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1 INTRODUCTION 

Dunes are ubiquitous bedforms in marine 
and riverine environments and occur in a 
wide range of bed sediment particle sizes. 
Numerous studies in natural environments in 
unidirectional flow (river) and reversing 
flow (estuaries and other tidal environments) 
and in controlled settings (flumes) have 
demonstrated that bedform size is generally 
related to sediment size: larger dunes form 
in coarser sediment (Ashley, 1990; Van den 
Berg and Van Gelder, 1993; Baas, 1994; 
Best, 2005; Parsons et al., 2005; Malarkey et 
al., 2015; Hu et al., 2018).  

However, most of these dune dynamics 
studies have concentrated on dunes in a spa-
tially-homogenous natural environment and 
in the flume (McLean et al., 1994; 
Kostaschuk and Best, 2005; Lefebvre et al., 

2013). This environmental simplification 
imposed inherent limitations on the interpre-
tation and understanding of dune form, flow 
and sediment dynamics in channels affected 
or controlled by strong human interventions. 
Examples of anthropologically-modified 
environments include the main channel 
downstream of the Three Gorges Dam, 
Yangtze River (YR) where a strong erosion 
takes place (Zheng et al., 2018) combined 
with climate change and sea level rise 
(Cheng et al., 2018; Shi et al., 2018).   

This paper details a field study of dune 
morphology in a set of particle sizes ranging 
from coarse silt to sand and gravel in the 
main channel from downstream of the Three 
Gorges Dam to the estuarine front of the 
YR, China. The aim of this work was to 
characterise flow pattern and bed morpholo-
gy over a wide range of sedimentological 
and hydrological conditions. 
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ABSTRACT: Most past studies of dune dynamics have concentrated on dunes in a spatially-
homogeneous natural environment. This environmental simplification imposed inherent limitations 
on understanding of dune form, flow and sediment dynamics in channels affected by human inter-
ventions. This paper details a field study of a swath of dunes in a set of particle sizes as coarse silt, 
sand and gravel in the main channel from the downstream of Three Gorges Dam (TGD) to the estua-
rine front of Yangtze River (YR), China for recent 22 years. Results show four new types of dune 
changing in spatial and temporal distribution. They reveal a complicated pattern of dune morpholo-
gy and associated flow structure mainly attributed to the dam and channel changes by land reclama-
tion. Froude number was applied into the bedform pattern recognition in the low flow velocity re-
gime along the lower reach of the YR and higher accuracy of recognition was achieved.  
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2 STUDY AREA AND METHODS 

The Yangtze River (Figure 1) is the long-
est river in China. It has been strongly af-
fected by anthropogenic works such as the 
Three Gorges Dam and land reclamation 
along the main channels for more than 20 
years (Zheng et al., 2018; Cheng et al., 
2018). Nine survey cruises during May 2014 
and September 2017 were conducted with a 
total length of survey of over 5000 km along 
the channel from downstream of the Three 
Gorges Dam to the estuarine front of the YR 
using a SeaBat 7125 multi-beam echo 
sounder (MBES). Simultaneously to the 
MBES survey, flow information was meas-
ured using an Acoustic Doppler Current 
Profiler (ADCP).  

Field studies were carried out in order to 
further improve our understanding of the 
fundamental sedimentation and morphody-
namic processes acting on subaqueous bed-
forms during the 1997, 1999, 2000, 2002, 
2014, 2015 dry season and the 1998, 2013, 
2014, 2015, 2016, 2017 flood season in the 
uppermost estuarine turbidity maxima. Wa-
ter depth and near surface tidal current 
speed/direction were measured at 3- minute 
intervals for 14 hours in 1997 and 26 hours 
in all other surveyed duration, while near-
bottom tidal current speed and direction 
were measured at 30-minute intervals for 10 
hours in 1997 and for 1 minutes in all other 
surveyed duration. A total of 1648 water 
samples were collected at 0.6Z, 0.8Z, and 
1.0Z (Z being the total water depth), from 
which the suspended sediment concentration 
was analysed. Vertical profiles of the sus-
pended sediment concentration were also 
measured by using an Acoustic Suspended 
Sediment Monitor. The transverse profiles 
over the low angle subaqueous bedforms 
were recorded in the along channel direc-
tion. A total of 16 bed sediment samples 

were grabbed and analysed for their particle 
size. 

3 RESULTS 

The surveys revealed a complicated pat-
tern of dune morphology and associated 
flow structure. Four new types of erosive 
subaqueous dune are discovered and new 
transition function of bedform for the recog-
nition.  

(1) Low angle dunes in coarse silt and 
very fine sand in the estuarine front of the 
YR and their seaward migration 

Analysis results show a tidal asymmetry, 
i.e., longer period and stronger current speed 
in ebb than in flood, resulting in a higher 
suspended sediment concentration during 
the ebb due to the tidal resuspension of the 
bed sediment, thus causes a transport of the 
suspended sediment seaward in the estuarine 
turbidity maxima (Cheng et al., 2000). It is 
suggested that resuspension might be a dom-
inant sediment process on the subaqueous 
bedforms in coarse silt and very fine sand. 
Ripples and dunes result from the strong 
resuspension of bed sediments compose of a 
wide range distribution of particle sizes. 
Ripples and small scale dunes might be 
formed in response to long-period resuspen-
sion events instead of short-period, burst-
like boils over dune crests. Medium scale 
dunes occurred in a 2-4 minute period of the 
enhanced bottom sediment suspension. A 
new conceptual model is proposed for the 
sediment and morphodynamic processes on 
the subaqueous bedforms in coarse silt and 
very fine sand in a semi-diurnal tidal estuary 
(Cheng et al., 2000).  

Moreover, the sets of field-measured rec-
ords in the main channels of upper estuarine 
turbidity maxima show that the distributed 
front of dune in fine sediment migrated sea-
ward for the past 20 years (Li et al., 2008). 
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(2) Erosive dunes in very fine sand on 
the eroded riverbed of channel in lower 
Yangtze estuary 

A new type of dune was defined as a ca-
tenary-bead dune, which consists of a cate-
nary dune and its associated elliptical pit 
(Zheng et al., 2016a). It has a mean height 
and wavelength of 1.29 m and 31.89 m, re-
spectively; wavelength/height ratio (L/H) of 
14 to 56; and elliptical pits of mean and 
maximum depth 0.98 m and 1.98 m, respec-
tively (Figure 2a). Mean flood and ebb ve-
locities over the dunes are 0.27 and 0.78 m 
s-1, respectively, with shorter duration of 
flood tide. The silt, very fine sand, and fine 
sand fractions were within the ranges 21.6–
23.4%, 28.2–32.2%, and 39.7–41.6%, re-
spectively, revealing complex bed material 
composition. Water depth varies from 13 to 
17 m.  

(3) Very large dunes (VLDs) in fine 
and medium sand in the upper Yangtze 
estuary and VLDs accompanied by sec-

ondary dunes in the middle reach of the 
YR  

In the upper estuary and middle reach of 
the YR, two types of very large dunes were 
detected in unidirectional flow according to 
their morphological characteristics (Zheng et 
al., 2016b). The mean grain size of the riv-
erbed surface sediments is between 0.137 
mm and 0.262 mm, named as fine and me-
dium sand.  

The first type is the VLDs with a smooth 
surface and cross-section on the silted riv-
erbed of channel in the upper estuary (Fig-
ures 1 and 2b). The average dune spacing is 
122.8 m and their mean height is 3.9 m with 
a mean L/H of 35.4. Water depth ranged 
from 13.4 m to 17.6 m and simultaneous 
vertical average flow velocity changed from 
0.78 to 0.99 m s-1.   

The second type is the VLDs accompa-
nied by secondary dunes and numerous el-
liptical pits on the eroded riverbed of chan-
nel in the upper estuary (Figures 1 and 2c). 

Figure 1 Study area of the dune dynamics along the Yangtze River from the downstream of the Three Gorge 
Dam to the estuarine front of the Yangtze River. In plot (b), a, b, c, d are the survey locations of subaqueous 
dune. 
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The mean spacing of dunes changed from 
184.5 m to 204.3 m and mean height varied 
from 4.1 m to 4.3 m with a mean H/L of 55. 
1 to 56.3. The water depth varied from 17.6 
m to 29.9 m and simultaneous vertical aver-
age flow velocity ranged from 0.96 to 1.22 
m s-1

(4) Very large dunes (VLDs) in sandy 
gravel with strong unidirectional flow 
along strong eroded channel downstream 
the Three Gorge Dam (TGD) to Yichang  

An area covered with dunes was sur-
veyed downstream of the Three Gorge Dam. 
The dunes showed a mean spacing of 89 m 
ranging from 40 m to 267 m and a mean 
height of 5 m ranging from 5 m to 13 m. 
Secondary erosive catenary–bead dunes 
were also imposed on the lee and stoss slope 
of dunes in gravel (Figure 2d). The mean 
particle size is 7.90 mm and medium particle 

size is 10.52 mm. The sorting coefficient is 
12.52. Their scales are larger than most of 
dunes in gravel studied for the bed load es-
timation and criteria of flow in the flume 
experiments and few subaqueous dunes in 
gravel detected in, e.g., the Severn Estuary 
(Carling et al., 2006) and the continental 
shelves in Italy (Iacono and Guillén, 2008).  

(5) Application of Froude number in 
the pattern recognition of bedform in low 
flow velocity regime along the lower reach 
of the YR 

Specific concern is given to the effects 
of Froude number on the pattern recognition 
of bedform in low velocity regime. A three-
dimensional (3D) phase diagram of dune 
stability for the recognition is proposed, in 
Froude number (Fr), Reynolds number (Re*) 
and Shields number (Θ) of sediment grains 
(Figure 3). These parameters are calculated 

Figure 2. The multi-beam mapping for characteristics of subaqueous dunes along the main channel in the middle 
and lower reaches of the Yangtze River. (a) Maps of typical characteristics of catenary-bead dunes in very fine 
sand showing inlaid elliptical pits; (b) Maps of morphology of a very large dune in fine sand with a smooth sur-
face in the silted channel; (c) Maps of morphology of a very large dune in fine sand with a smooth surface im-
posed on the catenary-bead dunes in the eroded channel; (d) Maps of very large dune in gravel along the channel 
from downstream the Three Gorge Dam to Yichang. 
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from flow velocity obtained with ADCP, 
morphological parameters of bedforms de-
tected by MBES, sediment and particle size, 
simultaneous real-time water level in typical 
channels in tidal reach of the YR. The re-
sults show an increasing accuracy of bed-
form pattern recognition with three parame-
ters of Froude number, Reynolds number 
and Shields number by 35％ than two pa-
rameters Reynolds number and Shields 
number. This 3D diagram can also increase 
the recognition accuracy of bedform by 30% 
than those with two parameters of dimen-
sionless Shields number and Reynolds num-
ber Re*. The deviation of dune recognition 
without Fr ranged from 40% to 80%. 

4 CONCLUSIONS 

Changes in morphology, flow and sedi-
ment dynamics over a main channel ca. 
1600 km were examined from the estuarine 
front of the YR to downstream of TGD, 
China. The dunes composed of coarse silt, 
very fine sand, fine sand, medium sand and 
sandy gravel displayed a complicated pat-
tern of dune morphology and associated 
flow structure. Four new types of dunes with 
spatial and temporal changes were discov-
ered with emphasis on the findings of ero-
sive dunes which imply strong effects of the 
Three Gorges Dam and changes in channel 
morphology by land reclamation and sand 
mining, dredging. Application of Froude 
number into the bedform pattern recognition 
in the low flow velocity regime can increase 
the accuracy of bedform recognition. These 
findings enrich the description and under-
standing of dune dynamics and provide im-
portant data for geomorphological research. 

Figure 3. Map showing the stability diagram of 
dunes with Froude number (Fr), Reynolds number 
(Re*) and Shields number (Θ). 
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