presented study case. Finally, the processing
substep, which can be parallelized and/or subdivided into
clusters, was the costliest, requiring 60h for the case
study.

MAP LEGEND
O Check Point (CP) @ Ground Control Point (GCP)

Stage-2. Geometric assessment. The geometric quality of
DEM is a fundamental factor for flood modelling because
its errors are transmitted entirely to the hydraulic
simulation (Bales and Wagner, 2009; Merwade et al.,
2008; Wechsler, 2007).

Traditionally, DEM accuracy has been evaluated by mean
error, standard deviation, mean absolute error and root mean
square error (RMSE) (Hugenholtz et al., 2013; Schwendel
et al., 2012, Tamminga et al., 2015). Alternatively, Zazo
et al. (2015) suggests a metrological approach via an evalu-
ation of the type A uncertainty. However, all of these ap-
proaches are characterized by the assumption of a normal
distribution of DEM errors.

If EDF does not follow a normal distribution, Gaussian
approaches cannot be applied and must be addressed by
RE. In this case, the normality assumption was checked by

500 m 750 m 1000 m

Figure 3. Situation of ground control points (GCP) and check points (CP). [Colour figure can be viewed at wileyonlinelibrary.com]
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Table II. Results of photogrammetric processing

Dataset Images 1786 (total). Median
footprint: 1,340 m*/image
(aprox.)
Mean executed 187m
flight height
Average GSD 12.02 cm (orthoimage)
Bundle block  Matching points 2394536 points. Median
adjustment of 1341 points/image
Mean reprojection  0.746 pixels
error

GSD, ground sample distances.

numerical tests, such as Shapiro—Wilk (Shapiro and Wilk,
1965).

A priori knowledge of EDF is not necessary for RE, an
important advantage. Through DEM errors, via a GNSS ob-
servation, and in accordance with (Rodriguez-Gonzalvez et
al., 2014), it is possible to determine the central tendency
and the dispersion of errors through the median (m) and
the square root of the BiWeight MidVariance (BWMYV), re-
spectively. According to Wilcox (1993), BWMYV is a robust
estimator of the statistical dispersion, expressed as

J¥ e —m)P(1-U2)*

BWMV = = 3 1
(Zhoa(1 - U (1 - 507))
Xi—m
Ui=opan @
MAD = m(|x; — my|) 3)

where j is the number of check points, U is obtained by
Equation 2, MAD is median absolute deviation (Equation
3), and m, is the median of the sample data. Lastly, the a

Table III. Characteristics of geomatic products obtained by DPod

Geomatics products DPod data
Point clouds Spatial resolution. ~40 points/m®
Point density:
Average distance ~0.15m
between points:
Vertical precision, 0.102+0.081 m
by RE(Z):
Temporal reference: Specific (ad hoc)
Digital elevation Mesh size: 0.15%0.15m
model
Orthoimage Image resolution: 0.12m
Temporal reference: Specific (ad hoc)

DPod, digital photogrammetry on-demand; RE, robust estimators.
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parameter could be 0 or 1 depending on the U value. If
—1<UX<]1, then a is 1; in any case, a is 0.

It is important to note that this approach by RE over check
points (discrete points) could also be applied between point
clouds. In this case, one of them would be considered as a
reference (LIDAR-DEM) for a direct comparison, as long
as they both share the same coordinate system. Alterna-
tively, one could compare points by aligning with the itera-
tive closest point algorithm (Besl and McKay, 1992) to
address geo-referencing errors and analyse only the intrinsic
geometric cloud errors. The comparison between both point
clouds was performed with CloudCompare open source
software. Then, the median and BWMV were calculated by
a custom script.

To contextualize the RE analysis, given that geometric data
are provided from two different sources (LiDAR and DPod),
the a priori error of the comparison will be expected as

e = 41/ (022pu)” + (€0poa-GSD)* )
where 6z ripar is the vertical precision of LiDAR data in
metres (PNOA, 2016), epp,4 is the reprojection error of bun-
dle block adjustment expressed in pixels and GSD is
expressed in m/pixel. It is thus possible to obtain a compre-
hensive comparison, at both the geometric and statistical

levels (Figure 2).

Stage-3. Hydraulic analysis. This stage requires the
generation of a specific hydraulic model. Based on
previous work in this area (Zazo and Rodriguez-Gonzélvez,
2014; Zazo et al., 2015), a water flow corresponding to the
100-year return period (100-YRP) was simulated. For this
flow, the floodplain is significantly affected because the
carrying capacity of the main channel is significantly
exceeded. Additionally, higher return periods do not
produce relevant effects on flood modelling because the
flood wave undergoes a process of attenuation as a result of
the wide and regular floodplain. On the other hand, 100-
YRP is a common design flow to describe natural flood risks
(Cook and Merwade, 2009).

Steady flow conditions were assumed (Saksena and
Merwade, 2015). According to the point of assessment for
hydraulic flow (X=351736m, Y=4497736m, EPSG:
25830; see Figure . 1b, Final Point) and the map of instant
peak flows under the natural regime (CEDEX, 2013), the
100-YRP flow was 229m>s~2,

Because during high flow periods, the main channel and
floodplain act as a unique channel with no floodplain storage
areas and both are totally inundated (Saksena and Merwade,
2015), a 1D flow simulation was carried out with HEC-RAS®
software.

Given the strong geomatic component of this research,
the following hypotheses were assumed: 1 fixed riverbed

River Res. Applic. (2016)
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channel, 2 constant flow and 3 the validity of continuity
equations and energy between two sections.

Normal hydraulic depth and roughness coefficients (r)
were defined as boundary conditions (USACE, 2010). To
reflect reality in the study area, the following roughness
coefficients were applied: 1 main channel: # from 0.035 to
0.075, 2 floodplain area: n from 0.035 to 0.075 and 0.015
for road. This hydraulic model was calibrated with the
Gauge Station Avila (code number 2046) located down-
stream of the studied stretch of river.

Stage-4. Hydraulic assessment. Once the previously defined
hydraulic simulation was executed, hydrologic and hydraulic
parameters were kept fixed. Later, a new hydraulic model
was defined, in which DPod-DEM was replaced by
LiDAR-DEM (PNOA, 2016). Guided by this approach, the
differences in flood analysis and hydraulic outcomes will
be exclusively produced by DEMs. Once both hydraulic
simulations were completed, the results of basic hydraulic
parameters were employed to create flood inundation maps
made with a Geographical Information System.

This methodology proves the hydraulic suitability of
DPod-DEM. However, it should be noted that this final
stage might be optional, depending on LiDAR data avail-
ability in the study area. If LiDAR data are not available,
DPod-DEM would be carried out exclusively from a
geometrical point of view (Stage-2).

Results

Geometric assessment. Firstly, the precision (RMSE(Z)) of
GNSS check points was 0.012+0.001 m. Secondly, by
these check points, the EDF of DPod-DEM was obtained.
Next, the Shapiro-Wilk test was applied to determine
whether this EDF followed a Gaussian distribution. The
resulting p-value of the hypothesis testing was = 0.005.
Because the value achieved was smaller than the
signification level (a=0.05), the sample was non-normal.
Thus, traditional approaches cannot be applied, and the
assessment should be addressed by RE.

From a purely geometric point of view, the REs of the
vertical accuracy of DPod-DEM, via 58 discrete points, re-
sulted in a median of 0.102m and +0.081m as the square
root of the BWMV. Therefore, the vertical accuracy was
(0.102 £0.081)m, representing approximately half of the
LiDAR-DEM accuracy (+0.20m; Table I). In Table III,
the main characteristics of geomatic products obtained by
the DPod technique are summarized. On the other hand, a
complete statistical comparison was performed by point
clouds (LiDAR vs DPod). The following ratios should
be noted: 0.746pixel for epp,s, @ GSD of 0.12m/pixel
for photogrammetric data and a RMSEz, of +0.20m for
LiDAR data. Hence according to Equation 4, the a priori
error of the comparison, e, was +0.219m.

Copyright © 2016 John Wiley & Sons, Ltd.
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Applying Equations 1-3 (Stage 2) over 192097 points,
the square root of the BWMV was +0.169m. Please note
that the comparison was performed at the ground level ex-
clusively, with the goal of detecting differences in the main
channel of the river and the floodplain. For that analysis,
buildings and vegetation-covered areas were excluded from
LiDAR data. Thus, the comparable number of LiDAR
points was only 192097. Figure 4a shows the non-normality
of this sample by QQ-plot (as a result of the large amount of
points), along with their RE parameters.

Regarding comparisons between point clouds, it is note-
worthy that dispersion measures, both a priori (£0.219m)
and a posteriori (+0.169m), show homogeneous values.
According to EDF quantiles (Figure 4a), approximately
80% of the errors are within the expected range, with an a
priori error interval of [—0.219, +0.219]. Likewise, 95% of
the errors belong to the interval [—0.374, +0.343], a range
similar to the LIDAR maximum error (£0.40 m; Table I).

Figure 4b shows the differences between both point
clouds, which fell within the expected a priori error interval.
Point density and high mesh size resolution of DPod-DEM
play a decisive role [Tables I and IIT; 40 points/m? (DPod-
DEM) vs 0.5 points/m?> (LiDAR-DEM), at 0.15x0.15m
(DPod-DEM) vs 1.50x1.50m (LiDAR-DEM)]. DPod-
DEM allows for the in-depth representation of the gravel-
bed main channel, as well as the existing masonry walls in
the floodplain area (Figure 4b). In fact, the greatest detected
discrepancies are associated with these places, as well as in
the zone where the bridge is located, because these features
were not modelled. In this sense, LIDAR-DEM’s resolution
does not facilitate the detailed representation of specific
zones, such as the thalweg (fluvial geomorphology) and
the narrow walls through which the channel flows.

Hydraulic assessment. As previously noted, the last stage of
the methodology involves a hydraulic assessment. This was
developed through main hydraulic variables obtained from
two hydraulic simulations, corresponding to both 3D
models considered, LIDAR-DEM and DPod-DEM.

The general flow behaviour is analogous in both cases.
Froude number, for the entire cross sections, has similar
values ranges [(0.16, 0.65), (0.21, 0.62) to DPod-DEM
and LiDAR-DEM, respectively]. The same occurs for aver-
age velocity [(0.51m-s™!, 1.20m-s™!), (0.61m-s!,
1.11m-s~1)] along all the cross sections (XS1-XS13). Nev-
ertheless, there is a minimal variation in these parameters
along the same sections under the two hydraulic simulations
(Figure 5a and b).

On the other hand, the variation discovered for the water
surface parameter is within the expected geometric interval
[-0.374m, +0.343m] (see previous section). The mean
difference for water surface between both hydraulic simula-
tions was 0.25m (Figure 5c).
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In contrast, if LIDAR-DEM results are compared with
those obtained by DPod-DEM, there are several noteworthy
differences. The average variation is 6.3% for the flow area,
1.8% for the wetted perimeter and 2% for the top width. Fur-
thermore, these differences increase considerably in the case
of maximum and minimum values. For flow area (XS12 and
XS2), maximum and minimum values were 20% and 8%,
respectively. For the wetted perimeter (XS6 and XS5), the
maximum and minimum values were 17% and 10%, respec-
tively, and for the top width (XS6 and XS5), the maximum
and minimum values were 17% and 10%, respectively, as
shown in Figure 5c, d and e. Additionally, these differences
could become important in zones without a wide and ho-
mogenous floodplain (e.g. urban and peri-urban areas under
high anthropogenic pressure due to the existence various
elements capable of interacting with flow) and/or in very
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susceptible floods areas. This might lead to an increased risk
and/or uncertainty of flooding. Please note the distinction
between risk, defined as the probability that a negative event
may happen in the future (always related to events that
produce negative or harmful consequences or impacts),
and uncertainty, defined as the quantified absence of cer-
tainty and typical of hydrological events such as rainfall,
runoff or water flow, which are characterized by their highly
stochastic nature.

Regarding flooding results, the global differences are not
very significant. In fact, the affected and inundated areas
vary by only 0.4% (Figure 6a). This is because of the similar
floodplain that both DEMs present (Figure 4b) and the resul-
tant attenuation effect. However, the results highlight the
positive effect of a higher point density of DPod-DEM over
LiDAR-DEM (80 times more), which produces a better
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definition of affected and inundated areas. Please note the
detailed representation of narrow walls, gates and elements
that facilitate the channelling of the flow, especially on the
floodplain provided by DPod-DEM (Figure 6b, left images).

DISCUSSION AND CONCLUSIONS

For effective flood analysis, given the inseparable nature of
the binominal water-terrain, a reliable DEM is crucial. The
proposed photogrammetric 3D model exhibits a vertical
accuracy that is double that of LiDAR data (£+0.081 vs
+0.20m) using discrete points. Likewise, in the case of
the comparison between point clouds, 95% of errors occur
within the interval [—0.374 m, +0.343 m], which is similar
to ME (Z) LiDAR data (£0.40 m). Furthermore, the geomet-
ric assessment (through discrete points and point clouds)
showed a similar range of values in relation to their a-priori
error estimation.

Regarding hydraulic simulations, at the global level, there
were slight variations in basic hydraulic parameters. This is
due to the better mesh size achieved by DPod-DEM over
LiDAR-DEM as a result of the higher point density and
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superior vertical accuracy. Consequently, DPod-DEMs ap-
plied to other fluvial systems could facilitate the perfor-
mance of more accurate natural flood risk assessment and
knowledge of flow than LIDAR-DEMs.

On the other hand, the higher point density obtained by
DPod (40 points/m?) versus LiDAR (0.50 points/m?) has
provided a more detailed representation of the terrain. If it
is expressed as mesh size, 0.15x%0.15m vs 1.50%1.50m,
this means that DPod-DEM has 10 times more spatial resolu-
tion than LIDAR-DEM. At the fluvial geomorphology level,
this spatial resolution could detect changes within specific
areas, such as the thalweg, as well as increase the knowledge
of flow on the floodplain. Mesh size achieved and findings
obtained could be useful for the multitemporal analysis of
riverbed changes and developing 2D/3D hydraulic models.

Digital photogrammetry on-demand has provided updated
data, ad hoc, without a time lag. Because of the intrinsic ver-
satility of flights, narrow and linear areas could be recorded
and analysed, representing a suitable solution for river appli-
cations. Future research should focus on the application of
this technique to determine the optimal relationship between
the point density of DEMs and vertical accuracy in terms of
hydrological data precision. This will result in knowing the
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final precision of the hydraulic simulation, taking into ac-
count the accuracy that the hydraulic model can offer.

There was a reasonable geometric and statistical com-
patibility among both DEMs (photogrammetric versus
LiDAR). However, because spatial resolutions (0.15m vs
1.41m) and vertical accuracies (0.081m vs 0.20m) are
different, they should be taken into account if one wants to
integrate both products (LiDAR and photogrammetric) in a
continuous DEM. Regarding the photogrammetric tech-
nique, it should be noted that via a GSD control, it is possi-
ble to scale the geomatic products, by different flight heights
or platforms (ULM and UAV based on fixed-wing or
multirotor). Accordingly, a lower flight height could possi-
bly obtain superior spatial resolution and thus higher point
density and vertical accuracy, as well as a higher processing
time, because of the increased number of images. Moreover,
the low weight of tested sensor makes it compatible to use
on board fixed-wing or multirotor UAV types.

A methodology is also proposed for evaluating the DEM
vertical accuracy by RE, which can be applied without a
priori knowledge of EDF over any geometric error sample.

This paper has demonstrated that DPod can be consid-
ered: 1 an accurate, reliable and cost effective tool to analyse
the behaviour of fluvial systems, 2 a suitable technique in
places where LiDAR data are not available or where high
quality topographic data are unavailable and 3 an effective
complement to common flood analysis techniques, such as
LiDAR or classic topography.

Regarding future research, the authors plan to investigate
the variability of river bed channel monitoring based on
river bed channel geometry as well as add the new under-
standing of riverbed geometry to simulated hydraulic
models. Consequently, geometric dynamics could be
discerned and incorporated via this methodology, resulting
in a recalculation of the hydraulic behaviour of the system.
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