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Abstract: The identification of flood hazards during emerging public safety crises such as hurricanes
or flash floods is an invaluable tool for first responders and managers yet remains out of reach
in any comprehensive sense when using traditional remote-sensing methods, due to cloud cover
and other data-sourcing restrictions. While many remote-sensing techniques exist for floodwater
identification and extraction, few studies demonstrate an up-to-day understanding with better
techniques in isolating the spectral properties of floodwaters from collected data, which vary for each
event. This study introduces a novel method for delineating near-real-time inundation flood extent
and depth mapping for storm events, using an inexpensive unmanned aerial vehicle (UAV)-based
multispectral remote-sensing platform, which was designed to be applicable for urban environments,
under a wide range of atmospheric conditions. The methodology is demonstrated using an actual
flooding-event—Hurricane Zeta during the 2020 Atlantic hurricane season. Referred to as the UAV
and Floodwater Inundation and Depth Mapper (FIDM), the methodology consists of three major
components, including aerial data collection, processing, and flood inundation (water surface extent)
and depth mapping. The model results for inundation and depth were compared to a validation
dataset and ground-truthing data, respectively. The results suggest that UAV-FIDM is able to predict
inundation with a total error (sum of omission and commission errors) of 15.8% and produce flooding
depth estimates that are accurate enough to be actionable to determine road closures for a real event.

Keywords: urban water extraction; unmanned aerial vehicles; UAV; floodwater detection; inundation;
flood depth; flood mapping; remote sensing

1. Introduction

Based on current projections, flood frequencies will increase significantly on a global
scale [1,2]. Global flood frequency has increased 42% in land areas, and in areas near
rivers, a 100-year flood will occur every 10–50 years [3]. Another study concluded that
48% of the world’s land area, 52% of the global population, and 46% of global assets will
be at risk of flooding by 2100 [4]. They estimate that 68% of these new floods will be
caused by tides and storm events. Near-real-time emergency response and post-event
damage mitigation both require flood-extent mapping and corresponding water-depth
information [5]. There are several proposed methods for monitoring water levels during a
flood, including the utilization of ground-based sensors with self-calibration capabilities,
especially with the latest advancement of machine-learning techniques and the Internet of
Things [6–10]. However, the sensing option is still limited by the deployment process and
the limited spatial coverage.

Due to the cost of purchasing, deploying, and maintaining a large network of sensors,
other methods that retrieve flood data from pre-existing sources have been practiced.
Crowdsourcing images from readily available sources online were utilized with R-CNN
networks in several studies to derive the flood extent [11]. However, this method requires
images to be taken of the same area when dry, meaning that data cannot be provided in real
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time. Unfortunately, since these images are posted by unaffiliated users, emergency services
and government organizations cannot request scans of a particular area. Surveillance
cameras, even those empowered by the latest artificial intelligence technologies for water
and object detection, are limited in coverage and often in fixed positions and angles [12]. On
the other hand, flood-depth calculation methods are generally based on hydraulic modeling
or terrain-derived approaches [13]. These methods often require the utilization of data
from ground-based sensors, thus necessitating detailed meteorological and hydrological
information for model initiation and flood analysis [14], which can hinder their application
in near-real-time emergency responses, particularly in data-sparse regions [15].

Both coarse-resolution optical satellite images, such as those derived from MODIS
and NOAA AVHRR, and medium-resolution images from Landsat, Sentinel-2, and radar
Sentinel-1 offer invaluable perspectives for capturing flood dynamics at local and national
scales, respectively [16,17]. Peng et al. [18] proposed a self-supervised learning framework
for patch-wise urban flood mapping using bitemporal multispectral satellite imagery. Pso-
miadis et al. [19] found that combining multi-temporal remote-sensing data and hydraulic
modeling can provide timely and useful flood observations during and immediately after
flood disasters, and such a combination is applicable in a large part of the world where in-
strumental hydrological data are scarce. Schumann et al. [20] showed that remotely sensed
imagery, particularly from the new TerraSAR-X radar, can reproduce dynamics adequately
and support flood modeling in urban areas. Heimhuber et al. [21] addressed spatiotempo-
ral resolution constraints in Landsat and MODIS-based mapping of large-scale floodplain
inundation dynamics and found that both series provided new and temporally consistent
information about changes in the inundation extent throughout the flooding cycles.

The use of satellite imagery to identify flooded areas has been widely adopted with
different data-processing approaches [22,23]. Many water extraction models make use
of the Normalized Difference Water Index (NDWI), which is given as the difference of
reflectance between green and NIR, divided by the summation of green and NIR [24].
The performance of NDWI for water extraction also tends to decrease for turbid waters
and is also sensitive to human-built structures, thus limiting its effectiveness in urban
environments [25,26]. A good balance between the static ground-based sensors and the
satellites includes low-flying aerial systems. The rise of drones has created the availability
of low cost, rapidly deployable monitoring solutions, with the cost of a surveillance drone
as low as USD 1500, while the cost of traditional surveillance methods is more than USD
10,000. In addition, the drone-based scans can be performed in half the time it would take
for the same scan to be performed traditionally while offering a significantly lower cost.

Unmanned aerial vehicles (UAVs) are highly advantageous when trying to monitor
flood conditions and have recently become popular for flood monitoring due to their ability
to provide high-resolution data over large areas in a short amount of time. UAVs are
bridging the gap between lower resolution satellite methods and high-resolution land-
based measurements with better accuracy with respect to inundation mapping [27,28]
and water depth estimation [29]. In addition, they can also be used to quickly search for
damage after a disaster has passed. The primary disadvantage of UAVs, however, is the
smaller coverage area (a few square kilometers) due to the limitations of energy reserves,
regulations on flying height and speed, and regulations to protect air traffic, safety of people
and property on the ground, as well as privacy [30–32]. UAVs are also limited by the climate
condition [30,33–35]. Another disadvantage of UAVs is the pre-processing time required to
produce multispectral orthomosaics which may take up to 24 h in some instances. While
UAVs provide the advantages of flexibility and ease-of-use, additional uncertainties with
respect to data processing may be introduced, including initial calibration procedures, the
camera angle, or potential issues encountered during flight [33,36,37]. On the other hand,
satellites such as NASA’s Land, Atmosphere Near real-time Capability for Earth Observing
Systems (LANCE) leverages existing satellite-data-processing systems in order to provide
data and imagery available from select EOS instruments (currently AIRS, AMSR2, ISS LIS,
MISR, MLS, MODIS, MOPITT, OMI, OMPS, and VIIRS) within 3 h of satellite overpass [20].
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Despite the promise of quick and cheap surveillance, there are still more limitations
to overcome when using UAVs for water level measurement. First, because UAVs are
relatively new, there is a lack of pre-existing data available for training the AI that will
be used to identify water depth where data augmentation is generally needed for a wide
variety of images resembling different conditions (lighting levels, image quality, and
alternate viewing angles) [31]. In addition, because the newly generated images are already
annotated, it is not necessary to spend time reviewing the dataset. Another issue is
that the AIs used most frequently in flood detection, CNNs, are primarily trained with
ground-based images. As such, they are incapable of accurately identifying objects from
an aerial perspective [31,38]. While a large magnitude of training and data-preparing
process requirements may limit applications in near-real-time flood detection, a variety of
approaches have been tested to increase accuracy in a wider range of scenarios [39–42].

Compared with studies using other computationally intense methods, this study
sought to transform the conventional methodology of inundation prediction by devising a
inexpensive non-contact UAV-derived observational system capable of providing near-real-
time inundation extent and depth mapping for flooding events. The goal was achieved by
both utilizing and generating digital elevation models and building a detection algorithm
upon them. The study was completed for Hurricane Zeta during the 2020 Atlantic hurricane
season in Elkin, North Carolina. Zeta formed on October 19 from a low-pressure system
in the Western Caribbean Sea and made landfall as a Category 3 hurricane in Southeast
Louisiana on 28 October. Zeta traveled northeast through the entire state of North Carolina,
where it transitioned to a post-tropical cyclone. The outer bands of the storm brought
high winds and heavy rainfall to Surry County on 28 October. By 29 October, the rainfall
ceased, and the wind had weakened enough to deploy a UAV, with moderate flooding still
forecasted for later that day on the Yadkin River at Elkin, North Carolina.

2. Materials and Methods

This paper introduces a novel, rapidly deployable UAV water surface detection
method referred to as UAV–Floodwater Inundation and Depth Mapper (FIDM). The
methodology is summarized in Figure 1. The three major components are (1) aerial data
collection, (2) data processing, and (3) floodwater inundation (water surface extent) map-
ping and depth mapping. UAV-FIDM is carried out for two modes, namely a partial
(LiDAR-derived) integration (PI) and full (UAV-DEM-derived) integration (FI). The PI
makes use of any existing elevation data from publicly available sources, such as from the
US Geological Society (USGS), while the FI generates elevation from data obtained by the
UAV and further utilizes them in deriving the final surface extent and depth products.
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2.1. Study Area

The study area is located in the Town of Elkin, Surry County, North Carolina, USA
(Figure 2). The Yadkin River flows just south of the Historic Elkin Downtown District. With
headwaters originating in the Blue Ridge Mountain foothills, it forms the northernmost
part of the Pee Dee drainage basin. The Yadkin River is regulated upstream of the project
site at the W. Kerr Scott Dam and Reservoir in Wilkesboro, North Carolina. The region is
characterized by forests of mixed hardwoods, including hickory, sycamore, and poplar. The
project site was selected due to ease-of-access, combined with the high likelihood of riverine
flooding induced by Hurricane Zeta. The study area consists of the Downtown District at
U.S. 21 Business and the Yadkin River and includes six road closures due to flooding at U.S.
21 Business, Commerce St., Elk St., Standard St., and Yadkin St. The total project area is
approximately 0.39 km2 (100 acres) and is bounded by WGS 84 coordinates of 36◦14′40′′ N,
80◦51′15′′ W (northwest), 36◦14′40′′ N, 80◦50′45′′ W (northeast), 36◦14′15′′ N, 80◦50′45′′ W
(southeast), and 36◦14′15′′ N, 80◦51′15′′ W.
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2.2. UAV Platform and Sensors

The UAV used in this study is a customized DJI Phantom 4 Pro quadcopter (P4P). The
P4P is equipped with a 1-inch, 20-Megapixel CMOS camera. The lens is 8 mm × 24 mm
with a field of view (FOV) of 84◦. The image size is 5472 × 3648 pixels with output in JPEG
and DNG format. A GNSS receiver (rover) is linked to the camera’s shutter signal to record
precise time marks and coordinates for every photo taken. A second RTK GNSS receiver
(base) is installed on a survey monument and records a fixed position for the duration of
the flight. The GPS measurements from the base are used to apply corrections to the rover,
using a Post-Processed Kinematic (PPK) workflow, providing survey-grade positioning.
The sensor dataset associated with the UAV’s primary camera is herein referred to as RGB.

The UAV is also equipped with a Mapir Survey 3W (3W) multispectral sensor, with an
external GPS used for geotagging. The sensor is a Bayer color filter array with 12 Megapixels
and an image size of 4000 × 3000 pixels in TIFF format. The 3W records on three channels,
namely orange, cyan, and near-infrared, with spectral peaks at 490 nm, 615 nm, and 808 nm,
respectively. The 3W reflectance values are radiometrically calibrated to compensate for
day-to-day variations in ambient light, using a calibrated reflectance panel (CRP). The CRP
contains four diffuse scattering panels in black, dark gray, light gray, and white that are
lab-measured for reflectance between 350 nm and 1100 nm. A unique reflectance profile
is established for each panel, which converts an established wavelength to reflectance
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percent. An image of the CRP is captured on the 3W immediately before and after each
flight. The CRP images are then used in post-processing to convert each pixel from bit
depth to reflectance percent, using the panel profiles and metadata (gain/bias settings for
each channel), allowing for a reflectance calibration of less than 1.0% error in most cases
(MAPIR CAMERA, San Diego, CA, USA). The sensor dataset associated with the 3W is
herein referred to as OCN.

2.3. Flooding Event and Aerial Data Collection

More than a dozen locations throughout the Carolinas during the 2020 hurricane
season were monitored by the UAV data collection team, using the National Weather
Service (NWS) River Forecast Center and NWS precipitation products. The Hurricane
Zeta event and study area were finalized based on accessibility and data availability. The
finalized aerial survey location was selected based on real-time correspondence with first
responders of the Town of Elkin Police Department during the event. USGS gauge 02112250,
located at 36◦14′27.73′′ N, 80◦50′56.86′′ W, was consulted to estimate the flood stage and
time-to-peak (Figure 3). The team arrived on-site during the rising limb of the hydrograph
(Figure 3) on 29 October 2020, at 20:00 UTC.
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Figure 3. Mobilization timeline in UTC and hydrographs at USGS gauge Yadkin River at Elkin, NC
(ID: 02112250) with NWS forecast at the corresponding time on the 29th and 30th of October, 2023
(Source: Available online: https://water.weather.gov/ahps2/hydrograph.php?gage=elkn7&wfo=rnk
(accessed on 8 May 2012)., accessed on 10 June 2023). Reprinted with unaltered image, permission
granted from NOAA, U.S. Department of Commerce

Prior to mobilizing to the site, two flight plans were created to automate UAV data
collection to ensure optimal coverage and to minimize human error, using a flight-planning
app created by Litchi. The flying height was set to 118.9 m above ground level (AGL)
or 395.0 m above mean sea level (AMSL). The forward speed was set to 23.4 kph. The
percent forward and side overlap were both set to 80%. The exposure time was set to
300/s to avoid image blurring for both the RGB and OCN datasets. Aerial data collection
was conducted over two 25-min flights. The first flight commenced at 21:20 UTC and
concluded at 21:45 UTC. The second flight commenced at 21:50 UTC and concluded at
22:15 UTC. Representatives from the United States Geological Survey (USGS) were also
on-site monitoring the velocity, peak flow, and stage (Figure 4). The UAV team coordinated
with the USGS to determine an approximate time-to-peak of 21:50 UTC. Using the recorded
conditions at the gauge and field-verified measurements from the USGS, it was confirmed
that the peak stage elevation of 270.72 m (888.20 ft) was concurrent with the time of the

https://water.weather.gov/ahps2/hydrograph.php?gage=elkn7&wfo=rnk
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aerial data collection. The resulting nominal ground sample distance (GSD) was 3.3 cm for
RGB and 5.5 cm for OCN.

Figure 4. Site conditions and data validation labeled in local time (EDT time zone).

On 29 November 2022, the same UAV and sensor configuration were deployed using
the same flight plans. This second aerial dataset was used to generate a digital elevation
model (DEM) during non-flooding conditions, as well as to provide a post-event multispec-
tral dataset. It should be noted that the supporting dataset should ideally be collected prior
to the flooding event. However, capturing data after the event produces identical results
but has the disadvantage of not being able to provide near-real-time information. The DEM
data are further utilized in the FI model for the final results.

2.4. Ground Truthing Data

Two sets of ground-truthing data were collected for the study. The first set was
collected during the flooding event on 29 October 2020 and consisted of ten geolocated
floodwater depth measurements. A Trimble R10 RTK GNSS system and TSC5 data collector
(Trimble, Sunnyvale, CA, USA) were used to collect position and elevation data for two
ground-truthing datasets. For this process, Trimble Access was used to create a general
survey in NAD 1983 State Plane North Carolina FIPS 3200 coordinates, and the RTKNet
was used to establish a VRS session. The floodwater depth measurements were taken using
a fiberglass grade rod after the second and final UAV flight. After depth was recorded, the
position was recorded using the Trimble. An occupation time of 90 s was chosen to achieve
the desired accuracy (approx. 1 cm horizontal and 3 cm vertical). The measurements were
uniformly spaced within the downtown district, primarily in flooded roadways. These
depth measurements were used for model validation and are discussed in Section 4.3.

For the second set, twelve Ground Control Points (GCPs) were collected on 29 Novem-
ber 2020. The 29 October 2020 dataset was initially used to identify potential GCP locations
by identifying objects or structures in the true-color orthomosaic that were present during
flooding conditions, such as roadway paint markings, cracks in the sidewalk, centers of
manholes, etc. The potential GCPs were further identified in the field on November 29, and
their position was recorded using the Trimble, with an occupation time of 180 s. All twelve
GCP positions each recorded three different times throughout the day. The final positions of
the GCPs were calculated as the average of the three measurements to achieve the desired
accuracy of approx. 1 cm horizontal and ≤3 cm vertical. The GCPs were then used to
composite the 29 October 2022 dataset for generating the final results. The GCPs were also
used to generate a digital elevation model (DEM) for the 29 November 2020 dataset during
“leaf-off” conditions. The data processing is discussed in the following section.
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2.5. Data Processing

Two types of data were processed in this study. The first type was two-dimensional
multispectral data, including orthomosaics (RGB and OCN), and the second was three-
dimensional elevation data (DEM). Both types were processed with the software Pix4DMapper
Ver 4.5.12. All images taken by the UAV were processed with a Structure-from-Motion (SfM)
and multi-view stereo approach [43,44]. These approaches allow the geometric constraints of
camera position, orientation, and GCPs to be solved simultaneously from many overlapping
images through a photogrammetry workflow. Twelve steps were required to generate the
orthomosaics and DEM:

1. The RGB and OCN image datasets were acquired using a UAV platform on a gridded
automated flight plan;

2. GCPs were collected as Trimble survey points with an accuracy of ±1 cm horizontal
and ±3 cm vertical;

3. PPK processing was performed to provide RGB images with geotagged locations with
an accuracy of ±5 cm;

4. OCN images were preprocessed to provide reflectance calibration;
5. RGB images were imported into Pix4DMapper, together with the information about

acquisition locations (coordinates), including the roll, pitch, and yaw of the UAV
platform. The information was used for the preliminary image orientation;

6. “Matching” in Pix4D comprised three steps: First, a feature-detection algorithm was
applied to detect features (or “key points”) on every image. The number of detected
key points depends on the image resolution, image texture, and illumination. Second,
matching key points were identified, and inconsistent matches were removed. Third,
a bundle-adjustment algorithm was used to simultaneously solve the 3D geometry
of the scene, the different camera positions, and the camera parameters (focal length,
coordinates of the principal point and radial lens distortions). The output of this step
was a sparse point cloud.

7. The GCP coordinates were imported and manually identified on the images. The GCP
coordinates were used to refine the camera calibration parameters and to re-optimize
the geometry of the sparse point cloud.

8. Multi-view stereo image-matching algorithms were applied to increase the density of
the sparse point cloud into a dense point cloud.

9. A digital surface model (DSM), which consists of a textured map, was derived from
all images and applied to the polygon mesh that was used to create an orthomosaic.

10. The DSM and orthomosaics for RGB and OCN were exported from Pix4DMapper
into ArcGIS Pro.

11. A digital elevation model (DEM) generated from the RGB point cloud and exported
from Pix4DMapper into ArcGIS Pro. Alternatively, a DEM can be generated using
LiDAR data for faster results. Both UAV-DEM-derived and LiDAR-derived results
are explored in the following sections and are referred to as the full-integration (FI)
mode and partial-integration (PI) mode, respectively.

12. RGB, OCN, and DEM were combined into a single raster file in ArcGIS Pro for analysis.

2.5.1. Model Data

The extraction model utilizes an 8-band raster dataset composited from three datasets:
(1) very high resolution imagery (RGB), (2) multispectral imagery (OCN), and (3) topo-
graphic data (DEM/LiDAR). The RGB and OCN cameras record data in JPEG and TIFF
format, respectively. The values are converted to reflectance percent by dividing the pixel
values by the bit depth of the image format. RGB data are in raster format with reflectance
stored as 8-bit digital numbers (DNs) ranging from 0 to 255. The data are decomposed into
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separate bands for red, green, and blue. The RGB DNs are normalized to values ranging
from 0.00 to 1.00 by dividing by 255:

R, G, B =
DNRGB

255
(1)

OCN data are also in raster format, with reflectance stored as 16-bit DNs ranging from
0 to 65,535. The data are provided on separate bands for orange, cyan, and near-infrared
(NIR). The OCN data are also normalized by dividing by 65,535:

O, C, N =
DNOCN
65, 535

(2)

NDVI is a unitless fraction given as the difference of reflectance between NIR and red,
divided by the summation of NIR and red [45]. The authors theorized that the delineation
of floodwater is enhanced in densely vegetated areas due to the low NDVI values of
floodwater and high NDVI values of live green vegetation. In this study, orange was
substituted for red to reduce the pixel noise associated with the high red reflectance of
soil [46]. NDVI is given, then, as follows:

NDVI =
NIR− orange
NIR + orange

(3)

The required topographic data depend on whether the fully integrated (FI) or partially
integrated (PI) model is employed. The FI model utilizes a DEM derived from photogram-
metry (UAV-DEM-derived), while the PI model utilizes a DEM derived from the LiDAR
(LiDAR-derived). Finally, RGB, OCN, NDVI, and DEM/LiDAR are composited into a single
raster dataset with 8 bands by the proposed algorithm explained in the following section.

2.5.2. Water Surface Extent Algorithm

Inundation, or water surface extent (WSE) mapping, is performed using a two-step
algorithm based on the 8-band orthomosaic. Step one is optional and is used for riverine
floods in which the user defines an elevation above mean seal level (AMSL) which elimi-
nates pixels above the estimated flood stage. This step should be skipped for flash floods in
which inundation is highly localized and may be independent of river stage. In this study,
the flooding of the Yadkin River at Elkin, North Carolina, was the result of flood routing as
opposed to direct precipitation. All flooding, then, was the result of overbank flow, in which
the floodwater depth was directly correlated with the river stage. As such, a maximum
elevation corresponding to the peak stage of 270.72 m (888.20 ft) AMSL was utilized from
the forecasted conditions at the local USGS gauge 02112250. Band-8 pixels corresponding to
elevations above 270.72 m were automatically annotated as non-floodwater and eliminated
prior to step two. It should be noted that the user must consider the hydraulic profile of the
river when selecting an elevation threshold. For smaller study areas (up to 1 km2), using an
elevation threshold corresponding to a local stream gage should suffice; however, for larger
study areas (over 1 km2), the elevation threshold should not be used or must be defined by
the maximum potential WSE (most upstream cross-section) for the study reach. For the
full model and partial model, the DEM and LiDAR were used to determine the maximum
elevation threshold, respectively.

In step two, the user defines a spectral profile to extract floodwater pixels from the
remaining dataset. The spectral profile is constructed from two or more spectral reflectance
curves by manually sampling pixel values for area(s) of interest, using a lasso drawing
tool. In this study, visual inspection was used to identify major color variations within the
flooded areas. This led to establishing four spectral reflectance curves, as shown in Figure 5,
corresponding with (1) overbank flooding, (2) channel flooding, (3) overbank flooding
covered in shadow, and (4) riverine flooding covered in shadow. Overbank flooding
corresponds to inundation outside of the main channel banks. Overbank flooding appears
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in the model as sheet flow with a laminar surface. The flow is generally shallow (0–2 m
deep), with little to no debris present. Channel flooding, on the other hand, appears in
the model ranging from laminar to turbulent flow. Perturbations and debris are present
throughout the floodwater surface. Both overbank and channel flooding appear in the
true-color orthomosaic as reddish brown due to the iron-rich loamy soil typical of the
region. The channel flooding is generally more consistent with higher values of red, green,
and blue. Overbank flooding has higher values in orange, cyan, and near-infrared, likely
due to the relatively shallow flow, in which grass, asphalt, and concrete are sometimes
partially exposed. The shadows have the effect of uniformly lowering the brightness values
across the spectrum for both overbank and channel flooding. NDVI values are invariably
low across all four curves due to the lack of photosynthetic material in the water. The
minimum and maximum pixel values extracted for each band are also presented in the box
and whisker plots for Figure 5. The complete spectral profile is provided in Table 1 in the
column “Extraction Range”. It should be noted that the distribution of data is less for OCN
due to the narrow-filtered bands of the multispectral sensors.
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Table 1. Spectral profile of floodwater pixels for overbank and channel flow.

Band Name Extraction Range
(DN) Source

1 Blue 0.38–0.91 Phantom 4 Pro
2 Orange 0.16–0.39 Mapir Survey 3
3 Green 0.24–0.71 Phantom 4 Pro
4 Cyan 0.10–0.26 Mapir Survey 3
5 Red 0.18–0.44 Phantom 4 Pro
6 NIR 0.17–0.36 Mapir Survey 3
7 NDVI 0.00–0.18 Mapir Survey 3

8 DSM ≤270.72 m Phantom 4 Pro/RTK
GNSS Receiver

After the maximum elevation and spectral profile are defined, the water extraction
model works by masking or eliminating pixels outside the specified ranges, as specified in
Table 1, chronologically. First, DEM/LiDAR values greater than 270.72 m (888.20 ft) AMSL
are eliminated, followed by the pixels with NDVI less than 0.2 and within the extraction
range for each band. Any pixels not eliminated are automatically annotated as floodwater
pixels. The model output includes a binary raster file, with 0 representing non-floodwater
pixels and 1 representing floodwater pixels. The result is a water surface extent (WSE), or
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inundation map. It should be noted that, while the model will extract floodwater pixels,
it will not extract non-floodwater pixels unless a spectral reflectance curve is generated
specific to non-floodwater. For example, a wet detention pond, which is generally free from
sediment, will have a significantly different profile from sediment-rich floodwaters and
will not be extracted. The output layers are shown in Figure 6.
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2.5.3. Water Depth Algorithm

A water depth map is generated from the WSE (inundation) map and a bare-earth
topographic dataset (DEM/LiDAR), using a 6-step process, which is illustrated by Figure 7.
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Figure 7. Water depth flowchart: (1) WSE raster, (2) WSE feature, (3) DEM extraction to point to TIN,
(4) TIN as water elevation, (5) TIN to raster minus DEM, and (6) water surface depth.

Step (1): Non-floodwater pixels are removed from the raster dataset by setting 0 values
to null.
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Step (2): The raster is converted into a feature layer; this procedure generates polygons
for contiguous patches of floodwater, including individual floodwater pixels. Polygons
with an area below a user-defined threshold are removed. In this study, a minimum area of
3 m2 was used to remove smaller patches.

Step (3): Points are generated at a user-defined interval along the edges of the polygons
or the edge of the floodwater extent where depth is assumed to be 0.00 m. For this study,
points were generated every 3 m. Elevation data are extracted from the DEM at each point,
representing the floodwater elevation at that point.

Step (4): Points are connected to form a triangulated irregular network (TIN), using
linear interpolation. Each triangle forms a plane representing the floodwater elevation,
capturing variations in the water surface profile.

Step (5): The TIN is converted to a raster format, depicting a floodwater elevation map.
Step (6): Finally, the DEM is subtracted from the floodwater elevation map to provide

a floodwater depth map. Figure 8 illustrates the TIN-to-depth process for a selected portion
of the model.
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2.6. Model Output

The final output for both the FI and PI models consists of a single raster file containing
the modeled inundation and depth with a resolution of 3.3 cm, and the output results
summarized in Table 2. For the FI model, the input raster was reduced from 396,158,137 to-
tal pixels to 101,462,379 floodwater pixels (25.6%); thus, 74.4% of the total pixels were
eliminated. For the PI model, the input raster was reduced from 396,158,137 total pixels to
129,453,581 floodwater pixels (32.7%); thus, 67.3% of the total pixels were eliminated. For
both models, inundation is represented by the spatial distribution of the remaining pixels,
while depth is stored as the pixel value. While the models have no inherent limitations for
inundation mapping, depth calculations are generally limited to floodwaters outside of the
main channel due to the inability of photogrammetry and most LiDAR devices to penetrate
water, with the exception of green LiDAR [47]. The bathymetric surface, therefore, cannot
be mapped, and the area within the wetted width of the channel is clipped prior to analysis.
After removal, the FI model depth ranges from 0.00 m to 9.14 m, with a mean depth of
2.25 m. The PI model depth ranges from 0.00 m to 5.76 m, with a mean depth of 1.25 m. It
should be noted that the mean depth of the PI model is significantly lower due to a higher
commission error, which is discussed in Section 3.2.
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Table 2. Modeled depth comparison for fully integrated and partially integrated models.

Model Resolution (Cm) Inundation % Depth Range (m) Mean Depth (m)

FI 3.3 25.6 0~9.14 2.25
PI 3.3 32.7 0~5.76 1.25

3. Validation and Results
3.1. Inundation Validation

The accuracy of the inundation models was assessed using human annotation for
validation [48]. This process is time-consuming and labor-intensive and requires the user
to manually annotate or “flag” pixels by visually inspecting the true-color orthomosaic.
Multispectral mosaics, therefore, were not included in the visual inspection, e.g., OCN and
NDVI. The criteria utilized for the identification of floodwater pixels are divided into two
categories. For the riverine category, the water surface within the main channel, which is
known to be flooded by reference to a stream gauge, is visually scanned from the center line
and outward to where land or built structures become visible. For overbank flooding, pixels
corresponding with ponded water, with colors consistent with riverine flooding, are also
flagged. Recent aerial and satellite photos under non-flooding conditions are also visually
compared to reduce human error and prevent the flagging of permanent water features,
such as retention ponds. For this study, the floodwater was sediment-rich and opaque,
leading to a distinct color profile for easy detection. For efficiency, a patch-wise approach
was utilized by annotating pixels coinciding with the edge of the floodwater, as opposed to
a pixel-wise approach, which would require over one hundred million annotations [49].
Once the edges were identified, the floodwaters were bounded using non-overlapping
polygons. The patch-wise procedure required over 100,000 annotations and took over 30 h
to complete. Polygons were then converted to raster format; resampled; and adjusted to
match the extent, resolution, and cell alignment of the inundation modeling results. The
validation raster is herein referred to as Validation, and the modeled inundation rasters are
referred to as PredictedUAV (FI model) and PredictedLiDAR (PI model).

In order to evaluate the accuracy of the UAV-DEM-derived inundation model, two sets
of data are defined. The first set is Validation (V) and contains 108,977,736 pixels. The second
set is PredictedUAV (PUAV) and contains 101,462,379 pixels. The first relation, V ∩ PUAV,
is the intersection of Validation and PredictedUAV in which the model correctly extracted
floodwater pixels. V ∩ PUAV contains 96,800,615 pixels, indicating that the inundation
model successfully extracted 88.8% of V. The second relation is the set difference PUAV\V
containing 4,662,185 pixels. PUAV\V indicates that misidentifications, or commission
errors, make up 4.59% of PUAV. The third relation is the set difference V\PUAV containing
12,177,322 pixels. V\PUAV indicates that the inundation model failed to extract 11.2% of
V, representing an omission error. A total of 10,329,127 pixels in V\PUAV, or 84.8%, are
located in areas with dense tree cover. This suggests that the model’s performance is poor
when the floodwater is obscured by tall vegetation. When excluding these areas from the
analysis, the inundation model only fails to extract 1.9% of V.

Accuracy =
V ∩ P

V
(4)

Omission Error =
V/P

P
(5)

Commission Error =
P/V

P
(6)

Total Error = Omission Error + Commission Error (7)
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The accuracy evaluation was repeated for the PI model, referred to as PredictedLiDAR
(PLiDAR), which contains 127,942,429 pixels. V ∩ PLiDAR contains 95,728,050 pixels, indi-
cating that the PI model successfully extracted 87.8% of V. The second relation, PLiDAR\V,
contains 20,263,948 pixels, indicating that 15.8% of PLiDAR is a commission error. The third
relation, V\PLiDAR, contains 24,728,013 pixels, indicating that the partial model failed to
extract 22.7% of V, representing an omission error. When omitting areas of dense tree
cover, the LiDAR-derived inundation model fails to extract 14.6% of V. Table 3 provides a
summary of the FI and PI model inundation analyses. The floodwater inundation maps,
showing the spatial distribution of accuracy and omission and commission errors, are
shown in Figure 9. There are several potential reasons for the higher commission and
omission errors in the PI model compared to the FI model, and these are discussed in more
detail in Section 4.1.

Table 3. Inundation validation—commission error, omission error, and total error.

Model Accuracy Commission Error Omission Error Total Error

FI 88.83% 4.59% 11.17% 15.77%
PI 87.84% 15.84% 22.69% 38.53%
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3.2. Depth Validation

The accuracy of the depth model was assessed by measuring the depth at ten locations,
using a 7.62 m (25-foot) fiberglass grade rod, accurate to 3 cm. The measurements were
taken immediately after the second and final UAV flight on 29 October 2020. The mea-
surements were uniformly spaced within the Downtown District, primarily on impacted
roadways. Measurement locations were limited to areas that could be safely reached on
foot. Due to safety concerns, this is not the preferred method, and we recommend that
depth validation be conducted from a vessel for future studies. Measurements ranged
from 3.1 cm to 39.6 cm in depth. Figure 10 shows the spatial distribution of measurement
locations. Table 4 shows the depth predicted by the FI model, the depth predicted by the PI
model, the actual depth as measured on the grade rod, and the percent difference between
Measured and Predicted. The total differences in depth and percent for the FI model range
from −3.1 cm to 6.1 cm, with an average difference of 1.8 cm and with an average percent
difference of 13%, respectively. The total differences in depth and percent for the PI model
range from −13.2 cm to 58.0 cm, with an average difference of 4.8 cm and with an average
percent difference of 34%, respectively.
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Table 4. Water depth comparison between measured and predicted from different models.

Location Measured FI Diff. (cm) PI Diff. (cm)

1 15.2 18.3 3.1 8.3 −6.9
2 3.1 3.1 0.0 0.4 −2.7
3 3.1 6.1 3.1 7.7 4.6
4 21.3 27.4 6.1 27.4 6.1
5 15.2 12.2 −3.1 14.9 −0.3
6 39.6 45.7 6.1 26.4 −13.2
7 9.1 9.1 0.0 12.5 3.4
8 12.2 15.2 3.1 19.8 7.6
9 9.1 6.1 −3.0 0 −9.1

10 12.2 15.2 3.1 70.2 58
Average 14.0 15.9 1.8 18.76 4.75

To further quantify the accuracy of the UAV-DEM- and LiDAR-derived depth models,
the root mean square error (RMSE) was calculated using Equation (8):

RMSE =

√
∑N

n=1
(
xp,n − xC,n

)2

N
(8)

where xp,n is the depth (cm) extracted from the UAV-DEM and LiDAR-DEM at each
measured location; xC,n is the measured ground truthing depth; and N is the total number
of comparisons, which is ten (10) for this study. The UAV-DEM-derived depth model
outperformed the LiDAR-derived depth model (RMSE of 3.6 cm and 43.0 cm, respectively).

3.3. Land Type Classification

In order for the floodwater pixels to be extracted by the floodwater inundation model,
the floodwater must be visible to the sensors on the UAV platform. The authors hypoth-
esized that model performance is adversely impacted by obstructions to the land/water
surface, such as trees, buildings, and other natural and artificial structures. The presence
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of obstructions increases spectral heterogeneity and decreases the separability of floodwa-
ter pixels from background noise. To evaluate this hypothesis, a 2020 land-cover raster
with 10 m resolution was obtained from the European Space Agency WorldCover 2020
Database [28]. Three relation set percentages, namely omission error, commission error, and
percent correct, can be calculated using pixel counts and are evaluated per land-cover type:

CountTOTAL = CountOMISSION + CountCOMMISSION + CountCORRECT (9)

Omission % =
CountOMISSION

CountTOTAL
(10)

Commission % =
CountCOMMISSION

CountTOTAL
(11)

Correct % =
CountCORRECT

CountTOTAL
(12)

Six land-cover types were observed in the study area, and the results are summarized
in Table 5. In terms of correct %, the UAV-DEM-derived inundation model (FI) performed
best for Cropland (95%), followed by Grassland (84%), Permanent Water Bodies (78%),
Built-Up (70%), Bare/Sparse Vegetation (60%) and lastly Tree Cover (55%). In terms of
omission %, the FI model has the most difficulty identifying floodwater in Tree Cover (34%),
followed by Bare/Sparse Vegetation (26%), Built-Up (17%), Permanent Water Bodies (15%),
Grassland (10%), and lastly Cropland (3%). Commission % is less dispersed for the FI
inundation model, with the highest frequency occurring in Bare/Sparse Vegetation (14%),
followed by Built-Up (13%), Tree Cover (10%), Permanent Water Bodies (7%), Grassland
(6%), and lastly Cropland (2%).

Table 5. Accuracy and error comparison by land-cover type from different models.

Land Cover
Fully Integrated Model Partially Integrated Model

% Cover Omission Commission Correct Omission Commission Correct

Tree Cover 12.4 34% 10% 55% 35% 14% 51%
Grassland 3.6 10% 6% 84% 2% 24% 74%
Built-Up 44.9 17% 13% 70% 5% 41% 54%
Cropland 4.3 3% 2% 95% 58% 17% 25%

Bare/Sparse
Vegetation 24.2 26% 14% 60% 18% 36% 46%

Water Bodies 10.6 15% 7% 78% 14% 6% 80%

The correct % was calculated for the LiDAR-DEM-derived inundation model (PI)
model for the six land-cover types. The performance was best for Water Bodies (80%),
followed by Grassland (74%), Built-Up (54%), Tree Cover (51%), Bare/Sparse Vegetation
(46%), and lastly Cropland (25%). The FI inundation model performed better for Grassland,
Built-Up, Bare/Sparse Vegetation, and Cropland due to the absence of trees combined with
the higher resolution and accuracy of the elevation data. In terms of the omission error,
the LiDAR-derived inundation (PI) model has the most difficulty identifying floodwater
in Cropland (58%), followed by Tree Cover (35%), Bare/Sparse Vegetation (18%), Perma-
nent Water Bodies (14%), Built-Up (5%), and lastly Grassland (2%). While the FI model
performed the best for Cropland, the PI model performed the worst for Cropland. The
visual inspection reveals significant differences in elevation between the UAV-DEM and
LiDAR-DEM elevations in the Cropland area; however, it is unclear why the discrepancies
exist. It should be pointed out, however, that Cropland only accounts for 4.3% of the
land-cover dataset and, hence, a smaller sample size of pixels. The commission error is
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highest for Built-Up (41%), followed by Bare/Sparse Vegetation (36%), Grassland (24%),
Cropland (17%), Tree Cover (14%), and lastly Permanent Water Bodies (6%).

4. Discussion
4.1. Full versus Partial Model Discussion

The validation results presented in Section 3.1 indicate that the UAV-DEM-derived
inundation model (FI model) outperformed the LiDAR-derived inundation model (PI
model) with respect to the commission error and omission error. The FI model successfully
extracted 88.8% of the validation pixels, with a commission error of 4.59% and an omission
error of 11.2%. The PI model performed slightly worse, with a successful extraction rate
of 87.8%, a commission error of 15.84%, and an omission error of 22.69%. It should be
emphasized that the only difference in model input between the FI and PI models is the
elevation raster dataset. It should be emphasized that using the PI model will not necessarily
lead to a decrease in performance; high-resolution terrain models are already available for
many flood-prone areas, and the PI model may be a better alternative depending on the
quality of the topographic data.

Our examination of the PI model revealed an extensive commission error in the north-
eastern quadrant. This portion of the LiDAR-DEM is relatively flat, with the majority of
the pixel values falling within the flood threshold (≤270.72 m), as defined in Table 1. Con-
versely, this same area in the UAV-DEM is slightly above the flood threshold (>270.72 m),
preventing these pixels from being flagged as “floodwater”. Upon examination of Figure 9,
the variability of omission error is less pronounced. The higher omission error of the PI
model is likely related to the coarser resolution of the LiDAR-DEM. The two methods tend
to miss pixels within the same regions; however, the density of omissions is greater in
these regions for the PI model. It is hypothesized that the higher-resolution UAV-DEM
captures more detail in the digital surface, including small depressions for flood storage. It
is possible that these smaller depression areas are flattened or smoothed out during the
preprocessing of the LiDAR-DEM.

There are several potential mitigation strategies for improving model performance
in areas with dense vegetation and shadows. The greatest source of error associated with
vegetation occurs within patches of tree cover over floodwater. UAV-FIDM does not possess
a decision structure allowing assumptions beyond the floodwater flagging mechanisms, i.e.,
elevation and spectral profile. This shortcoming could be improved by introducing a new
spectral profile for trees. Any contiguous patch of trees surrounded by floodwater pixels
on all sides would then be assumed to be inundated also. The primary issue with shadows
is that they uniformly lower the brightness values across the spectrum, making it difficult
to discern floodwater pixels covered in shadow from other dark features. One potential
method for addressing this issue is to include a third sensor on the UAV platform consisting
of a radiometrically calibrated thermal camera. In addition to the visible and near-infrared
color profile, a thermal camera could be used to isolate floodwater from the background
by developing a longwave infrared profile. It is assumed that the floodwater temperature
would remain relatively constant across the dataset, with only minor variations in shadows.
This additional layer could be ingested into the existing workflow, as shown in Figure 6,
without major changes to the UAV-FIDM methodology. Both of these mitigation strategies
will be explored in future work.

4.2. Land-Type Classification Discussion

The land-type classification has a considerable impact on the performance of the
inundation models. The results indicate that the FI and PI models performed best for
cropland and grassland, while tree cover posed the most significant challenge, with an
omission error of 34% for the FI model. This is consistent with the hypothesis that dense
and/or tall vegetation blocks the view of the sensors, concealing the spectral profiles
associated with floodwater underneath. The PI model was slightly better at extracting
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floodwater for Water Bodies due to the enhanced ability of LiDAR to penetrate the dense
tree canopy along the edge of the river, where vegetation is widespread.

A second cause of omission error, associated with vegetation, is related to the genera-
tion of the UAV-DEM using photogrammetry. The photogrammetry software, Pix4DMapper,
classifies the densified point cloud by using machine-learning techniques based on ge-
ometry and color information [29]. Some vegetation is difficult to classify and remove
from the DEM, especially when the vegetation is dense and the ground is not visible. This
may have the effect of artificially raising the elevation of what is assumed to be ground
for densely vegetated areas within the model. These artificially high elevations will be
erroneously filtered from the floodwater pixel extraction procedure if the elevations are
above the user-defined threshold, leading to omission error.

By visual inspection, we can see that a significant portion of the commission error is
associated with shadows. Shadows are most prevalent for Bare/Sparse Vegetation, Built-
Up, and Tree Cover due to the heights of buildings, trees, and tall vegetation. For these
shadowed regions, the spectral profiles are similar to (1) overbank flooding covered in
shadow and (2) riverine flooding covered in shadow. Here, the reflectance values across
the spectral profiles are exceedingly low, to the degree that the model is unable to resolve
the difference between floodwater and noise in some shadowy areas. The shadows are a
function of the solar angle of incidence corresponding with the time of day the UAV flights
were conducted, occurring 60–100 min prior to official sunset. Because this methodology
was developed to monitor real flooding events, the time of data collection is dependent
on the peak discharge; it is therefore not possible to avoid shadows from entering the
dataset in order to maintain the flexibility of the method. Future studies will be dedicated
to identifying floodwater pixels in shadowed regions to improve the model’s accuracy.

4.3. Depth Results Discussion

For the PI model, the model was developed using the same layers, filter thresholds,
and extraction method, with the exception that elevation is provided by USGS LiDAR
data instead of UAV-DEM. Using LiDAR is necessary to estimate depth when a pre/post-
elevation dataset is not available for the study area, which increases the applicability of
the model. However, the model’s performance may be diminished depending on the
availability, quality, and accuracy of the LiDAR data. The average difference in depth for
the FI model was 1.8 cm, with an average percent difference of 13%. For the PI model,
the average difference in depth was 4.8 cm, with an average percent difference of 34%.
The better performance of the FI model may be attributed to the higher resolution and
accuracy of the UAV-DEM due to a higher spatial density of ground control points and the
timeliness of the data coinciding with the actual flooding event in 2020. The UAV-DEM
was generated from a point cloud consisting of 28 points per meter. The LiDAR-DEM was
derived using a linear aerial sensor and collected at 2 points per meter in 2014 [27]. It is
possible that the topography changed during the intervening period between 2014 and 2020,
either by natural processes, such as erosion and settling, or by manmade processes, such as
land development, compaction, and grading. The temporal relevancy of the LiDAR-DEM
can therefore have significant implications for the accuracy of the PI model and must be
considered early on in the planning stages of near-real-time flood mapping efforts.

For this particular study, the accuracy of the inundation model was sufficiently im-
proved so as to justify using UAV-generated DEM for elevation. This does require a pre-
or post-event dataset to process flood inundation and pre-event flight specifically for
near-real-time application. Producing a survey-grade UAV-DEM requires the collection of
ground-truthing data for quality assurance. This requires planning, additional resources,
and a desire to study a particular watchpoint. In many cases, however, the objective of
near-real-time inundation and depth estimation is to provide crucial information to first
responders wherever floods may happen. This often precludes the option of obtaining data
in advance due to limited resources, budgets, and uncertainty where flooding may occur.
In these instances, the inundation model still performs reasonably well with LiDAR and
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may even outperform the FI model depending on the topographic data quality. Further
research will be required to compare the two models over different regions to quantify the
potential trade-offs and benefits.

It is noted that a well-equipped and robust computational setup is instrumental in
effectively deploying our algorithm for the generation of near-real-time flood inundation
maps across expansive geographic scales. Nevertheless, it is important to acknowledge
the practical constraints when applying this method in regions experiencing widespread
flooding, such as those witnessed in Pakistan [50] or South Africa [51]. The potential
challenges may arise, particularly in regions where data infrastructure might be inadequate
or access to high-performance computing resources is limited. It is further noted that there
are obvious challenges with respect to collecting the data. This requires not only access to
UAVs equipped with multispectral sensors but also “boots-on-the-ground” operators with
the ability to mobilize to critical watch points. Covering widespread flooding may require
the coordination of dozens of operators given the limited swath provided by UAVs of only
a few kilometers.

4.4. Other DEM-Derived Floodwater Depth Mapping Methods

Depth is an essential piece of information for first responders and post-event mitigation
assessment. As an available tool for rapid surface water mapping, DEM-derived methods
can provide an approximate depth during or after a flood event that can be validated by
satellite images. The Floodwater Depth Estimation Tool (FwDET) has been proposed for
rapid and large-scale floodwater depth calculation, using solely a flood extent layer (survey-
or remote-sensing-derived) and a DEM [52].

As another point of comparison, we used this new cloud-derived GIS tool by inputting
the UAV-DEM and LiDAR-DEM data into FwDET. Figure 11 shows the floodwater depth
maps generated using (a) FI, (b) PI, (c) FwDET with UAV-derived DEM, and (d) FwDET
with LiDAR-derived DEM. The blue-color ramp represents the estimated depth at each
pixel. The red line represents the validation (extent) layer. When using the UAV-derived
and LiDAR-derived DEMs as the base of the FwDET model, the resulting flood maps
display several gaps along the channel and surrounding floodplains. This phenomenon
has been identified and discussed in similar studies [16]. The gaps appear to be areas in
which FwDET falsely identifies pixels as edges of the floodwater. The “edges” are flagged
as zero water depth and tend to propagate outwards from individual pixels, failing to
identify floodwater for large portions of the modeling domain. Another key limitation of
FwDET is the appearance of “linear stripes along the flooded domain” in which “unrealistic
differences in elevation between adjacent boundary grid-cells” cause sharp transitions,
resulting in unrealistic visual representations. Both of these tendencies were prevalent
when uploading the UAV-DEM and validation layer into the online GIS environment. It is
evident that the edges and stripes can lead to large differences in the actual versus predicted
values for shallow flood depths, and this may be problematic for urban flooding, where
shallow flooding can have significant consequences for public safety.

In this investigation, the confluence of multiple remote-sensing data sources, specifi-
cally UAV-DEM and LIDAR-DEM, was employed. Leveraging these resources through a
machine-learning approach enables the extraction of pertinent insights. The outputs gener-
ated serve as valuable tools for mapping flood inundation [53–55] and monitoring regions
experiencing significant hydrological changes [56]. Machine-learning techniques also offer
promising solutions to complex scenarios in which traditional methodologies may not be
as effective. For example, Xu et al. [57] presented and discussed the potential of XGBoost
and other similar algorithms in enhancing the efficacy in modeling shallow flood depths, a
significant concern in urban environments. Sanders et al. [58] also presented the XGBoost
in support of forecasting flood stages in the Flood Alert System (FAS). Tamiru et al. [54]
found that integrating machine learning with HEC-RAS improved the accuracy of flood
inundation mapping in the Baro River Basin, Ethiopia. Karim et al. [53] reviewed the litera-
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ture on machine-learning and deep-learning applications for flood modeling and found
that deep-learning models produce better accuracy compared to traditional approaches.
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Table 6 shows the actual depth measured in the field; the predicted depth by FwDET,
using the UAV-DEM (FwDET + UAV-DEM); and the predicted depth by FwDET, using
LiDAR (FwDET + LiDAR). The FwDET using the UAV-DEM produces an average difference
of −8.1 cm (standard deviation of 14.9 cm) and absolute percent difference of 106%, and
the FwDET using LiDAR produces an average difference of +2.8 cm (standard deviation of
25.1 cm) and absolute percent difference of 109%. Compared to both the FwDETs’ results,
the FI and PI show closer estimations at the measured locations, with the FI achieving
the highest accuracy, i.e., 1.8 cm, as the average difference. In future studies, a portable
unmanned catamaran platform capable of producing detailed hydrographic surveys will
be used for depth validation, offering greater density and continuity of bathymetric data,
while providing data in hard-to-reach or unsafe locations. This will help provide valuable
insight into the accuracy of each method.
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Table 6. Water depth comparison in cm between measured and predicted for FwDET-related models.

Location Measured FwDET +
UAV-DEM Diff. FwDET +

LiDAR Diff.

1 15.2 19.7 4.5 23.2 8.0
2 3.1 5.0 1.9 8.5 5.4
3 3.1 15.3 12.1 3.8 0.7
4 21.3 0.6 −20.7 5.8 −15.5
5 15.2 0.0 −15.2 28.6 13.4
6 39.6 0.0 −39.6 0.0 −39.6
7 9.1 3.3 −5.8 6.4 −2.7
8 12.2 0.0 −12.2 8.4 −3.8
9 9.1 1.0 −8.1 11.1 2.0

10 12.2 14.6 2.4 72.5 60.3
Average 14.0 5.9 −8.1 16.8 2.8

Recognizing that the scale of flood waves and the spatial extent of flooded areas have
increased in recent years, one potential application for UAV-FIDM is the monitoring of
flood waves. Turlej et al. [59] analyzed the extent and effects caused by flood waves on a
national scale in Central Europe, using MODIS satellite images for delineation of flooded
areas. They noted difficulty in acquiring sufficient images during flood development
due to cloud cover, as well as coarse data which were unable to resolve flood pools in
tributaries and upper sections of rivers. UAV-FIDM is potentially well-suited to supplement
these studies by providing high-resolution data to produce detailed maps of flood extents,
river channels, and topographic features. This level of detail enhances the precision of
flood modeling and supports better decision-making in flood management. There are
several possibilities for creating a network of qualified UAV pilots to support flood risk
management on a county, state, or national scale [60,61]. The UAV-FIDM methodology
may be incorporated into these national efforts by coordinating on-site UAV deployment
combined with cloud-based computation, such as Amazon Web Services, to deliver results
over significantly larger areas.

5. Conclusions

This study introduces a novel method, referred to as UAV-FIDM, for near-real-time
inundation extent and depth mapping for flooded events, using an inexpensive, UAV-based
multispectral remote-sensing platform. The study proposes two methods including a fully
integrated (FI) model that utilizes the UAV sensors to create an elevation dataset versus
a partially integrated (PI) model that leverages existing datasets such publicly available
LiDAR. The trade-offs between the full and partial models were evaluated. The advantages
of the FI model include temporal currency of the pre-event elevation dataset and greater
accuracy with respect to inundation and depth mapping due to higher spatial resolution
and increased density of ground control points. The main disadvantage of the full model is
that, in order to operate it in near-real-time, a pre-event elevation dataset must be collected.
This requires additional sensors, planning, and foresight to collect the requisite level of data
within the study area before flooding occurs. The PI model, on the other hand, provides
greater flexibility and applicability because it does not require the user to anticipate where
flooding may occur provided that the elevation data are readily available for the flooded
area. The disadvantage is that pre-existing elevation data sources may not be available or
recent and may be of lower quality than UAV-derived elevation datasets. The implications
of such trade-offs are provided for the consideration of researchers.

UAV-FIDM is designed to be applicable for urban environments under a wide range
of atmospheric conditions, including light precipitation and winds up to 50 km/h. It has an
advantage over traditional remote-sensing platforms because it can fly beneath cloud cover
while providing highly detailed maps for areas up to 3 square kilometers with a resolution
of 6 cm or better. The limitations of UAV-FIDM include a processing time of up to 6 h, a
relatively small coverage area, and the requirement of an operator to be on-site during
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the flooding event. The performance varies with land use, with the best performance
being associated with lightly vegetated areas, including cropland and grassland, and the
worst performance being associated with heavily wooded areas, such as forests or dense
scrublands. This work reveals the shortcomings of UAV-FIDM in areas of dense vegetation
or shadows and puts forth multiple suggestions to mitigate these issues.

Overall, UAV-FIDM is suggested as a supportive tool for mapping flood extent and
depth in various fields, including hydrology and water management. Future studies will
include the use of a thermal sensor to overcome the challenges presented by shadows and
mitigate the errors associated with dense vegetation by adding a decision-making structure.
Additionally, a detailed hydrographic survey will be used for validating the depth model.
The methodology was tested and applied during an actual flooding event for Hurricane
Zeta during the 2020 Atlantic hurricane season and shows that the UAV platform is capable
of predicting inundation with a reasonably low total error of 15.8% and yields flooding
depth estimates accurate enough to be actionable by decision-makers and first responders.
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