
1. Introduction
River dunes are dynamic and periodic bedforms in sand and gravel bed rivers, which propagate in a streamwise 
direction. Understanding of river dune dynamics is essential for river management. Dune shape, in combination 
with celerity, is a proxy for sediment transport (McElroy & Mohrig,  2009; Zomer et  al.,  2021), which is an 
important quantity to calibrate morphological models. Such models can support dredging operations to enable 
safe navigation. Little is known about dune dynamics during low flows due to a focus on dune dynamics during 
high flows (Julien & Klaassen,  1995; Wilbers,  2003) for roughness and water level predictions (Naqshband 
et al., 2017; van Duin et al., 2017). Low flow is defined by a sediment transport capacity just above the threshold 
of motion.

River dune dynamics have been studied by a wide range of methods: flume experiments (Martin & Jerol-
mack, 2013; Reesink et al., 2018), field data (Cisneros et al., 2020; Parsons et al., 2005; Ruijsscher et al., 2020; 
Zomer et al., 2021), linear stability analysis (Colombini, 2004; Engelund, 1970; Fredsøe, 1983; Richards, 1980), 
and numerical models (Doré et al., 2016; Nabi et al., 2013; Niemann et al., 2011; Paarlberg et al., 2009). Typi-
cally, river dunes are characterized by their dimensions and shape characteristics relative to the flow depth or 
velocity, thereby assuming steady flow. This steady flow assumption has resulted in various scaling relations 
for dune height and length, where these parameters are positively correlated with the flow depth (Bradley & 
Venditti,  2017; Julien & Klaassen,  1995; Yalin,  1964). However, natural river flow is unsteady, and dunes 
constantly adapt to new flow conditions, where dune development lags these flow changes (Allen, 1973, 1974; 
Martin & Jerolmack, 2013; Warmink, 2014). Studies on this hysteresis effect are mostly based on flume exper-
iments. In contrast, field studies focus on dune dynamics during flood waves but stop after the flood wave has 
passed before dunes can adapt to the new flow conditions (Martin & Jerolmack, 2013).

If dunes are present during low flows, they are argued to be relicts of the dunes formed during previous flood 
waves (Leary & Ganti, 2020). According to dune phase diagrams (Van Den Berg & Van Gelder, 1993), dunes do 
not exist just above the threshold for sediment transport and only current ripples or a plain bed may be present. 
However, mobile dunes and ripples coexist during low flow (Zomer et al., 2021).

Abstract River dunes are wavelike features in sandy riverbeds that move slowly in a downstream 
direction. These bedforms are shaped by the interaction between flowing water and sand grains at the 
riverbed. Understanding river dune dynamics is essential to determine sediment transport and optimize river 
maintenance. Earlier research mainly focused on river dune dynamics during high flows; therefore, low-flow 
dune dynamics are hardly understood. In this study, we analyzed dune dynamics in a unique data set of 10 years 
of biweekly bed elevation profiles of the Rhine River, focusing on low-flow conditions. Here, we show that 
dunes migrate and become lower and longer during low flows, while current literature states that dunes should 
become shorter. This dune migration and lengthening at low flows is a new finding and is linked to diffusive 
dune migration processes that become more relevant when sediment transport is just above incipient motion.

Plain Language Summary River dunes are wavelike features on sandy river beds. They are shaped 
by the interaction between the flowing water and the sand grains at the river bed and move slowly in the same 
direction as the river flow. Better understanding of the changes in shape, especially when water depths are 
small, can help to maintain the river bed since high dune peaks can hinder shipping. We studied the dune shape 
from bed elevation measurements of the Rhine River covering 10 years, focusing on a period with small water 
depths. We found that the dunes become lower in height at smaller water depths, which we expected based 
on earlier studies. We also found that the dunes become longer in length and keep moving, contradicting the 
current knowledge of dunes.
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Summarizing, dune growth from plane bed is well understood, whereas dune decay during decreasing flow is 
hardly investigated, creating a knowledge gap in dune dynamics during long-term low-flow conditions in rivers. 
The goal of this study is to quantify the changes in dune dimensions, shape, and celerity during low-flow condi-
tions in a full-scale river and to relate these parameters to flow processes.

2. The Waal River: Study Area and Data
Bed elevation data of the Waal River, the main distributary of the Rhine River in the Netherlands, were studied 
(Figures  1a–1d). We focused specifically on a relatively straight section of 16.5  km, which has a sandy bed 
(D50 = 1.8 mm). The data set consists of Multibeam Echo Sounding [MBES] measurements aggregated to a 
spatial resolution of 1 × 1 m, covering the ∼200-m-wide fairway with an average measurement frequency of 
1/14  days (Ruijsscher et  al.,  2020). Here, the banks are characterized by groynes at every 200  m. Flow and 
sediment characteristics can be found in Table 1. Water depths are derived from CoVadem measurements, under 

Figure 1. Overview of the study area. (a) The main rivers of Europe, the black box indicates the Rhine River Delta, (b) The 
Rhine River (black) in the Netherlands with its main distributary, the Waal River (blue). The box indicates the 16-km-long 
study area. (c) Zoom of the study area, the colors indicate the bed elevation with reverence to the Amsterdam Ordnance 
Datum [m + NAP]. (d) The bed elevation in a 2-km stretch within the study area, indicated by the box in panel (d), showing 
the dunes measured on 24 August 2018. The black line indicates the central axis of the fairway along which the dune profiles 
are analyzed. (e) The discharge of the Waal River at measurement station Tiel during 2018. The horizontal lines indicate low 
and peak discharges during 2018 and the 30-year median discharge and the vertical black line indicates the measurement date 
of the bed elevation maps in panels (c) and (d).
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keel clearance data from commercial vessels (Van der Mark et al., 2015), and flow velocities from 2DH model 
calculations. Due to relative uniformity of the cross section and bed slope, this section has only small water depth 
variations in a longitudinal direction. Therefore, the dunes are analyzed along the central axis of the fairway 
(Figure 1d). The grainsize of the bed material were measured in 2020 at every 500 m along the river axis (Ylla 
Arbós et al., 2021). The presented D50 and D90 are the medians of these D50 and D90 over all measurements in the 
study area. This fairly well represents the bed material in the study area.

To describe the dune dynamics, we mainly focused on the year 2018. This is because the hydrograph, and there-
fore the flow conditions, during that year shows three distinct periods (Figure 1e). In the first period, during 
January and February, two consecutive flood waves occurred. The peak flow, Qpeak ≈ 5,000 m 3/s, corresponds 
to a 1:2 years event. In the second period, from March to May, the discharge was relatively constant around the 
30-year median discharge, Qmedian ≈ 1,500 m 3/s, whereafter the discharge dropped during June. The third period, 
from July to November, is characterized by extremely low discharges, Qlow ≈ 600 m 3/s, of which the smallest 
discharge is estimated as a 1:20 years event (van Brenk, 2021).

The sediment transport characteristics during the low-discharge period were determined with the Shields nondi-
mensional shear stress, θ (Shields, 1936), using Equations 1 and 2. Combined with the critical Shields stress, 
θcr, Equation 3, the transport parameter T = θ/θcr was determined (Van Rijn, 1984b). When T = 1, the sediment 
transport is at incipient motion (Van Rijn, 1984b) and when 1 < T < 5, the sediment transport is characterized as 
threshold transport (Bradley & Venditti, 2019).

𝑢𝑢′∗ =
𝑔𝑔0.5

𝐶𝐶 ′
𝑈𝑈𝑈 (1)

𝜃𝜃 =
𝑢𝑢′2∗

𝐷𝐷50𝑔𝑔(𝑠𝑠 − 1)
, (2)

𝜃𝜃𝑐𝑐𝑐𝑐 = 0.14𝐷𝐷−0.64
∗ =

𝑢𝑢2∗,𝑐𝑐𝑐𝑐

𝐷𝐷50𝑔𝑔(𝑠𝑠 − 1)
, (3)

in which D* is the dimensionless particle diameter, 𝐴𝐴 𝐴𝐴∗ = 𝐴𝐴50

(

(𝑠𝑠 − 1)𝑔𝑔∕𝜈𝜈2
)1∕3 , g is the gravitation constant of 

9.81 m/s 2, s is the specific density of sediment in water ρs/ρw = 2.65, and ν is the kinematic viscosity (m 2/s). C′ 
is the Chezy-coefficient (m 1/2/s) related to the sediment C′ = 18 log10(12Rb/3D90) with Rb indicating the hydraulic 
radius (m) in this case equal to the water depth. Based on the flow parameters in Table 1, sediment transport 
was characterized by bed load transport just above the threshold of incipient motion during the period with low 
discharges with T = 0.7 to T = 2.4.

3. Dune Analysis Method
3.1. Dune Shape

Several dune analysis methods exist (Gutierrez et al., 2018; van der Mark et al., 2008); however, these methods 
require removal of large-scale bedforms and slopes before the dunes can be analyzed. Our new dune analysis 
method is based on the wavelet analysis with the Morlet wavelet (Torrence & Compo,  1998) to identify the 

Flow Q U d ib D50 D90 θ T

Parameters [m 3/s] [m/s] [m] [x10 −4] [mm] [mm] [-] [θ/θcr]

Peak 5,000 1–2 >6 0.08–0.30 2.2–8.1

Median 1,500 0.75–1.5 4–6 1.1 1.8 6.4 0.05–0.18 1.4–4.9

Low 600 0.5–1 2.5–4 0.02–0.09 0.7–2.4

Note. The bed slope (ib), median and 90th percentile of the grain sizes (D50 and D90), the nondimensional Shields stress (θ), 
and the Van Rijn transport parameter (T) for the study area.

Table 1 
Flow and Bed Characteristics of the Study Area Showing: Discharges (Q), Depth Averaged Flow Velocity (U) and Water 
Depth (d) Corresponding to the Low and Peak Discharge During 2018, and the 30-Year Median Discharge
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dunes in data sets with many different scales of bedforms; this wavelet finds dunes most accurately (Gutierrez 
et al., 2013). Using the unbiased wavelet spectrum (Liu et al., 2007), the dune dimensions were determined in 
four steps:

1.  The dunes were reconstructed using representative dune scales in the wavelet spectra. The dune wavelengths 
in our study area during high and median flows vary between 20 and 150 m (Ruijsscher et al., 2020; Wilbers 
& Ten Brinke, 2003); the ripple features often have wavelengths of 5–10 m (Frings & Kleinhans, 2008; Zomer 
et  al., 2021). Therefore, the dune signal was reconstructed from the wavelet spectrum based on all scales 
between 20 and 300 m. The lower limit is two times the length scale of the ripple features to ensure their 
exclusion from the analysis, the upper limit is two times the theoretical dune wavelength. These reconstructed 
profiles represent the signals of the river dunes

2.  To remove superimposed ripples from the original bed profiles while preserving the dune shape, smoothing 
was done on the original bed profiles using a savitzki-golay filter (Savitzky & Golay, 1964) with a filter span 
of 41 datapoints ( ≈41 m) and fitting a 3rd order polynomial

3.  The dune locations were identified by locating the local maxima in the reconstructed dune profiles. Subse-
quently, these dune locations were used to find the exact dune crest locations. A crests is defined as the local 
maximum in the smoothed profile closest to the location of the maxima in the reconstructed profile. Only 
features that are located at least 0.1 m above the nearest local minimum are included as crest locations. Then, 
dune troughs were determined by finding the minimum between each set of consecutive crests or the mini-
mum between the first and last crest and the start and end of the bed elevation profile, respectively

4.  Based on the trough and crest locations, the following dune parameters were determined: the dune length (λ), 
defined as the horizontal distance between two consecutive troughs, the dune height (δ), defined as the vertical 
distance between a crest and the downstream trough, the aspect ratio defined as the dune height over the dune 
length (ψ = δ/λ), and the dune lee slope angle (α). This angle is defined as the mean slope of the middle 4/6th 
part of the dune lee slope (van der Mark et al., 2008)

From each dune shape parameter, the mean value and the 50% and 90% confidence intervals were determined for 
each measurement on the axis of the fairway over the whole length of the study area. Extra information on the 
analysis method is given in the supplementary materials.

3.2. Dune Celerity

Besides dune shape parameters, the mean dune celerity could be determined from the data set as the measure-
ments were taken frequently enough. Between two consecutive measurements, the displacement of the dunes in 
a bed elevation profile was determined using spatial cross correlation (Ten Brinke et al., 1999). The spatial cross 
correlation was performed for 1000-m-long sections over the length of each bed elevation profile to omit the 
effects of underlying large-scale morphologic features and to capture differences in dune celerity over the river 
axis. This results in a section-averaged celerity, because extrema in dune celerity for individual dunes cannot be 
resolved. In this analysis, displacement of the dunes between two consecutive profiles is given by the spatial lag 
of the second profile that results in the highest cross-correlation coefficient between the two profiles. This method 
relies on the assumption that between two measurements in time the bed elevation profile is shifted downstream, 
while the shape of the dunes remains relatively constant (Ten Brinke et al., 1999). To delete spurious results, the 
maximum displacement was capped at the mean length of the dunes (Gehres et al., 2013). The dune celerity was 
determined by dividing the displacement over the time interval in days between the two measurements.

4. Results
4.1. Dune Shape Parameters

Figure 2, left column, shows the dune shape parameters related to discharge covering 10 years of data. The dune 
height and aspect ratio are positively correlated to the discharge (Figure 2, left column) and therefore also to the 
flow depth and flow velocity, whereas the dune length is negatively correlated to the discharge. This negative 
correlation contradicts the current view about the relation between dune length and flow parameters. This current 
view on dune shape positively correlates the dune length with dune height. However, that positive correlation 
was found during high flow conditions (Julien & Klaassen, 1995; Wilbers & Ten Brinke, 2003) and in scaled 
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laboratory experiments (Martin & Jerolmack, 2013; Reesink et  al.,  2018). Dune height and lee slope behave 
according to current literature (Bradley & Venditti, 2017; Cisneros et al., 2020). The scatter in the data above 
2000 m 3/s is due to the effect of flood waves, as this is the bank full discharge. During flood waves, found char-
acteristics depend on the timing of the measurement with respect to the peak discharge and shape of the flood 
wave (Warmink, 2014).

4.2. Dune Evolution During Low Flow

To better understand the dune length increase, Figure 2, right column, shows the changes in dune shape from 
November 2017 to May 2019, covering the low-flow period of 2018. Just after the peak of the flood waves, the 
dunes are 1.0 m high; during the median discharge period, the dune height decreases to 0.8 m and throughout the 
low-discharge period, the height is relatively constant at 0.5 m. The relative spread in dune height in the study 
area is constant for all surveys over all discharge regimes. The 90% confidence interval varies around 2 times the 
mean dune height. A similar trend is seen for the lee slope angle (Figure 2f), where a decreasing discharge results 

Figure 2. Left column (a,c,e and g): 10 years of mean dune shape parameters over the 16-km-long study area as function of 
the 5-day mean discharge (Q5days) in the Waal River resolved for all surveys from 2011 to 2020, the darker dots indicate the 
dune shape during the period between November 2017 to May 2019, covering the low-flow period in 2018. Right column 
(b,d,f and h): mean dune shape parameters in time over the period November 2017 to May 2019 (dots), including the 50% and 
90% confidence intervals in the dark and light bands, respectively. The gray line represents the discharge (Q) disch arge in the 
Waal River and corresponds to the right vertical axis (a, b) Dune height (c, d) dune length (e, f) dune lee slope angle, and (g, 
h) dune aspect ratio.
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in smaller lee slope angles, which are around 1° during low discharges against 2.7° during high discharges. The 
angles presented are an indication of the global slope of the lee and are not representative for the steepest point on 
the lee. The dunes are qualified as low-angle dunes as the lee slope angles are smaller than 10°.

The current paradigm in dune decay is that the dune length is assumed to be linearly related to the dune height 
(Bradley & Venditti, 2017; Van Rijn, 1984a; Yalin, 1964), assuming a constant aspect ratio. Our findings contra-
dict this as the mean dune length increases (Figure 2d) from 75 m at peak discharge to 100 m during median 
discharge and to 120 m during low discharge. Furthermore, the aspect ratio also strongly decreases when the 
discharge decreases (Figure 2h) because the dunes become longer and lower, while the relative spread in the 
aspect ratio is constant.

4.3. Dune Migration

Figure 3 shows that the long and low dunes are still mobile during the low flows. The dunes propagate 5 m/day 
in a downstream direction during the median flow and 2.5 m/day during the low-flow period. The lowest celer-
ity found is 1.8 m/day during the period with the lowest discharges. The celerity reacts almost instantaneously 
to changes in flow (Figures 3c and 3d). This is in line with the change in sediment transport capacity, which is 
directly related to the governing flow velocity. The total displacement between two measurements during the 
flood waves in early 2018 is of the same order of magnitude as the dune length. Therefore, the displacement 
cannot be determined accurately. This is visible in the large differences in the 50% and 90% confidence intervals. 

Figure 3. Dune celerity. (a) Discharge in the Waal River during the median- and low-discharge periods, the gray lines 
indicate the dates the profiles were measured. (b) Dune profiles, without superimposed ripples, for a section of 2500 m, the 
orange dots indicate the crest locations, the green line illustrates the dune celerity, the slope corresponds to the mean field 
celerity for the median and low discharges of 5 m/day and 2.5 m/day, respectively. (c) Dune celerity as a function of the 
discharge that occurred in the period over which the celerity was determined, including the 50% interval of the celerity and 
the minimum and maximum discharges. (d) Dune celerity over time, including the 50% and 90% confidence intervals, the 
gray line corresponds to the discharge on the right vertical axis.
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The celerity of 6–8 m/day agrees with resolved celerity for dunes during a floodwave in 1998 based on more 
frequent measurements (Ten Brinke et al., 1999).

To summarize, the dunes during low flows can be described as mobile, long, low, and asymmetric with a low lee 
slope angle and a stoss slope angle, which is on average one order of magnitude smaller than the lee slope angle. 
The relative spread in dune height, dune length, and aspect ratio is constant. This indicates that the dune shape is 
relatively uniform, but it changes considerably between the different discharge regimes.

5. Discussion
5.1. Reflection on Transport Stage

Throughout 2018, the dunes in the study section were mobile. Based on the bed material and the water depth 
during low flow, the critical depth-averaged flow velocity for incipient motion was 0.67 ± 0.2 m/s. Therefore, 
the depth-averaged flow velocity in our data set was just above incipient motion, with a measurement of 0.75 m/s 
during the low-flow period. Previous studies on dune migration found a dune celerity similar to the celerity found 
in our study during the flood waves (Ten Brinke et al., 1999) and during the low-flow period (Zomer et al., 2021). 
Those studies on dune migration covered only one floodwave or a couple of days during low flow, respectively, 
but used a higher measurement frequency.

The theoretical notion that the sediment transport capacity in an extreme low-flow period was near-incipient 
motion is contradicted by the dune celerity of 2–3 m/day. This indicates that enough sediment is transported to 
enable dune migration during that period. Extrapolating the relation between the discharge and the dune celer-
ity (Figure 3c) indicates that the point of no primary dune migration is between 300 and 500 m 3/s. Those low 
discharges have not yet occurred in the Waal River, but are not impossible, given the effects of climate change.

Sediment will be transported, down to the point of incipient motion, as long as flow accelerates enough over 
the dune stoss to pick up sediment from the dune stoss or crest. This transport can cause the primary dunes to 
propagate in two ways: by picked-up sediment particles from the stoss slope that are deposited downstream of 
the dune crest or through ripples superimposed on the dunes (Zomer et al., 2021). In our data set, ripples are not 
always present. Therefore, both processes may cause the dune propagation, so the dunes are not only remnants 
of the previous high flows but are actively mobile. Navigation on the Waal River might enhance the transport 
capacity; however, as ships mostly sail near the banks instead of over the central axis, navigation will not be the 
explanation for the mobility of the dunes.

5.2. Low-Flow Dune Migration Processes

The increase in dune length during low flows is not reflected by the common dune shape relations (Julien & 
Klaassen, 1995; Van Rijn, 1984a; Yalin, 1964). Only one modeling study explicitly reflects on the effect of flow 
strength on the dune length with longer and lower equilibrium dunes during low flows rather than during high 
flows (Niemann et al., 2011). These flattened dunes are argued to be related to the relative influence of gravity 
in the sedimentation and erosion processes. Here, the gravity works as a diffusive term in the formation and 
evolution of the dunes (Niemann et al., 2011) resulting in long and flat dunes during low flows, which are also 
found in our results.

This outcome is also expected from a linear stability analysis approach. Studies on dune shape using linear 
stability analysis or idealized models often report the relation between the wave number (k = 1/λ) and Froude 
number (Camporeale & Ridolfi, 2011; Colombini, 2004; Fredsøe, 1983) without reviewing the individual effect 
of water depth (h) or flow velocity (U). At low Froude numbers, unstable modes cover smaller wave numbers 
(Camporeale & Ridolfi, 2011). This can also be explained by the relative importance of diffusion. In tidal sand 
wave formation for large bedforms, the scaled growth terms are linear in k and independent of the velocity, while 
the decaying diffusive terms go with k squared and scale with the inverse of the flow velocity (Hulscher, 1996, 
equation 51). Thus, diffusive terms become relatively more important at low-flow velocities, leading to shifting 
of the maximum growth rate to smaller k while the flow decreases.

While tidal sandwaves are subject to tidal flow instead of unidirectional flow in rivers, the mechanisms for caus-
ing the instability of the sandy riverbed are also present in the vertical plane and they are very similar (Hulscher 
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& Dohmen-Janssen, 2005). Here also, the balance between the growing terms (linear in k and independent of U) 
and diffusional decay (inversely depending in U and squared in k) determines the occurring wavelength. Note that 
this reasoning holds for a scaled model, and that the timescales for bed changes significantly increase for lower 
U. As the timescale itself depends inversely on U cubed, we expect that processes will slow down. Therefore, 
diffusion could be a major factor or possibly the only one, causing the lengthening of the dunes during low flows.

6. Conclusions
The goal of this study was to quantify the changes in dune dimensions, shape, and celerity during low-flow 
conditions in a full-scale river and to relate these parameters to flow processes. This study has shown that dunes 
migrate and interact during a period of low flow with transport capacity near-incipient motion. This explicitly 
shows that these primary dunes on the sandy riverbed are actively mobile and not relicts of the previous higher 
flows. The analysis has also shown that the average dune length increases as the flow decreases, and that this 
lengthening continues throughout the low-flow period. Therefore, dune length behaves differently from currently 
described in the literature. Although we have only analyzed river dunes in the Waal River over an extensive period 
in time, these results change the view on dune dynamics under low flows.

Data Availability Statement
The bed elevation profiles and other derived data needed for the dune analysis are published in the 4TU.Research-
Data repository: https://doi.org/10.4121/17134703. Scripts for the data analysis are published at https://doi.
org/10.5281/zenodo.5764363. The RAW bed elevation data will be made available at waterinfo-extra. rws.nl (in 
Dutch) or can be requested at the service desk data of Rijkswaterstaat, https://www.rijkswaterstaat.nl/formulieren/
contactformulier-servicedesk-data, by referring to the Esri-ascii MBES data of the fairway of the Waal River 
between river kilometer 894 an 910 gridded on a 1 × 1 m grid and covering the period between 2011 and 2021. 
RAW discharge data can be downloaded from https://waterinfo.rws.nl/#!/kaart/Afvoer/Debiet___20Oppervlakte-
water___20m3___2Fs (in Dutch) and data can be downloaded by selecting measuring station Tiel Waal from the 
list (“Uit lijst”) under download more data (“Download meer data”).
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