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Abstract
This study aimed to map the 2022 flood with a 16.5-year return period near a bridge on the 
Red River, close to Grafton City, North Dakota, and evaluate the scour potential around 
the bridge. The Red River Basin (RRB) near Grand Forks, ND, and Emerson, ND, is a 
cold region river vulnerable to floods. Local scouring around bridge piers during floods 
can lead to hydraulic structure failure. An Autonomous Surface Vehicle (ASV) equipped 
with LiDAR DEM data from the ND DWR’s LiDAR dataset was used to collect compre-
hensive bathymetry and discharge data, including the 2022 flood. The HEC-RAS model 
was used to create flood maps, and the Colorado State University (CSU) methodology was 
employed to assess local scour around the bridge pier. The study area recorded maximum 
velocities of 1.71 m/s, 1.87 m/s, and 1.56 m/s for discharge values of 368 m3/s, 784 m3/s, 
and 1335 m3/s, respectively, with higher velocities recorded upstream of the bridge. The 
maximum water depth reached 13.14 m during the peak discharge of 1335 m3/s. Higher 
discharge resulted in increased Froude number and contraction scour depth, with the lat-
ter continuing to increase even when the Froude number decreased as water reached the 
bridge deck. The study highlights the effectiveness of integrating ASVs, bathymetry, and 
LiDAR data to comprehensively understand flood dynamics and bridge scour in cold re-
gion rivers, offering the way for the development of effective flood control measures and 
strategies to safeguard critical infrastructure.

Highlights
	● Flood mapping and bridge scour assessment was conducted using an ASV in the Red 

River.
	● The integrated approach using bathymetry, LiDAR, and ADCP data enhanced accuracy.
	● Higher discharge increased Froude number and contraction scour depth around the 

bridge.
	● The study demonstrates ASV potential for efficient data collection in cold region rivers.
	● The findings provide valuable insights for flood management and bridge scour 

mitigation.
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1  Introduction

The rivers of the cold region plains with seasonally frozen condition are vulnerable to mas-
sive spring flooding due to lack of topography, frozen soil and basal ice presence during 
snowmelt period, thick snow accumulations, and river ice jams (Jeannotte et al. 2020; Neal 
et al. 2023). One of the most notable examples of such cold region rivers is the Red River 
(also known as Red River of the North), draining to Lake Winnipeg. Notably, the Red River 
segment and its adjacent floodplains, stretching from Grand Forks, ND, to Emerson, ND, 
are highly susceptible to recurring flood events indicated by a large area of prominent sea-
sonal water area occurring during wet springs (Atashi et al. 2023). The region’s low-lying 
topography and the formation of ice jams downstream in the Red River and Lake Winnipeg 
exacerbate flooding during wet spring seasons, as observed in 1997, 2009, 2011, and 2013. 
The frequent recurrence of flood incidents in this Red River segment underscores the impor-
tance of gaining a comprehensive understanding and proactively address flood risks in the 
region, aiming to minimize potential damage and protect the affected areas and communi-
ties (Atashi 2023; Rannie 2016; Schlauderaff 2021; St. George et al. 2022).

Despite the Red River of the North propensity for frequent flooding, there has been a 
notable scarcity of research specifically focused on flood forecasting in the region. The 
research by St. George et al. (2022) emphasizes the critical need for paleo flood investiga-
tions to better understand historical flood patterns, assess true flood risks, and inform flood 
protection infrastructure decisions for communities along the Red River of the North in 
Minnesota and North Dakota (St. George et al. 2022).

While existing studies have primarily centered on comparing the accuracy of various 
forecasting methods, ranging from classical statistical approaches to advanced machine 
learning and deep learning algorithms (Atashi et al. 2022), none have explored the potential 
benefits of incorporating bathymetry data into flood forecasting efforts in the Red River. 
This lack of research is particularly concerning given the recent findings of our spatial anal-
ysis of the Seasonal Water Area (SWA) and Permanent Water Area (PWA), which revealed a 
highly flood-prone section of the river near Grafton City, situated between Grand Forks and 
Emerson (Fig. 1c). Our recent study uncovered that this specific river segment consistently 
demonstrates a higher-than-average probability of experiencing severe flood events, empha-
sizing the critical need for targeted research to enhance our understanding of flood dynamics 
in this area (Atashi et al. 2023). To address this pressing research gap, our current study 
builds upon these preliminary results by focusing on this particularly susceptible region. By 
investigating the behavior of floods and the underlying causes of their heightened vulner-
ability in greater detail, we aim to develop more correct and reliable flood forecasting mod-
els that incorporate crucial bathymetry data. This comprehensive approach will not only 
advance our scientific knowledge of flood dynamics in the Red River but also offer valuable 
insights to support effective flood management and mitigation strategies in the region.

Moreover, cold region river bathymetry studies are rare due to weather-related chal-
lenges. In addition to weather-related obstacles, other challenges include extensive ice, lim-
ited accessibility to remote areas, safety concerns associated with extreme temperatures and 
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Fig. 1  (a) Location of the research. (b) Red River of the North (c) Study section of the Red River East of 
Grafton, ND (48°24’47.56"N 97° 8’15.99” W)
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icy surfaces, limitations of sensors in icy water conditions, and difficulties in interpreting 
data due to the presence of ice and unique features. Due to the mentioned limitation, previ-
ous studies in cold regions have primarily relied on bathymetric maps such as SRTM data, 
TerraTec AS, and 5th generation (DTM 5G) bathymetric data georectified by the Norwegian 
Mapping Authority to verify the bathymetries (Armon et al. 2020; Bures et al. 2019; Flener 
et al. 2012; Salavitabar et al. 2022).

For instance, the study by Salavitabar et al. (2022) investigates underwater bathymetry 
mapping in Quebec’s Nicolet River using WorldView-3 satellite images. It presents efficient 
approaches that eliminate the requirement for ground data calibration by concentrating on 
radiometric adjustments and water effects. These methods provide a reliable and cost-effec-
tive alternative to field surveys. Comparisons between before and after radiometric correc-
tion reveal considerable improvements (Salavitabar et al. 2022).

On a related note, our study stands out as the first to use in-field collected bathymetry data 
in the Red River of the North, resulting in a more accurate hydraulic model. While earlier 
research has offered valuable insights into the benefits of bathymetric data, they have not 
explored the potential advantages of directly collecting bathymetric data on-site. A notable 
aspect of this study is the use of the HYCAT system, which is innovative technology for data 
collection. In this research, we conducted flow measurements using both an ASV named 
HYCAT and an ADCP (Acoustic Doppler Current Profilers) which captures flow discharge, 
depth, and velocities. Additionally, a bathymetric survey of the streambed surrounding the 
bridge sites enabled the collection of water depth data in the form of point clouds for 3D 
bathymetric mapping and flood inundation analysis, using the HEC-RAS model (Brunner 
2021). When paired with ADCP bathymetry data, high-resolution topographic data from 
LiDAR technology can be used to reveal intricate topographic features and improve the 
accuracy of inundation mapping. Combining bathymetry and LiDAR data can help create 
accurate flood maps, which will make it easier to create mitigation and prevention strategies 
to prevent flooding (Atashi 2023; Bialik et al. 2014; Muste et al. 2004; Salalila 2021).

In a similar vein, research by Vermeulen et al. (2014) explored a novel method for ana-
lyzing data from vessel-mounted ADCPs (Vermeulen et al. 2014) that deviates from the 
traditional assumption of equal flow between acoustic beams. It reduces the expected flow 
homogeneity and delivers more accurate velocity estimates, particularly in areas of high 
shear. It improves findings for complex surface flow investigations and has applications in 
sediment transport, flow division at bifurcations, and detailed flow patterns near obstruc-
tions or channel junctions. In another research (Khandelwal et al. 2023) the Navigator, a 
Lagrangian monitoring system, collects real-time data in surface freshwater ecosystems, 
offering insights into spatial and temporal variations. Equipped with water quality sensors 
and GPS, it finds changes linked to land use, wildfires, and recreational pond monitoring. 
Affordable and adaptable, it supports informed decision-making in hydrology and environ-
mental management globally (Khandelwal et al. 2023).

Our research stands out as it encompasses bathymetry data collection over a significant 
distance in one of the intense flood years in Red River, 2022, which has not been extensively 
covered in existing cold region bathymetry studies. Particularly noteworthy is the novel 
approach of collecting data during a flood event, enabling the acquisition of precise and 
accurate information in real-time under challenging hydrological conditions. To the best of 
our knowledge, no research studies have specifically used an ASV like HYCAT as a moving 
boat for bathymetry purposes in flood-related research.
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Due to the limitations of conventional methods, exact flood prediction in cold climates 
continues to be a significant issue, creating a vital gap in the field. For bathymetry (riverbed 
topography), satellite data is usually used instead of field data because of its higher accuracy 
and more detailed information. Large ice floes and heavy snowfall during the winter and 
spring melt seasons make gathering data more difficult and impede standard approaches. 
Moreover, the potential of high-quality bathymetry data for enhanced flood forecasting in 
cold climates has not yet been completely investigated in existing research, which has an 
impact on flood prediction and management techniques worldwide.

This research aims to address this global challenging gap by posing the following ques-
tion: How can high-resolution, field-based bathymetry data collected during a flood event 
improve flood forecasting models in cold-region rivers? By directly addressing this ques-
tion, this study explores the potential of using high-resolution, field-based bathymetry data, 
specifically gathered during a flood event, to enhance flood forecasting capabilities in cold 
regions. This approach offers a unique contribution to the international scientific community 
studying cold-region rivers: (1) Data collection during a flood event: This research stands 
out by collecting bathymetry data during a significant flood event (a 16.5-year flood in 2022) 
on the Red River. Collecting data in real-time under challenging hydrological conditions 
provides precise and accurate information, which has not been extensively covered in exist-
ing cold-region bathymetry studies. (2) High-resolution data over a significant distance: The 
study collected high-resolution bathymetry data over a 518-meter-long distance near the 
Grafton bridge (48°24’47.56"N 97° 8’15.99” W) during the flood event. This comprehen-
sive data collection enables a detailed analysis of the river’s terrain and channel attributes. 
(3) Use of cutting-edge technology: The research employed the HYCAT, a multiparameter 
and portable survey Autonomous Surface Vehicle (ASV), engineered to provide surveyors 
with data access in remote regions that were previously challenging, costly, or inaccessible. 
This technology allows for efficient and accurate data collection even in difficult conditions. 
(4) Improving flood forecasting: By leveraging the collected bathymetry data, this research 
aims to provide valuable insights into the river’s terrain and channel attributes, which can 
be used to improve flood forecasting models in cold-region rivers.

The main goals of this research can be summarized as follows:

1.	 To perform a thorough mapping of the 2022 flood event near the Grafton bridge in the 
Red River of the North, a high-risk section of the Red River in the north during wet 
springs. This mapping uses bathymetric and LiDAR data and aims to capture the extent 
and characteristics of the flood event, providing valuable information about the spatial 
distribution of water levels and inundation patterns.

2.	 To assess local scour around the bridge pier and examine the erosive around the bridge 
pier using the established method developed by Colorado State University (CSU). The 
focus is to examine the erosive effects of the flow near the bridge pier during the 2022 
flood event, providing insights into the potential scour depth and its spatial distribution.

1 3

Page 5 of 25  46



V. Atashi et al.

2  Study Area

The Red River begins in Wahpeton, ND. The Otter Tail from Minnesota and the Bois de 
Sioux from South Dakota meet in Wahpeton to form the Red River of the North. It flows into 
Lake Winnipeg near the river’s mouth, which is northeast of Winnipeg, Manitoba, Canada. 
Over its approximate 880-km length, the Red River of the North has varying slopes. The 
gradient of the Red River gradually decreases from an average of 0.00008 in the Fargo-
Halstad region to 0.00002 in the Drayton-Pembina area. The Red River of the North is 
considered to have an exceptionally gradual slope, with a catchment area of 287,500 km2 
(Fig. 1a) (Babiracki 2015). Ice jams in the north generate significant flooding due to the 
frozen backwater effect (Lindenschmidt et al. 2012). When the river thaws in the spring, 
the warmer, southern portion melts first. The meltwater then moves north into colder tem-
peratures, leaving the northern part of the RRB frozen and creating floods (Lim and Voeller 
2009). Snowmelt processes are accelerated by rainfall in the spring and early summer, 
which coincides with remaining snow cover. The Red River Valley is more susceptible to 
flooding when the previously listed geographic factors are considered, especially in March 
and April. These elements emphasize the necessity of studying the dynamics of floods in 
this region allowing for a thorough investigation of the underlying causes that can have an 
impact on hydrological situation in springtime snowmelt floods.

A part of the Red River that leaves Grafton and flows east, Walsh County, North Dakota 
(48°24’47.56"N 97° 8’15.99"W) into Marshall County, Minnesota was chosen for this study 
(Fig. 1b). The study reach is approximately 18 km upstream of the Drayton United States 
Geological Survey (USGS) station, No. 05092000, North Dakota. This research area is 
between two USGS discharge data stations: The Red River at Drayton, ND (05092000) and 
the Red River at Grand Forks, ND (05082500), leaving around 18 km without discharge 
information. As mentioned previously, the region around Grand Forks, ND, and Emerson, 
ND, in the RRB’s center region, experiences significant flooding during wet springs, leading 
to the occurrence of a noticeable seasonal water area (Atashi et al. 2023).

Concerns were also raised over possible scour holes close to the Red River of the North. 
The Grafton Bridge (5872 in Minnesota and 0017-140.372 in North Dakota), is a truss-
supported, two-span bridge that spans Minnesota Trunk Highway 317 in Marshall County, 
Minnesota, and State Highway 17 in Walsh County, North Dakota. Given that bridge scour 
is the main factor contributing to bridge failure in the US, there are significant dangers 
involved (Richardson and Davis 2001). The research site spans a 518-meter-long section of 
the Red River at the specified location, approximately 300 m upstream and 200 m down-
stream of the bridge. We determined that this length was adequate to showcase the ASV’s 
flood mapping capabilities, given that the ASV effectively navigated the entire study area 
and collected comprehensive data. The ASV-collected data was used to create a 3D flood 
model. The selected study area also offered sufficient size to capture the bridge’s influence 
on the scour bridge formation process.
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3  Materials and Methods

To create a visual representation of areas prone to flooding and analyze the scouring effects 
near bridge structures in HEC-RAS, we started by constructing a computational model of 
the waterway, using bathymetric measurements and LiDAR data as the foundational inputs. 
Next, we included other required parameters to the model including the roughness coeffi-
cient for the channel and overbanks based on earlier research. To compare anticipated water 
surface elevations, water depths, and water velocities with observed data, we ran the model. 
River cross-sections, sediment samples, flow discharges, pier shapes, and dimensions were 
the main sources of data used in this study. River length, research area maps, and Manning 
coefficient made up the secondary data. The model received all this data as input. In order to 
simulate the data, find the scour depth around the bridge piers, and create the flood map of 
the research region, we finally used HEC-RAS 6.0.0. Figure 2 presents a flowchart outlining 
our investigation, from data collection to modeling using HEC-RAS.

Fig. 2  Flowchart outlining the procedure from data collection through modeling using HEC-RAS
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3.1  Bathymetry and LiDAR Data

The Red River’s discharge, raw velocity, and bathymetry data were gathered using River-
Surveyor and HYPACK software, respectively. On the channel riverbed, the autonomous 
surface vehicle (ASV) known as HYCAT carried the stationary measurement instrument 
M9 ADCP (Fig. 3a), which was kept in place with the help of a remote controller (Fig. 3b). 
The HYCAT vehicle’s versatile design enables it to navigate various water conditions, 
including shallow areas and tight spaces. Its autonomous operation facilitates continuous 
data collection, reducing the risk to human operators in hazardous flood environments. By 
integrating multiple sensors and transmitting real-time data, HYCAT enhances flood moni-
toring and emergency response, offering a cost-effective alternative to traditional methods. 
The M9 is capable of tracking discharge patterns, velocity speeds between 0 and 20 m/s, and 
water depths between 6 cm and 40 m (Carlson et al. 2019). Due to side-lobe interference, 
blanking distance, and draft, the ADCP is unable to measure the velocity in the upstream 
and downstream of the column of water. As a result, the discharge in these regions must be 
approximated using data gathered in the measured part of the water column. Therefore, the 
total of the draft, blanking distance, first and final depth cell locations, depth cell size, and 
side-lobe interference range finds an instrument’s shallow-water limitation. This interfer-
ence arises from weaker acoustic side lobes emitted alongside the main beam (Mueller et 
al. 2009). The energy reflected from the streambed in these side lobes can cause errors in 
Doppler shift measurements. The extent of interference varies, so careful consideration of 
the ADCP’s beam pattern is essential for correct measurements. The percentage of the water 
column affected by this side-lobe interference ranges from 6% in a system with 20 degrees 
to 13% in a system with 30 degrees.

Fig. 3  (a) RiverSurveyor/HydroSurveyor M9 ADCP unit (b) ASV stationed at the Red River
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Alterations in the river’s morphology were quantified using an ADCP during the peak 
flow events that happened in April, May, and June of 2022. To initiate the compilation 
of bathymetric data, measurements were acquired by traversing the waterway perpendicu-
larly to the direction of flow at designated transect locations, facilitated by a mobile vessel 
(Mueller et al. 2009; SonTek 2012). An average of 4.5 min were spent on each of the 64 
transects that were conducted. Conversely, LiDAR data is commonly used for the genera-
tion of detailed topographic maps and digital elevation models. In our research, we acquired 
overbank elevation data from LiDAR scans provided by the ND DWR, featuring a resolu-
tion of 7.5 × 7.5 min. This dataset was instrumental in constructing cross-sections, serving 
as crucial input for flood mapping within HEC-RAS.

The discharge, which had a 16.5-year return time, was measured during the flood event 
that occurred in April and June of 2022. Using PeakFQ software that was obtained from the 
USGS, the return period was calculated (Veilleux et al. 2014). PeakFQ fits the Pearson Type 
III frequency distribution to the logarithms of instantaneous annually peak flows, following 
the guidelines specified by the USGS (Sando and McCarthy 2018). This ensures reliable 
flood-frequency analysis, accounting for various outliers and historical peaks (Flynn 2006). 
The dataset, which is based on peak discharge measurements gathered at the Grand Forks 
station, covers the years 1882 through 2021. Based on the probability of the flood happen-
ing and its frequency of occurrence, the return period is estimated. The return period is the 
average number of years between floods of a specific size or greater. In this research, the 
discharge varied from 375 m3/s to 1335 m3/s.

3.2  Model Description

The HEC-RAS 6.0.0 software was used in this study’s hydraulic analysis, which performed 
a steady flow simulation to forecast the local scour depth surrounding an existing bridge. 
Manual inputs included sediment diameter (D50) on each left and right overbank and chan-
nel. D50 measurements were obtained by collecting sediment samples from both sides of the 
riverbanks. Subsequently, these samples underwent thorough sieve tests in the soil mechan-
ics laboratories to determine the particle size distribution. Furthermore, we used the HEC-
RAS 6.0.0 software to create a 1D hydrodynamic model for accurately mapping flooding in 
the present Red River reach. To determine the local scour depth around an existing bridge, 
hydraulic analysis was carried out in this study utilizing the HEC-RAS 6.0.0 and a steady 
flow simulation.

The model employed the energy equation, the empirical Energy equation, to establish 
the relationship between friction energy loss, hydraulic resistance, river geometry, and river 
discharge. This subdivision of the flow to determine the total conveyance and velocity coef-
ficient for a cross-section is based on the input cross-section n-value break points, which 
serve as the basis for partitioning the flow into both the overbank areas and the main chan-
nel using the HEC-RAS technique. The conveyance within each subdivision is determined 
using the expressed Manning equation (Chow 1959).

3.3  Processing Geometric and Hydrologic Data with the RAS-Mapper Tool

Both ADCP and LiDAR sources provided the bathymetry data needed to produce cross-
sectional and hydraulic structural data for modeling. Once the geometric data was entered, 
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the model construction process was completed by providing discharge and boundary condi-
tions in a steady flow file. Steady flow data from six different discharges taken during the 
flood in 2022 were used for the HEC-RAS models. These steady flow data sets were crucial 
for simulating and analyzing the river’s behavior under various flow conditions. The normal 
depth, which represents the uniform flow, was determined based on the slope of the study 
area.

The boundary conditions for both the upstream and downstream areas were set using the 
normal depth concept. To enhance bathymetry accuracy, along the 520-m study reach, we 
also examined twenty 30-m interval cross-sections and two 12-m interval cross-sections 
upstream and downstream of the bridge. HEC-RAS data was shown on maps and terrain 
models were created using RAS-Mapper. GIS data was extracted from overbank lines, cen-
terlines, flow, and cross-section lines using river digitization which is shown in Fig. 4 (Banks 
et al. 2014). In Fig. 4, the solid lines in the centerline signify the flow path lines, while the 
numbered lines are cross-sections cut lines that were used to obtain terrain elevation data, 
contributing to the creation of a comprehensive ground profile spanning the channel flow. 
Channel overbanks are shown by the points at the end of cross-section lines; these points 
reflect the main channel overbanks for a given cross-section. Lastly, the research study area 
is shown by the dashed line.

3.4  Bridge Scour Modeling

The scour depth at bridge piers located on rivers can be determined by the software using 
hydraulic flow data, along with the shape and geometric characteristics of the bridge pier, 
and the composition and form of the riverbed substrate. The model for estimating the local 
scour depth around bridge piers in the software is known as the CSU model, which is 
described as follows (Ghaderi et al. 2019).

	 Ys = 2.0 K1K2K3K4 α0.65Y 0.35
1 Fr0.43

1 � (1)

where: Ys = the maximum scour depth; α = width or diameter of the pier; Y1= the flow depth 
in the pier upstream; K1= the pier shape coefficient; K2=the coefficient of the impact angle; 

Fig. 4  Plan view and reach 
details of the study
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K3=the bed condition coefficient; K4=the bed’s coefficient of reinforcement by the sedi-
ment particles; Fr1= Froude number.

In the initial phase of the study, flood inundation mapping was generated utilizing the 
Ras-Mapper tool within HEC-RAS software, incorporating bathymetry and LiDAR data. 
HEC-RAS is widely recognized and employed by researchers for analyzing bridge scours 
(Ghaderi et al. 2019; Mehta and Yadav 2020; Namara et al. 2022; Noor et al. 2020; Pinos 
et al. 2019). In the second part, the research focused on mapping flood inundation using 
bathymetry and LiDAR datasets. This mapping provides crucial information for designing 
structures like rip rap to prevent scour by detailing the underwater topography.

4  Results

4.1  Model Coefficient

An observed flow of 368 m3/s, 375 m3/s, 411 m3/s, 552 m3/s, 784 m3/s, 1026.5 m3/s, and 
1335 m3/s at the river upstream was used from the flood event in 2022 with a 16.5-year 
return period. These flow rates are considered low, medium, and high flow in the Red River. 
In this study, we selected the value for Manning roughness coefficient based on previous 
studies which introduced ranges of Manning n-coefficient values for the Red River of the 
north, and we evaluated (Arcement and Schneider 1989). The selected n-coefficient value 
was then used in our hydrological analysis to improve the accuracy of flood prediction. 
Based on the literature review (Chow 1959; U.S. Army Corps of Engineers 2019), the initial 
value of the n-coefficient was set to be between 0.04 and 0.05 for the channel bed river and 
between 0.06 and 0.16 for the riverbanks.

Table  1 provides data on both observed and simulated water levels for different dis-
charge values recorded during the 2022 flood event. To evaluate the simulation’s accuracy, 
R-squared values were computed for the Red River bathymetry and simulated data. The 
R-squared statistic serves as a statistical indicator of how well the regression model aligns 
with the observed data, with higher values suggesting a stronger fit:

	

R2 = 1 − Sum Squared Regression (SSR)
Total Sum of Squares (SST )

= 1 −
∑N

0 (yi − ŷi)
2

∑N
0 (yi − ȳ)2

� (2)

Date Q (m3/s) Water Elev. (m) Water Elev. (Hec-RAS) (m)
Observed Data nchannel=0.046

noverbank=0.06
4/8/2022 368 239.878 239.95
4/27/2022 1335 245.97 244.14
5/7/2022 1026.5 245.364 243.65
5/27/2022 784 243.54 243.25
6/12/2022 552 242.32 241.44
6/20/2022 411 241.1 240.20

Table 1  Manning’s n-coefficient 
for observed and simulated water 
level data
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The variable yi  is the ith water level value generated by the model, while ŷi  denotes the ith 
water level value obtained from measured data. The mean water level value of the measured 
data series is shown by −

yi , and N signifies the total number of data series.
Given that the simulated and observed water surface profiles closely match, the best 

Manning n-coefficient values to utilize are 0.046 for the river channel and 0.06 for the over-
banks, according to the 93% coefficient of determination (R2) value. The value of Manning 
n-coefficient for the main channel is displayed by nChannel , and the value for the overbanks 
is shown by n_overbank. Since the vegetation in the study section is comparable in the 
left overbank (LOB) and right overbank (ROB) sections, only one value is used for both 
overbanks.

4.2  Model Flood Mapping

A national framework has been set up through National Oceanic and Atmospheric Adminis-
tration (NOAA) and USGS collaboration to consistently integrate bathymetric and LiDAR 
topographic data into seamless digital elevation models for U.S. River areas. This frame-
work leverages ADCP’s versatility to incorporate multi-source data and uses Ras Mapper 
software to combine datasets into continuous, tiled terrain surfaces with uniform resolution 
and seamless edges between tiles. It provides standards for producing integrated DEMs of 
river areas by harmonizing contributions across stakeholders.

Figure  5 illustrates the topographical surface, encompassing numerous cross-sections 
within the HEC-RAS model for the study area near the Grafton Bridge along the Red River. 
The simulated inflow discharge water surface profile of 368 m3/s and 1335 m3/s are depicted 
in Fig. 5a and b, respectively, which are the low and high flow values of the measured data 
during the research period, respectively.

a)	 The ground elevation profile (dark line) shows a more pronounced V-shaped channel 
which is the main channel, with steeper bank slopes on both sides. The dark line rep-
resents the ground elevation profile across the cross-section. It shows a relatively flat 
and shallow channel bed, with slightly higher elevations towards the outer edges, likely 
representing the channel banks or natural berms. Station values, which are shown at 
the end of each cross section are essentially the distance along the cross-section line. 
The numbers on this axis range from 133 to 1691, showing a cross-section width of 

Fig. 5  HEC-RAS simulated topographical surface profile for (a) Q = 368 m3/s, and (b) Q = 1335 m3/s
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approximately 1558 units. The area labeled “WS PF 1” is the calculated water surface 
elevation for a specific flow event or profile. In this case, the water surface elevation 
remains well below the ground elevation across the entire cross-section, indicating that 
the flow is contained within the main channel and does not overtop the banks. The dots 
connected with lines indicate the locations of the left and right bank stations, which are 
typically used to define the main channel boundaries for hydraulic calculations.

b)	 In contrast, this cross-section is a deeper channel section with its floodplain area. The 
water surface area for the same flow event (“WS PF 1”) is significantly higher relative 
to the ground elevation, especially in the center of the channel showing that the flow is 
potentially exceeding the channel’s capacity, increasing the risk of overbank flooding or 
overtopping of the banks. The bank stations (dotted line) are located much closer to the 
center of the channel, reflecting the narrower channel width at this location. The entire 
overbank was under water during April 2022 with Q = 1335 m3/s flood near Grafton 
(Fig. 5b).

It should be noted that due to the left overbank’s lower elevation and incorporation of 
the “backwater phenomenon”, the river flow reached the overbanks on the left overbank 
first. According to Charbeneau and Holley (2001), the term “backwater” describes the rise 
in water level that occurs when the bridge piers obstruct the flow and raises water levels 
upstream for subcritical flows (Charbeneau and Holley 2001).

Figure 6 highlights the surface water levels at two key cross-sections within the study 
area: cross-section No. 1885 (the first cross-section) and cross-section No. 423 (the last 
cross-section), as depicted in Fig. 4. These levels were extracted from Digital Elevation 
Models (DEMs) using geometry data. The horizontal axis, representing the width of the 
cross-section, spans a range of approximately 500 m, indicating a relatively wide cross-
section. The vertical axis represents elevation in m. The study of the two cross-sections 
allows for an analysis of the following information: The primary channel width for Cross-
Section No. 1885 is roughly 138 m, measured between the left and right bank stations. The 
total width of the floodplain and overbank sections on either side of the main channel is 
approximately 488 m. Cross-Section No. 423, on the other hand, displays a distinct profile. 
In comparison to Cross-Section No. 1691, the cross-section’s horizontal axis covers a con-
siderably smaller range, suggesting a narrower cross-section width overall. The main chan-
nel’s width—the distance between the left and right bank stations—is roughly 98 m. This is 
a considerable reduction from the 138 m shown in Cross-Section No. 1885.

The simulation findings reveal that cross-section No. 423, positioned as the final designed 
cross-section, experiences lesser flood impact compared to cross-section No. 1885, which 
is upstream of the bridge. This susceptibility to flooding is seen particularly at a discharge 

Fig. 6  Water depths at the upstream and downstream cross-sections (a) Cross-section No. 1885. (b) 
Cross-section No. 423
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of Q = 784 m³/s, as illustrated in Fig. 6a, b. The mean water level for Q = 784 m3/s at cross-
sections No. 423 and No. 1885 is 238.48 m (about 782.41 ft) and 238.95 m (about 783.96 
ft), respectively, which shows a drop of 0.47 m in water elevation between upstream and 
downstream. The existence of bridge piers as an abutment in the streams will affect the flow 
and riverbed locally, causing the water to flow faster, the bridge to scour, potentially jeopar-
dizing the structure. A faster cross-section would have less depth when the discharge is the 
same, according to the continuity equation.

Fig. 7  Simulated flood inundation map of Red River near Grafton from April 2022 to June 2022 flood 
event for different discharges (base map from Google Earth (Pro 08/10/2015))
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Figure 7 presents the flood map, illustrating depth variations at each cross-section dur-
ing a steady flow simulation. The simulated flood maps clearly display changes in water 
depths along the channel, with color used to highlight these differences. Six discharges were 
recorded over six time periods, from April 2022 to June 2022. The peak flow occurred on 
April 27th at the study section, with a discharge of Q = 1335 m³/s. During this period, the 
discharges ranged from 368 m³/s to 1335 m³/s.

The flood inundation maps show the extent of flooding for different discharge values 
ranging from 368 m³/s to 1335 m³/s. As the discharge increases, the inundated area expands, 
indicating a larger area affected by floodwaters. At the lowest discharge of 368 m³/s (top 
left image), the flooding is mostly contained within the main river channel, with minimal 
overbank flooding. As the discharge increases to 411 m³/s (top right image), the inundation 
area begins to expand, with areas outside the main channel becoming flooded. At 552 m³/s 
(bottom left image), the flooding becomes more extensive, with larger areas of overbank 
inundation along the river’s floodplain. The image for 784 m³/s (bottom right image) shows 
a significant increase in the flooded area, with a substantial portion of the floodplain and 
surrounding areas becoming inundated. The highest discharge of 1026.5 m³/s (middle left 
image) and 1335 m³/s (middle right image) represent the most severe flooding scenarios, 
with widespread inundation across the floodplain and surrounding areas.

Downstream cross-sections, located beyond the bridge, exhibited shallower depths dur-
ing peak discharge time, while the upstream cross-sections were more profoundly impacted 
by the flood. The water level tends to be higher upstream of a bridge due to the pier acting 
as an obstacle, causing the water to funnel through a narrower passage. This constriction 

Fig. 8  Simulated velocity distribution for Q = 368 m3/s, 552 m3/s, and 1335 m3/s (base map from Google 
Earth (Pro 08/10/2015))
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leads to water accumulation and elevation around the bridge. Because of the Red River’s 
particularly flat terrain, the HEC-RAS model’s estimate of the flood inundation extent var-
ied noticeably in response to slight changes in water depth.

It is worth highlighting that the middle section of the river showed deeper flow, particu-
larly towards the end of the section. Given this observation, it may be prudent to assess the 
necessity for proper protective measures to mitigate potential risks associated with increased 
depth in that region. As the flow progresses towards the end of the study section, it meets 
another curve, with the outer bend situated on the right side. This configuration causes water 
to deepen on the outer bend while becoming shallower than the centerline on the inner side. 
The interplay between the flow and the outer bend contributes to these variations in depth, 
further influencing the river’s hydrodynamics.

Figure 8 displays the velocity distribution results for three different discharge scenarios: 
368 m3/s, Q = 784 m3/s, and 1335 m3/s. These velocity mapping effects play a crucial role in 
reducing erosion along the river overbanks and around the bridge piers. An analysis of the 

Fig. 9  Velocity spatial distribution on cross section after the bridge measured using an ADCP
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outcomes from the 2022 flood event across all three discharge scenarios reveals a consistent 
observation.

Before the bridge on the right side, the inner bank shows a convex shape, creating a 
larger curve. This increases the cross-sectional area, leading to a decrease in flow veloc-
ity based on the principle of continuity. The water velocity is higher on the left side (outer 
bend) before the bridge. After passing the bridge, the flow shifts towards the left side due 
to interaction with the bridge piers, acting as hydraulic obstacles. This redirection concen-
trates flow towards the left side, resulting in higher velocity after the bridge on the left side 
(outside of the bend) (Fig. 4).

The fast counter lines indicate the presence of eddy flow, primarily influenced by the 
bridge piers. These circular currents significantly impact downstream flow patterns and 
water velocities. Recognizing and accounting for these flow dynamics becomes crucial in 
the design and construction of bridges, as they can influence the hydraulic forces exerted on 
the structure and the potential for erosion in surrounding areas. With increasing discharge 
values, the intensity of fast-moving eddy flow becomes more pronounced after the bridge 
pier, potentially leading to increased scouring. In the river bend, eddy flow directs the veloc-
ity vectors towards the outer surface of the bend and the inner bed, affecting overall flow 
dynamics. Consequently, protective measures are necessary on this side of the river over-
bank to prevent erosion.

In the specific case of our study, when the discharge reaches 784 m3/s, it stands for a 
critical point where the channel experiences its maximum velocity. This occurs due to the 
substantial volume of water flowing through the channel, maximizing its capacity. However, 
once the discharge exceeds this threshold, such as at Q = 1335 m3/s, several factors come 
into play that contribute to a reduction in velocity. The increased flow rate intensifies fric-
tional losses, as the water exerts greater force against the channel walls, resulting in higher 
friction and energy dissipation. Consequently, the overall velocity diminishes compared to 
the earlier discharge, showing a decrease in flow efficiency.

Moreover, it is essential to consider the channel’s capacity limitations. If the dimensions 
of the channel, such as its width or depth, are not designed to manage extremely high flow 
rates, it can lead to flow disturbances, turbulence, and a later decline in velocity. These 
limitations in channel capacity restrict the flow and prevent it from keeping the same high 
velocity seen at lower discharge rates in our specific case.

Figure 9 depicts the velocity and bathymetry observations obtained using ADCP during 
the flood event in 2022 in the Grafton section of the Red River. Specifically, the cross-
section displayed corresponds to an immediate location after a bridge pier. Within the data, 
a strip of zero velocity is noticeable, attributed to the presence of the bridge pier. Notably, 
in certain cross-sections, this strip may be absent, showing that the ADCP location mounted 
on HYCAT is slightly displaced from the immediate vicinity of the bridge. This deviation 
can be attributed to wind-induced drift or high velocity, causing HYCAT to traverse a few 
feet further downstream, thus collecting data for a cross-section slightly downstream of the 
bridge.

The velocity range observed spans from 0.0 to 2.44 m/s, with zero velocities evident at 
both riverbanks and maximum velocities occurring on the right side of the bridge pier (from 
upstream to downstream). This higher velocity is attributable to the morphology of the river 
in the study section. More specifically, a sharp bend in the river induces a tendency for the 
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stream flow lines to gravitate towards the outer bank, resulting in the occurrence of maxi-
mum velocities at that location (Nezaratian et al. 2023).

In general, as water approaches the upstream side of the bridge pier, the velocity inten-
sifies due to flow area constriction induced by the presence of the pier. This constriction 
accelerates the flow, leading to higher velocities in proximity to the pier. Subsequently, as 
the water circumnavigates the pier, it enters a transition zone characterized by a gradual 
decrease in velocity. This deceleration can be attributed to the expansion of the flow area 
downstream of the pier. As the flow redistributes itself and adjusts to the wider channel, 
velocities diminish within this downstream face region. Regarding the maximum observed 
velocity, the highest flow collected on April 28th exhibited a velocity of 2.15 m/s. In con-
trast, velocities of 0.82 m/s and 1.06 m/s were recorded for flow discharges of 368 m3/s and 
552 m3/s, respectively.

Figure 10 illustrates measured discharges during the 2022 flood event at our study site 
and the USGS data for Grand Forks, found approximately 65 km (about 40.39 mi) upstream. 
Round points stand for our field measurements, while the square point hydrograph depicts 
Grand Forks’ data. Spanning from April 1st to June 30th, our field data aligns with USGS 
records at Grand Forks, particularly in low discharges, showing a reliable correlation. Peak 
discharge values also logically correspond with the upstream location of Grand Forks, 
underscoring the minor influence of tributaries like Turtle River on the Red River’s dis-
charge. This alignment supports the validity of our measurements in reflecting upstream 
conditions at Grand Forks.

Furthermore, to accurately capture the flow characteristics of the Red River, Fig. 10 addi-
tionally incorporates mean daily values from the Drayton USGS station shown by triangle 
points. This inclusion, considering the approximate 6-day travel time for peak flow between 
Grand Forks and Drayton, provides a more holistic understanding of the flow dynamics.

As mentioned earlier, the study area is located close to the Drayton gauge. On April 28, 
2022, the study reported a measured Q of 1335 m3/s. For comparison, Grand Forks’ mean 
published Q is 1693 m3/s and Drayton’s is 1408 m3/s. Integrating these additional data 

Fig. 10  Comparison of observed (Grafton) and USGS (Grand Forks) discharges during the 2022 Flood
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points corroborates the validity of our measurements and supports our conclusions on the 
travel time of peak flows.

4.3  Model Scour Bridge

This study predicted local scours at a bridge using HEC-RAS 6.0.0. The software automated 
most calculations for contraction scour but needed manual input for sediment size. HEC-
RAS calculated the critical shear velocity and applied the CSU equation to estimate scour 
depth near the piers, visualized in Fig. 11.

Figure 11 depicts the relationship between contraction scour depth (Ys ) and the Froude 
number (Fr ) for the existing bridge as discharge increases. When the discharge rises from 
Q = 552 m³/s to Q = 1026.5 m³/s, there is a marked increase in the Froude number. Further, 
between Q = 368 m³/s and Q = 411 m³/s, as the water level surpasses the bridge deck, both 
the contraction scour depth and Froude number rise. However, at a discharge of 1335 m³/s, 
the water level reaches the bridge deck, resulting in a deeper contraction scour depth while 
the Froude number decreases.

Higher discharge increases velocity and the Froude number due to greater inertial forces. 
However, near the bridge deck, the reduced water depth shifts control to gravity, which 
lowers the Froude number despite the high velocity. As water approaches a bridge, the 
channel narrows because of the bridge piers or abutments. This constriction accelerates the 
water as it flows through the bridge opening, reducing the water depth. The focused flow 
around the piers or abutments heightens the risk of erosion and scour at the bridge founda-
tions. Although the Froude number decreases, the contraction scour depth continues to grow 
because the high-water velocity erodes the riverbed, leading to deeper contraction scour.

Fig. 11  Discharge vs. Froude number and contraction scour depth

 

1 3

Page 19 of 25  46



V. Atashi et al.

5  Discussion

Our study stands out by utilizing ADCP data for bathymetry and discharge information, 
enabling a more precise flood map and finding high potential scour regions. To date, our 
study is one of the very few applications of ADCP data in the Red River. We employed an 
Autonomous Surface Vehicle (ASV) to gather bathymetry and discharge data under various 
flow conditions, which greatly contributes to the authenticity and accuracy of our findings 
for future flood event prognostications. In addition, our study also focuses on riverbed scour 
phenomena occurring around the bridge piers. While many studies have explored scour 
models, very few have simultaneously examined the potential benefits of high-resolution 
bathymetry data in both flood mapping and bridge scour assessment. The CSU model used 
in this study for estimating local scour depth around bridge piers is well-established and 
widely used, and its application with bathymetry data in this specific region is novel. The 
study area covered about 300 m upstream and 200 m downstream of the bridge, which pro-
vided enough data for creating a 3D model of the flood and evaluating the potential scour 
depth and spatial distribution.

Our research addresses a significant gap in flood forecasting and scour modeling specifi-
cally focused on the Red River near Grand Forks and Emerson, ND, which is a highly sus-
ceptible section to severe floods. One aspect that sets our study apart from earlier research 
efforts is the use of bathymetry data collected over a considerable distance during an intense 
flood year in the Red River. Most existing flood forecasting and scour modeling studies in 
the region have primarily relied on satellite data, which may have limitations in accuracy 
and reliability, especially in cold regions. By incorporating cutting-edge technology, such as 
the HYCAT Autonomous Surface Vehicle (ASV), for bathymetry data collection, we over-
came weather-related challenges and achieved real-time data acquisition under challenging 
hydrological conditions. Previous studies have mostly centered on flood mapping and scour 
assessment using singular methods like Lidar data or modeling. In contrast, our approach 
innovatively combines both Lidar data and HEC-RAS modeling, providing a more compre-
hensive and exact perspective. Additionally, we introduce HYCAT, a novel device, further 
enhancing the uniqueness of our method and potentially yielding advanced flood mapping 
and scour assessment insights. We found that combining approaches, such as HEC-RAS and 
HEC-GeoRAS for flood extent, and LiDAR DEM for scour depth, provides a more accurate 
understanding of flood risks. Integrating diverse methods enhances flood risk assessment 
for better mitigation strategies (Mehta and Yadav 2020; Namara et al. 2022; Pathan and 
Agnihotri 2021; Pinos et al. 2019; Silvia et al. 2021; Zheng et al. 2018).

The flood inundation mapping revealed that the maximum water depth reached 13.14 m 
during the peak discharge of 1335 m3/s. We also seen depths of 9.54 m and 10.61 m at 
discharges of 368 m3/s and 784 m3/s, respectively. The velocity distribution showed that 
the highest recorded velocities were 2.15 m/s, 1.87 m/s, and 1.56 m/s for the respective dis-
charges mentioned above. Notably, we found that the velocity was higher on the right side 
of the river, indicating the influence of the outer bank and the presence of eddy flows around 
the bridge piers. Our study area was about 18 km upstream of the Drayton USGS station, 
and the Red River has a gentle slope with a catchment area of 287,500 km2.

The results of bridge scour modeling proved that there was an increase in the contraction 
scour depth with increasing discharge, reaching a maximum of 2.44 m for the discharge of 
1335 m3/s. Additionally, the Froude number increased with higher discharges, indicating 
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greater inertial forces. However, when the water level rose to the bridge deck, the Froude 
number decreased, whereas the contraction scour depth kept increasing due to the persistent 
high-water velocity around the bridge piers.

As a further illustration, Fig. 12 offers a thorough examination of the river’s profile with 
a discharge of Q = 784.38 m³/s. The carefully crafted legend and magnification improve vis-
ibility and understanding of the depth and speed changes. The perception of the character-
istics and dynamics of the river in respect to the given discharge is greatly enhanced by this 
visualization. The maximum recorded velocities in the study area were 1.71 m/s, 1.87 m/s, 
and 1.56 m/s for discharge values of 368 m3/s, 784 m3/s, and 1335 m3/s, respectively. These 
velocities were observed occurring before the bridge (Fig. 4), highlighting the significance 
of the bridge and its impact on the flow characteristics of the river.

6  Conclusions

This research addresses two areas concerning the Red River: the mapping of the 2022 
flood on a vulnerable area near a bridge in proximity to Grafton City, North Dakota, and 
the evaluation of scour potential encompassing the bridge piers. The employment of an 
Autonomous Surface Vehicle (ASV), coupled with LiDAR DEM data sourced from the ND 
DWR’s LiDAR, facilitated a comprehensive gathering of bathymetry and discharge data 

Fig. 12  River Profile Visualization at Q = 1026.5 m3/s and Q = 784 m³/s: Depth and velocity Variations
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across diverse flow conditions. This combined approach not only reveals detailed riverbed 
features and water flow patterns but is also significant for two main reasons:

Firstly, the Red River Basin (RRB) near Grand Forks, ND, and Emerson, ND, is a nota-
ble case of a cold region river vulnerable to floods. Frequent flooding, highlighted by a large 
seasonal water area during wet springs, emphasizes the need for improved flood compre-
hension. Second, this research marks the first utilization of an ASV to gather data in one of 
the unique cold region rivers, fraught with seasonal freezing challenges. This breakthrough 
approach enhances our ability to comprehensively study and manage hydrological phenom-
ena in regions characterized by dynamic climatic conditions. The results can be outlined as 
follows:

1.	 This research seeks to identify the optimal Manning coefficient to enhance flood predic-
tion accuracy for the Red River. By analyzing previous studies and conducting statisti-
cal assessments, the study found that a coefficient of determination (R2) of 93% was 
achieved. The ideal Manning n-coefficient values determined were 0.046 for the river 
channel and 0.06 for the overbanks.

2.	 Bathymetric data were obtained using a combination of ADCP, ASV, and LiDAR tech-
nologies to analyze the flow during a 2022 flood event. The HEC-RAS model was 
utilized to create flood maps, which revealed an eddy flow developing just after the 
bridge, growing larger as flow discharge and velocity increased. The consistency 
between different methods underscored the effectiveness of integrating ADCPs with 
ASV and LiDAR data for flood inundation mapping, thanks to the comprehensive data 
on bathymetry, flow velocity, and discharge.

3.	 Additionally, the study demonstrated that as discharge increases, both the Froude num-
ber and contraction scour depth rise. However, once the water level reached the bridge 
deck, the Froude number decreased while the contraction scour depth continued to 
grow due to the high velocity. The presence of bridge piers, which narrow the channel, 
was found to focus the flow and elevate the potential for scour.

The research offers valuable insights into flood mapping and scour assessment within the 
context of the Red River. Nonetheless, it is essential to acknowledge inherent limitations. 
The reliance on specific data sources, such as LiDAR DEM data, could potentially impede 
the methodology’s broader applicability in regions lacking access to these resources. More-
over, the sensitivity of results to model parameters introduces an element of uncertainty. 
Despite these constraints, the integrated approach shows improved accuracy in flood map-
ping and assessment of scour potential. This study’s implications reverberate in the call 
for accessible and reliable data sources while highlighting the need to consider parameter 
sensitivity for precise flood management applications.
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