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ABSTRACT

A COMPARISON OF HYDRAULIC MODELING RESULTS BETWEEN
UNMANNED AERIAL VEHICLE WITH STRUCTURE-FROM-MOTION AND
LIDAR PRODUCED DIGITAL ELEVATION MODELS
Sherwin Zahirieh, M.S.
George Mason University, 2018
Thesis Director: Dr. Celso Ferreira

Current traditional methods of gathering topographic data for hydraulic modeling can be
time consuming and costly. One potential method to gather topographic data in a more
timely and costly efficient manner is the use of unmanned aerial vehicles (UAVs) and
structure-from-motion (SfM) image processing. This thesis describes the comparison of
Digital Elevation Models (DEM) generated from LIDAR and from Structure-fromMotion and Unmanned Aerial Vehicles and the results of open channel hydraulic
modeling based on these models. Unlike LIDAR, UAV+SfM topographic modeling is
both time and cost efficient. However, it is still necessary to study the accuracy of its
model results in comparison to traditional LIDAR models. Using Agisoft Photoscan,
photos from the UAV were converted into DEM through the structure-from-motion
process. The two different DEMs were then used in the HEC-RAS hydraulic model. By
examining several different flows through both cross-sections, the wetted area and
floodplain areas for different study sites were calculated. By analyzing the differences in
elevations, channel areas, and floodplain areas between the two models, the accuracy was
determined. Under the assumption that LIDAR data are correct, the results indicate that
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the UAV+SfM method has the promise of developing similar topographic data models
compared to LIDAR, but not with enough accuracy to use in place of LIDAR given the
differences in areas between the two sources.
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1. INTRODUCTION

1.1.Necessity of River Monitoring Ability
The study of river hydraulics is an essential field for applications in engineering
and environmental sciences (Knight, 2012). It is important to predict how a flowing body
of water will react to a given storm event and the impact that such event will have on the
surrounding environment and infrastructure. Larger flows lead to higher surface water
levels, which can result in flooding, stream erosion, and other damages. The amount of
flow that goes through a channel is a function of the velocity of the water and the area of
the channel, with the volume being dependant on the precipitation of a given event and
the land cover characteristics of the specific watershed. The velocity is affected by
characteristics such as energy, channel material, and slope (Jobson, 1988). The ability to
model these flows and their resulting floods in an accurate and efficient manner is
essential as stormwater management water issues will continue to become more and more
prevalent. Because of this, being able to gather topographic data for hydraulic modeling
in a time and cost efficient manner is crucial. One potential method is to use unmanned
aerial vehicles (UAV) and photogrammetry software to create models of terrain and use
those models for hydraulic modeling. The purpose of this study is to determine whether
structure-from-motion (SfM) with UAV developed digital elevation models (DEM),
which are three-dimensional models that represent topography, will provide an effective
topographic model to be paired with hydraulic modeling software.
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Currently, there are several sources that provide free public access to light
detection and ranging (LIDAR) based topographic data for areas throughout the country.
LIDAR is an active remote sensing technology that uses light pulses to develop
topographic models (NOAA, 2013). The technique is based off of measuring the time
that it takes for the reflections of the light to be detected. Depending on the source, DEMs
of a variety of resolutions are available.

1.2. Structure-from-Motion
A geospatial land surveying technique that has gained traction over the past four
years is called SfM. SfM is a form of photogrammetry that has the potential to provide
high resolution imagery at the fraction of the cost of other high level geospatial
measuring techniques. (Westoby et al., 2013). By using a camera attached to a
commercial unmanned aerial vehicle (UAV), photos can be taken of both large and small
scale study areas. Photos can then be imported into a photo processing software that will
then convert them into Digital Elevation Models (DEM) and orthophotos. DEMs are 3D
models of the earth’s topography which are created through elevation data. They serve as
important tools for spatial analysis in order to study hydrology and geomorphology
(Ouefraogo et al. 2014).
This method is relevant because it is much more time efficient and cost-friendly
than other surveying methods used to measure topography (Fonstad et al., 2013; Westoby
et al., 2012). Standard surveying techniques are very time consuming, as well as physical
difficult to the surveying crew who has to walk through potentially high water levels and
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dense vegetation. LIDAR, which is very effective in gathering topographical data on a
large scale and high resolution, is expensive and can’t be deployed on a moment’s notice
to study the topographical reaction to an event. UAV deployments only cost is the one
time price of the drone, the software designed to process the images that it gathers, and
the hourly rate of the pilot. It can also be deployed easily and quickly. This leads to this
method having the potential to revolutionize topographic studies in not only rivers, but
many other areas as well (Fonstad et al., 2013; Westoby et al., 2012).

1.3. Goal of Study
There has been no study done to date to compare the hydraulic modeling results
using DEMs from SfM and UAV gathered DEMs. This study is conducted to determine
if this method will provide comparable cross-sections and flood maps using the SfM and
LIDAR processed DEM. It is important to note that this study does not analyze the
comparison with standard survey data.

1.4. Principles of Photogrammetry
The underlying process that surrounds this study is known as photogrammetry.
Schenk (2005) defines photogrammetry as the science of gathering information about the
properties of surfaces and objects without physical contact with the objects. The data that
is received through this process can be placed into four different categories, geometric
(information regarding the shape and location of the object), physical (properties of
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electromagnetic radiation), semantic (the human interpretation of an image), and
temporal (change of an object over time) (Schenk, 2005).
Photogrammetry has shown to have several advantages over standard field
surveying techniques using GPS. These include being time efficient, eliminating
difficulties encountered in surveying unreachable features, the photographs can be
evaluated whenever and wherever convenient, the photographs serve as data storage and
are much more useful than standard hand notes taken in a surveyor’s notebook, and it is
useful for change over time studies (Derenyi, 1982). Figure 1 depicts the steps for a
photogrammetry project.
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Figure 1: Photogrammetry Concept Diagram (Clemson Conservation Research Center)

1.5. Principles of Structure-from-Motion
One form of photogrammetry that has been gaining traction in the past few years is
SfM. The basic principle is that a three-dimensional model is developed by processing a
collection of overlapping images, just as other photogrammetric methods (Fonstad et al.,
2013). The name itself comes from the need to have much overlap of imagery by moving
the sensor in order to develop a 3D structure. The primary difference between SfM and
other photogrammetry survey methods is that unlike other methods, it does not require
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previous knowledge of the location of points within the study area in order to determine
the orientation and direction of the camera (Westoby, 2012). First, multiple photographs
are taken from a variety of angles and positions to get a complete coverage of the study
target or area. The common points of each the images are then identified, which allows
the spatial relationships between all the photographs to be set in a 3D coordinate system.
This is when image coordinates are turned into 3D points, the point cloud. This technique
generates high-resolution models and gets rid of large errors, which leads to much more
accurate DEMs compared to other photogrammetry techniques (Micheletti, 2016).
A new method of photogrammetry has emerged that involves using SfM and using
unmanned aerial vehicles (UAVs). A preset flight path is set on the device. The UAV
will fly that flight path, taking photographs at a rate of a given interval. This greatly
reduces human errors that could affect the results (Chao et al. 2012). Unlike satellites and
large aircraft, the UAVs are either not usable or effective for use in large scale study
areas. However, they are very effective for a small scale area of study. They have been
considered a more viable alternative than other forms of geospatial mapping that are done
through satellites or large manned vehicles due to being much less expensive and time
consuming. Studies have been done to assess the accuracy of this technique. They have
shown that high temporal and spatial resolution datasets of topography can be gathered
through the use of SfM and UAVs. (Westoby, 2012.; Woodget et al., 2014, Wegner,
2016.). SfM is a form of photogrammetry survey method that has been defined as an
effective tool for low cost geospatial research and application in small areas.
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1.6. Literature Review
In the past couple of years, UAVs have become integrated as an efficient way of
creating high resolution topographic datasets of small areas of land. SfM is capable of
producing effective orthophotographs and DEMs for use in applications in several
different disciplines, such as archeology, geology, environmental science, and civil
engineering. SfM is capable of producing effective orthophotographs and DEMs for use
in studies. Javernick et al. (2014) also used orthophotographs by analyzing their colors
and image contrast in order to estimate water depths of shallow rivers. This study
determined that photogrammetry could be used to model topography for rivers with
significant water surface elevation with minimal error. Smith et al. (2014) conducted a
study in order to reconstruct a flash flood that occurred in Spain using SfM. Photos were
taken using cameras attached to poles and high water marks were identified for
implementation into the model. This information was then imported into a hydraulic
model (Delft 3D), which resulted in an estimated peak flow magnitude. This proved to be
a successful method for a post-flood analysis. Carrivick (2015) used the method in order
to examine how the erosion caused by flooding would affect the bedrock gorge
topography on a mountain in West Greenland. By coupling the DEM developed through
the SfM processing with hydrological modeling, the bedrock erosion and deposition of a
given intensity of flash flood was able to be quantified. Dietrich (2015) used this method
to monitor the results of a stream restoration project and to do a riverscape mapping
project.
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Ballow (2016) conducted a study to evaluate the effectiveness of using the UAV
+ SfM method to measure stream channel morphology by comparing the results to those
of the USGS-NAWQA survey method in threes streams. His results were mixed, with
some showing success while others were not successful. He identified potential sources
of error being heavily vegetated areas or rivers with high water levels.
Cook (2016) studied how effective the UAV+SfM method is in analyzing
geomorphic change detection at the Daan River in Taiwan before and after a large
monsoon. The results were compared to LIDAR data. The point cloud errors were highly
accurate, with root mean square errors (RMSE) of around 1.15 feet. However, some
topographic characteristics were determined to provide some errors, such as vegetation,
rough surfaces, and high water levels. The UAV + SfM method was able to capture the
differences in the topography before and after the monsoon due to erosion.
Javernick (2015) used numerical modeling processes to do hydraulic modeling of
a river with DEMs developed through SfM done with photos taken from a helicopter at
an altitude of around 2600 feet. The model that was used for this process was Delft3D,
3D hydraulic modeling software. The difference between the two DEMs reached around
0.33 feet for non-vegetated areas and 0.67 feet for inundated parts of the channel.
Koci et al. (2017) conducted a study to compare topographical results from the
UAV+SfM method, LIDAR, and standard surveying methods. The study site was a
gullied savannah system, which is a savannah impacted by gully erosion. The results
from the study indicate that although slight error is present from the UAV+SfM method,
it still develops suitable models to be used for the modeling of gullied savannah systems.
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The study also concluded that the UAV+SfM method consists of similar, although
slightly larger, elevation error when compared to the results of LIDAR. Cross-sectional
areas using the two methods were compared, averaging about 3 foot difference between
the LIDAR and UAV+SfM cross-sections.
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2. METHODS

2.1. Selection of Study Sites
Three study sites were selected in Northern Virginia, U.S., that represent a variety
of topographic features, such as meandering, debris, and rapid changes in channel shape
(Figure 2). It is important to note that selected sites do not fall within the Federal
Aviation Agencies no-fly zones.
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Figure 2: Study Site Locations in Northern Virginia

Study site 1 is an unnamed river channel in Sterling, VA that is part of the
Potomac River Watershed that drains directly into the Potomac River. This site contains
several average sized trees, so a flight of 60 feet above the terrain was used.
Study site 2 is a section of Little Rocky Run, a small stream located within the
city of Fairfax, VA. It is located within the Little Rocky Run and Johnny Moore Creek
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Watershed that drains into the Occoquan River. This represents a basic section of a small
stream with little vegetation or blocking material within the channel. Flight height was set
to 30 feet.
Study site 3 is a section of Folly Lick Branch located in Reston, VA. This is site is
located within the Sugarland Run and Horsepen Creek Watershed that eventually drains
into the Potomac River. This site contains tall trees, so a flight of 120 feet was used.
Within the branch were several fallen trees that were selected to observe the impact of
obstructions on the SfM+UAV DEM.

2.2. UAV Flight
Figure 3 depicts the UAV that was used for this study. At the selected study sites,
a flight map was drawn out using the DroneMapper iOS app. A horizontal and vertical
overlap percentage of 80% was used. The camera angle was set to 90% so that the
camera pointed straight down towards the ground. The UAV that was used for this study
was a DJI Phantom III drone (Figure 3). The DJI Phantom drones are specifically known
for being low-cost commercial drones that are easy to learn to use and operate. Installed
within the drone is a GPS that allows for the SfM processing to occur. The camera is
FC300x 4K high resolution definition camera. Using the DJI application that is designed
to work with the DJI Phantom IV drone, a set flight path can be set for the aircraft to
follow, during which it will take photos at a preset rate. It was important that much wind
is not present, as even a slight breeze will cause the scenes to not be static, which could
result in erroneous data. The flight elevation was set to be 30 meters. The overlap was set
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to 80%, as recommended by Mancini et al. (2013). The flight path was set so that enough
photos were taken in order to get an accurate survey of the area, but not too much so that
the processing time would be excessively long. Once the flight path was completed, the
photos were extracted and then imported into the Agisoft Photoscan Software.

Figure 3: DJI Phantom III Drone (Image Source: DJI)
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2.3. Agisoft Photoscan Processing
Agisoft Photoscan is an image-based 3D modeling software that follows several
steps to convert a group of photos into a singular 3D model. (Agisoft LLC, 2016). The
initial step is to import the images into the software. Once that is done, the first required
task is to align photos. During this process, the software searches for common points in
each image and combines them together. It also determines camera position for each
image. The accuracy was set to “Highest” so that the best results could be gathered,
although this did lead to a high processing time.
Following that process, the Dense Point Cloud needs to be built, which is a set of
data points within a coordinate system. This step is based on the estimated camera
positions. Photoscan calculates depth for each image, after which the results are
combined into a single dense point cloud. The quality was set to “Ultra High” do get the
best results, although it did lead to longer processing time. The Depth Filtering was to
“Aggressive”. This parameter is used to determine how much the process sort outliers
within the study area.
The next step is to build a mesh. Using the dense point cloud, a 3D mesh is
constructed that represents the surface characteristics of the topography. Once the mesh is
built, it can be converted into a DEM and orthophoto. Once this step is completed, the
DEM can be imported into GIS for GeoRAS processing. Figure 4 below shows a
flowchart that outlines all the steps.
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Figure 4: Agisoft Photoscan Flowchart

2.4. Available Public LIDAR Data
LIDAR data are available for free to the public through a variety of sources, such
as United States Geological Survey (USGS), National Ocean and Atmospheric
Administration (NOAA), and county governments. They represent a variety of
resolutions and areas. It is important to note the year that the LIDAR survey was taken
before the download. For this study, data for sites 1 and 3 were gathered from NOAAs
2016 CoNED Topobathymetric LIDAR survey at a 1 meter resolution. LIDAR data for
site 2 where gathered from the Virginia Geographic Information Systems 2013 postSandy survey at a 1 meter resolution.

2.5. GeoRAS Pre-processing
Once in ArcMap, GeoRAS can be used to prepare for River Analysis System
(RAS) modeling. ArcMap is a mapping software that allows to study and analyze
geographical data (ESRI, 2004). In order to perform the analysis for this specific project,
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the ArcGIS add-on HEC-GeoRAS was used. GeoRAS is an ArcGIS add-on developed by
the Hydraulic Engineering Center (HEC) that allows the user to extract hydraulic channel
information from a DEM that can be imported into HEC-RAS. In GeoRAS, the
geographical locations of the stream properties are designated. The first step is to define
the stream centerline by drawing a line in the center of the channel from one end to the
other. The banks are then to be defined. Bank lines are used to separate the main channel
from the outside floodplain. The next step is to define the flowpaths, which are used to
determine the lengths of the reach between the cross-sections and the banks, as well as
the direction of the flow. Cross-sections are then to be defined. This step is important as it
determines the results of the RAS modeling and the extent of the floodplain mapping that
appears in RASMapper. It is necessary to designate enough cross-sections so that the
change in cross-sectional areas can be considered by the model, as well as making them
long enough so that the floodplain can be mapped to an acceptable extend. There are
further characteristics that can be added to the model, but this study will only use the
above mentioned ones.
2.6. Hydraulic Modeling (HEC-RAS)
HEC-RAS is a hydraulic modeling software developed through the HEC (Hydraulic
Engineering Center, 2017). Once the import file is received from GeoRAS, they
geometrical data can be viewed through RAS. At this point, the Manning’s n roughness
coefficient can be set for the stream. For a steady state analysis, a flow rate needs to be
set through the channel to assess the impact of that follow on the water surface
elevations. The Manning’s N value, which is the coefficient of friction used to signify
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energy loss while calculating flow through a channel, as well as the contraction and
expansion coefficients, which account for loss due to contractions and expansions within
the channel need to be defined. Downstream and upstream boundary conditions also need
to be set. The flow needs to be defined as subcritical, supercritical, or mixed flow. The
variables that were kept consistent throughout this study are summarized in Table 1.
After the parameters are set, the model can be run. Once the model is run, the water
surface elevations at each of the defined cross-sections can be analyzed. Through the
RASMapper function, the flooding extent can be viewed on the same DEM that was used
during the GeoRAS geographical processing.
Varying flows were used between sites depending on the properties of the
channels. A range was set to show floodplain maps as they vary due to changing flows,
from minimum flows up until significant overbank flooding. Flows from 0 to 40 cfs were
used for site 1, from 0 to 10 cfs for site 2, and from 0 to 30 cfs for site 3.
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Table 1: HEC-RAS Parameter Table
Manning’s N

0.035

Contraction Coefficient

0.1

Expansion Coefficient

0.3

Downstream Boundary Condition

Critical Depth

Flow Type

Steady State

Flow Regime

Subcritical

2.7. Analysis
The first step to analyze the results is to measure the elevation differences
between the two models. The DEMs were set into the same projection (UTM 18N) and
datum (NAD 83). After this process was completed, the elevations between the two were
extremely off. Further research showed that this is a result of the specific UAV model
having difficulty gathering accurate relative elevations. To resolve this; a correction
method was used where the difference between a singular point was subtracted from the
higher elevation to make the elevation at that singular point equal. Once this occurred,
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one DEM was subtracted from another in order to obtain a resultant DEM that visualized
the elevation differences.
Four cross-sections were selected throughout the stream to serve as comparison.
They were mapped on top of each other in Excel so that the elevations and overall shape
of the cross-sections could be visualized. Specific elevation points were then compared
and plotted into a scatter-plot. The RMSE was calculated.
Two methods were used to calculate the results of the HEC-RAS process. The
first was to determine the wetted area through the channels for specific flows and
compare them. The second was to calculate the area of the floodplain for the specific
flows and compare them.
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3. RESULTS AND DISCUSSION

3.1. Site 1
3.1.1. Elevation Comparison
Figure 5 depicts the orthophoto developed from Photoscan using the DEM
developed from the SfM. The blank spots represent areas that were not captured in the
flight.
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Figure 5: Orthophoto Site 1

Figure 6(a) below depicts the DEM as derived from the UAV+SfM method. In this DEM,
there is some sort of instability occurring in the northern part of the site due to not having
even photographs of that surrounding area, contributing to the outlying elevations in that
area. It can also be seen that characteristics such as fallen trees and debris is represented
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in the DEM. This can best be seen with the fallen trees in the center of the model. Figure
6(b) depicts the LIDAR DEM that was extracted from NOAA. Within the LIDAR model,
there are two small branching channels from the main stream that flow goes into. This is
not apparent within the UAV+SfM model and it is not seen within the orthophoto. It is
possible that feature was there at the time of the LIDAR survey, but not during the UAV
flight, as it was not there upon visual inspection. Figure 6(c) shows the result of
subtracting the values from the LIDAR DEM from the UAV+SfM DEM using the Raster
Calculator to show the difference in elevation values. Excluding the outliers due to the
inconsistencies (shown as red and blue spots), the average difference between the two
DEMs is about 0.3 feet, with the differences being fairly consistent throughout the model.
This performs significantly better than Fonstad (2013) that resulted in differences
averaging 1.97 feet and Koci et al. (2017) study (through visual interpretation). It is
important to notice that the LIDAR DEM does not pick up any debris within the area,
while the UAV+SfM model does.
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Figure 6: (a)UAV+SfM, (b)LIDAR, and (c)Difference DEM for Site 1

Figure 7 below shows the cross-sections that were used for comparison analysis
as well as the wetted perimeter analysis. GeoRAS was setup with both the UAV+SfM
and LIDAR DEM. Appendix C shows the GeoRAS model set up that was used to export
into RAS.
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Figure 7: Cross Sections of Site 1 Compared

Figure 8 shows the two cross-sections are plotted on top of each other. The results
below indicate similar cross-sections between the two sources. There are extremely small
discrepancies in the horizontal lengths of the channels. The depths of the channels are
also similar, with an average difference of 0.6 feet between the lowest points of the crosssections, with the UAV+SfM model providing the deeper channels. The error in the
channel is comparable to Javernick’s (2015) results of 0.67 foot error, and significantly
better than that of Koci et al. (2017) of 3 feet. While these differences could be due to the
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pre-processing, it is also possible that this is a result of erosion or other changes in
channel characteristics that happened in the two-year time span between the LIDAR and
UAV flight. Table 2 indicates the highest RMSE of above 0.5 within cross-sections 1 and
2, most likely due to large displacement that occurs on the right side of the bank. Crosssection 3 has the least error due to the banks having little displacement. Through visual
observation of photos from the site, both methods capture the general shape of the
channel correctly.

Figure 8: Comparison of Cross-Sections for Site 1
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Table 2: RMSE Values for Compared Cross Sections Elevations for Site 1
XS

1

2

3

4

RMSE

0.61

0.53

0.32

0.46

3.1.2. Site 1 Hydraulic Modeling Results Comparison
Appendix C shows the results of the floodplain mapping on the RASMapper
application within RAS. Several different flows were run through the model to depict
instances of standard flow as well as flooding, ranging from 0 to 40 cubic feet per second
(cfs). The side-by-side comparisons allow the differences in floodplains to be compared.
Table 3 quantifies the differences through the surface area of the flooding. Differences
start to become apparent in the run with 10 cfs. With both models, it appears that 20 cfs is
near the flow that begins to contribute to out of banks flooding. The distribution of
flooding differs, as the UAV+SfM model depicts all the flooding occurring at the right of
the channel, whereas the LIDAR DEM depicts flooding on both sides. It can be seen that
this is due to the UAV+SfM channels having a lower right bank than left bank, meaning
that inundation will occur more quickly towards the right. The LIDAR DEM seems to be
fully inundated by 20 cfs, while it takes the UAV+SfM model up until 40 cfs. The larger
flooding of the LIDAR DEM is quantified in Table 3 below. By looking at the
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differences in cross-sectional areas, this result is what would have been expected from the
RAS model. This is because hydraulic theory states that the smaller cross-sectional areas
of the LIDAR DEM would receive a larger volume of flow and therefore get more over
the bank flooding. It is important to note that these floodplain maps do not fully capture
the extent of the inundation, as they are restricted by the cross-sections that were
designated on the more spatially restrictive UAV+SfM DEM. Table 4 below depicts the
wetted perimeter of the compared channels previously mentioned and indicated that there
are small differences between channel areas between the two models.

Table 3: Floodplain Areas for Site 1
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

10

660

570

90

14.63

20

1356

1197

159

12.45

30

2180

1500

680

36.95

40

2246

1876

370

17.95
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Table 4: Wetted Perimeter Areas for Site 1 for (a) XS 1, (b) XS 2, and (c) XS 4
(a)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

5

3.72

3.03

0.69

20.44

10

5.38

4.70

0.68

13.49

15

6.95

5.98

0.97

15.00

(b)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

5

4.69

4.53

0.16

3.47

10

6.51

6.41

0.1

1.54

15

8.27

7.88

0.39

4.83

(c)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

5

5.61

6.89

1.28

20.48

10

8.02

9.19

1.17

13.60

15

9.74

11.01

1.27

12.24
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3.2 Site 2
Figure 9 depicts the orthophoto developed from Photoscan using the DEM as a
source. This channel is defined by its straight feature with little vegetation and debris.

Figure 9: Orthophoto Site 2
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3.2.1. Site 2 Elevation Comparisons
Figure 10(a) depicts the DEM as derived from the UAV+SfM method. Figure
10(b) depicts the LIDAR DEM that was extracted from VGIN. It is important to note
that this LIDAR DEM is of much less resolution than those gathered from NOAA that
was used for sites 1 and 3. Figure 10(c) is the result of subtracting the values from the
LIDAR DEM from the UAV+SfM DEM using the Raster Calculator to show the
difference in elevation values. This resultant DEM is of low quality due to the original
VGIN DEM. This model provides extreme differences in elevations, with the center of
the channel elevations averaging a difference of about 3 feet. The surfaces around the
channel provide better results, with an average of about 0.5 feet. The dark red spot
indicates an area of inconsistency with the UAV+SfM DEM. The results of this study site
perform significantly worse than Koci et al. (2017) and Fonstad (2013).
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Figure 10: (a) UAV+SfM, (b) LIDAR, and (c) Difference DEM for Site 2

Figure 11 shows the cross-sections that were extracted from RAS in order to be
used for both the comparison analysis in figures 22 below and the wetted perimeter
analysis in Table 7. As with site 1, when developing the GeoRAS setup, the UAV+SfM
model was used, which was then carried over to the LIDAR model.
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Figure 11: Cross-Sections used for Comparison

The cross-sectional coordinates were extracted and then compared. These
comparisons are shown below in figure 12 where the two cross-sections are plotted on
top of each other. The large differences in elevation are expected from the difference.
Comparatively to sites 1 and 3, this site presents the most inaccurate results from the
cross-sectional analysis. The depth of the LIDAR model cross-sections are on average

32

twice as high than the UAV+SfM model channels. The widths for the LIDAR results are
also significantly higher slopes than those of the UAV+SfM DEM. The banks for the
LIDAR DEM have significantly These highly differing cross-sections leads to much
more flooding occurring in hydraulic model using UAV+SfM DEM than the LIDAR
DEM. This also leads to the very high RMSE values located in table 5. Cross-section 1
has a slightly lower RMSE due to the left bank of the cross-section being of the very
comparable elevations and slope. The cross-sectional area results are significantly worse
than that of Javernick (2015) and comparable to that of Koci et al. (2017). Visual
observation of the site indicates that the LIDAR DEM offers the much more accurate
topographical results than the UAV+SfM model.

Figure 12: Comparison of Cross-Sections for Site 2
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Table 5: RMSE Values for Compared Cross Sections for Site 2
XS

1

2

3

4

RMSE

0.40

0.59

0.66

0.73

3.2.2. Site 2 Hydraulic Modeling Results Comparison
Floodplain maps were derived using both models for flows from 0 cfs to 10 cfs, as
seen in Appendix C. As a result of the highly differing cross-sectional areas, the
differences in flooding will also be highly varied. Most of the differences are noticeable
at right of the channel, as the bank at that side is part of a decreasing elevation, as seen in
figure 22. This factor alongside the small cross-sectional area leads that side to being
flooded with minimal flow going through the system. The left side of the channel
remained dry up until 5 cfs was put through the model. At 10 cfs, the left side gets fairly
flooded in the UAV+SfM model, whereas the LIDAR DEM still remains unflooded. Due
to the large difference in cross-sectional areas, the significant difference in flooding
surface area, averaging more than 100 square feet, is to be expected from the hydraulic
model.
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Table 6: Floodplain Areas for Site 2
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

1

172

288

116

50.43

5

227

337

110

39.00

10

300

398

98

28.08
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Table 7: Wetted Perimeter Areas for Site 2 for (a) XS 1, (b) XS 2, and (c) XS 4
(a)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

0.5

3.35

Overflow

N/A

N/A

1

3.72

Overflow

N/A

N/A

5

5.89

Overflow

N/A

N/A

10

7.60

Overflow

N/A

N/A

(b)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

0.5

5.64

1.57

4.07

88.65

1

6.53

2.02

4.51

76.26

5

9.05

Overflow

N/A

N/A

10

11.85

Overflow

N/A

N/A

(c)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

0.5

4.63

2.12

2.51

74.37

1

5.31

3.15

2.16

37.28

5

8.21

Overflow

N/A

N/A

10

10.13

Overflow

N/A

N/A
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3.3. Site 3
Figure 13 below the orthophoto of site 3 developed from Photoscan using the
DEM as a source. This site is defined by its heavy vegetation and debris surrounding the
channels.

Figure 13: Orthophoto Site 3
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3.3.1. Site 3 Elevation Comparison
Figure 14 (a) below depicts the DEM as derived from the UAV+SfM method.
Figure 14(b) depicts the LIDAR DEM that was extracted from NOAA. Figure 14(c) is
the result of subtracting the values from the LIDAR DEM from the UAV+SfM DEM
using the Raster Calculator to show the difference in elevation values between the two
models. As with site 1, it is notable that the LIDAR model does not pick up any debris
within the area, while the UAV+SfM model does. This can be noted through the several
spots within the channels, as well as the tree shapes. These can be referenced with the
orthophoto above. As with site 1, there seems to be error in the UAV+SfM DEM on the
right side of the model and the bottom where that dark spot is, which indicates areas
where photo alignment was not completely successful. This results in some errors within
the difference DEM in figure. Unlike the other two sites, the difference DEM in this site
does not show significant discrepancies in elevations between the channel and the
surrounding landscape. This could be due to the low water level that was present at the
channel at the time of the flight. Excluding the outliers due to the inconsistencies (as seen
by the dark red and dark blue spots), the average difference between the two DEMs is
about 1.7 feet, with the differences being fairly consistent throughout the model. This
performs similarly compared to Fonstad (2013) that resulted in differences averaging
1.97 feet and Koci et al. (2017) study (through visual interpretation).
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Figure 14: (a) UAV+SfM, (b) LIDAR, and (c) Difference DEM for Site 3

Figure 15 shows the cross-sections that were used for comparison analysis, as
well as the wetted perimeter analysis. The same process was used to build the GeoRAS
model for the study.
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Figure 15: Comparison of Cross-Sections of Site 3

The same method is used as with previous sites to compare cross-sectional
elevations (figure 16). The first notable difference is the elevation as a whole; however,
this will not impact the results of the hydraulic modeling. The UAV+SfM DEM crosssections 1, 3, and 4 appear to have an unsteady profile. This is most likely due to that one
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being located where significant amounts of vegetation and debris is located within the
woods, as that issue does not occur in cross-sections 2 which are located by the walking
trail and not surrounded by vegetation and debris. This does not occur in the LIDAR
DEM due to it being a bare-earth model. There is also a significant average elevation
difference of about 2 feet within cross-section 1. The other three cross-sections also have
significant differences in elevation averaging around 1 foot. This is because the
correction method used did not work very successfully in this site.
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Figure 16: Comparison of Cross-Sections for Site 3

Table 8: RMSE Values for Compared Cross Sections for Site 3
XS

1

2

3

4

RMSE

0.74

0.48

0.82

0.64
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3.3.2. Site 3 Hydraulic Modeling Results Comparison
Appendix C below displays the flood maps for flows from 0 to 30 cfs. The models
seem to respond similarly to the flows throughout most of the channel, except at crosssection 1. The unsteadiness of the UAV+SfM model cross-section 1 results in flooding at
that point at a much lower flow than that of the LIDAR model. This can be seen in the 20
cfs results, where there is much flooding in the UAV+SfM floodmap but none in the
LIDAR floodmap. At 30 cfs, the extensive flooding continues at cross-section 1 in the
UAV+SfM. Flooding also begins in the further cross section in this model. At this flow,
the LIDAR model just begins to experience some flooding at cross-section 1, while the
rest of the water still remains in the channel. The error with cross-section 1 can be
quantified using table 10, which indicates a large difference in wetted area at that section
between the models. As a result of that error with cross-section 1, the floodplain area of
the UAV+SfM model is much larger for specified flows than the Lidar model, with
differences being higher than 1500 sq.ft, as seen in Table 9.

Table 9: Floodplain Areas for Site 3
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

10

1646

1620

26

1.59

20

1646

3150

1504

70.73

30

2031

4204

2173

69.70

40

2404

4300

1896

56.56
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Table 10: Wetted Perimeter Areas for Site 3 for (a) XS 1 and (b) XS 3
(a)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

5

4.82

7.24

2.42

40.13

10

6.31

10.10

3.79

46.19

20

9.73

14.72

4.99

40.82

(b)
Flow (cfs)

LIDAR (sq. ft)

UAV (sq.ft)

Difference (sq. ft)

% Difference

5

2.81

1.68

1.13

50.33

10

3.86

2.48

1.05

43.55

20

5.64

4.96

0.68

12.83
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3.4. Summary of Results
In terms of average elevation differences between the two DEM models, results of
this study (0.5 feet) are similar to that of Fonstad. et al. (2013) that shows an average
elevation difference of 1.97 feet between the LIDAR and SfM models. It is important to
note that the study did not separate topography and bathymetry. Areas with little to no
vegetation performed significantly better, just as with this study. The site that showed
more issues with vegetation and debris was site 3. Dietrich (2015)’s study determined
that the characteristics of water make it at times difficult for SfM to accurately measure
stream bathymetry, which was most apparent in site 2.
Due to their being little available literature on the hydraulic modeling aspect, it is
difficult to assess the effectiveness of that portion of the study. Koci et al. (2017) is the
only found paper that compared LIDAR and UAV+SfM cross sections together. The
results from that study indicate slightly better results than that of this study; however,
slight differences are notable. It is difficult to quantify them as cross-sectional areas are
not calculated in that study.
Similarly to the conclusions based off of the results of site 2, Ballow’s (2016)
results indicate that the area where the most error is present is where vegetation is thick.
His results also show that the UAV+SfM method had difficulty modeling the bathymetry
of submerged areas. The flights done for this study was done during periods were the
channels weren’t significantly submerged, but this could have still resulted in some
issues, and is something that should be further studied.
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The results show that the UAV+SfM method has potential to be able to substitute
LIDAR topographic data for the purposes of hydraulic modeling. However, the results
from site 3 imply that even one slight deviation on a singular cross-section can provide
extremely differing results. Site 1 provides the most promising results in terms of crosssectional area. Factors such as deep water level and high volume of vegetation have
shown to be the two most significant sources of error to the UAV+SfM DEM. Moreover,
slight changes in topographic properties can occur over time. The results of site 2 indicate
the largest difference, due to the extremely small cross-sectional area picked up. This
error could be attributed to the large time gap (6 years) between the surveys. By
analyzing up to date LIDAR models, this error factor can be eliminated.
While the UAV+SfM method seems to be effective in gathering a general idea of
the topographic and hydraulic properties of an area, it cannot be considered a
replacement. This study compared the two sources, with the LIDAR model being
considered the “truth”. Through visual interpretation, it is clear that the LIDAR DEM is
more accurate, especially in sites 2 and 3.
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4. CONCLUSIONS

The results of this study show that in certain environments, this method does work
in gathering accurate topographic data. Between the field work and the processing
through Photoscan, the total time required to develop the DEM is no more than 2 hours.
Due to requiring very little preparation in advance, this method would be very efficient
for mapping the topographic change as a result. Once the software and UAV are
purchased, there is no additional operation or maintenance cost required. This is great
advantage over the costly LIDAR surveying method. The models themselves are also
very high resolution.
This method does pose several limitations. This study cannot be done in areas
designated as no-fly zones. In the DC/Maryland/Virginia area, this is a significant
restraint as there is a 30-mile radius around the White House that is designated as a no-fly
zone. Channels that are under forests with large trees are also difficult to survey due to
the risk of the UAV flying into the trees. High winds can make it difficult for the UAV to
fly and maintain a steady altitude.
As shown in Site 3, heavy amounts of debris or other vegetation can result in
inaccurate cross-sectional developments. This error is not seen in LIDAR models due to
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them being bare-earth surveys. Several studies (e.g. Jensen (2016)) are addressing this
issue by removing this error from point cloud products.
Recommendations for further study are:


Comparing results with GPS surveyed data to determine which method provides
more accurate results as compared to the GPS.



Conducting the UAV flight right as LIDAR data becomes available as to remove
the error source of topographic changes between the LIDAR and UAV survey.



Studying how this method does in modeling various structures impacts to the flow
such as bridges or levees.



Studying the differences of using varying elevations (The UAV can fly up to 250
feet). This would be necessary to study large bodies of water such as the Potomac
River.



Pairing this method with the ADCIRC model to study coastal flooding analysis
using UAV+SfM derived DEMs.



Developing a standardized flight methodology, as mentioned by Koci et.al.
(2017).
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APPENDIX A: HEC-GEORAS SETUP

The figures below represent the HEC-GeoRAS set-up that was used to import
geographical data into HEC-RAS. The parameters that were used are streamline, banks,
flowpaths, and cross-sections. The same set-up was used for both the UAV and SfM
models for each of the sites. The images below represent the set-ups on top of the UAV
DEMs.

Site 1 GeoRAS Set-up
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Site 2 GeoRAS Set-up
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Site 3 GeoRAS Set-up
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APPENDIX B: HEC RAS 3D MODELS

Below are three-dimensional models of the streams built through HEC-RAS with
0 cfs of flow.
(a)

(b)
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(c)
3D HEC-RAS Cross-sections of (a) Site 1, (b) Site 2, and (c) Site 3
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APPENDIX C: FLOODPLAIN MAPS

The flood maps below show the flooding extends of the indicated flows as modeled by
HEC-RAS and visualized through RASMapper. The left images indicated the UAV+SfM
model and the right images indicate the LIDAR models. These were used to determine
the floodplain area in table #.
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(a)

(b)
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(c)

(d)
Comparison for UAV+SfM (left) and LIDAR (right) for Site 1, (a) 10 cfs, (b) 20 cfs, (c)
30 cfs, and (d) 40 cfs
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(a)

(b)

57

(c)

Floodmap Comparison for UAV+SfM (left) and LIDAR (right) for Site 2 (a) 1 cfs, (b) 5
cfs, and (c) 10 cfs

58

(a)

(b)
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(c)

(d)
Floodmap Comparison for UAV+SfM (left) and LIDAR (right) for Site 3, (a) 10 cfs, (b)
20 cfs, (c) 30 cfs, AND (d) 40 cfs,
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