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ABSTRACT: The long-term growth and decay processes and resistance of sand waves of the Tone 
River mouth from 1961 to 2007 are clarified in this paper. At first, we examine characteristics of the 
arrangement of dunes which are seen in the downstream of the Choshi Ohashi Bridge. Next, the long-
term growth and decay processes of dunes are indicated by the variation of cross-sectional bed forms 
surveyed from 1961 to 2007. The variation of sand waves resistances and bed elevations during the floods 
in different years is evaluated by a numerical unsteady flood flow and bed variation analysis based on the 
observed temporal changes in water surface profiles. At last, characteristics of the sand wave resistances 
in the Tone River mouth are clarified by comparing with the previous studies on sand wave resistances in 
alluvial rivers.

system is based on the idea that the influences of 
channel shape, resistance, bed variation and so on 
are reflected in temporal changes in water surface 
profiles of flood flows.

In the system, temporal changes in water sur-
face profiles and discharge hydrographs during 
the period of floods and bed elevations before and 
after floods are observed at the sections in ques-
tion. Then, we can figure out flood phenomena by 
computing the unsteady flood flow and bed varia-
tion so as to explain these observed data.

In this paper, we apply the system to the vicinity 
of the Tone River mouth in order to estimate the 
bed variations and the resistances of sand waves 
during floods.

1.2 Problem of the Tone River mouth

The rise of water level during floods in the Tone 
River mouth is remarkable and brings a problem 
of flood inundation near the river. But the reason 
why the water rise and the steep water surface gra-
dient near the river mouth was generated has not 
yet been explained.

In this paper, we indicate that the sand waves 
are formed in the vicinity of the Tone River mouth 
and cause the rise of water level during floods. 
Then, the long-term growth and decay processes of 
sand waves and the variations of sand waves resist-
ances are clarified by the relation with bed varia-
tions of the Tone River mouth from 1961 to 2007. 

1 INTRODUCTION

1.1 Flood flow and sediment movement analysis 
system

For river management, it is important to estimate 
the bed variations during floods and the resistances 
in flood flows including sand waves resistances.

To figure out flood flows and bed variations 
during floods, Fukuoka (2011) proposed the flood 
flow and sediment movement analysis system 
based on the observation of temporal changes 
in water surface profiles shown in Figure 1. This 

Figure 1. Flood flow and sediment movement analysis 
system based on the observation of temporal changes in 
water surface profiles.
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The  variations of sand waves resistances and bed 
elevations during floods in different years are eval-
uated by a numerical unsteady flood flow and bed 
variation analysis based on the observed temporal 
changes in water surface profiles. At last, the char-
acteristics of the sand wave resistances in the Tone 
River mouth are clarified by comparing with the 
previous studies on sand wave resistances in allu-
vial rivers.

2 The BeD FORm IN The TONe RIveR 
mOUTh

2.1 Bed material grain size

Figure 2 shows the planer distribution of  grain 
size of  bed material in the surface layer. Whereas 
the bed material is composed of  silt or sand in 
most areas around the river mouth, the gravel 
component dominates from −1.0 km to 0.5 km 
section, where the channel width is decreased 
by the training dikes. Figure 3 shows the vertical 

profiles of  average grain size surveyed at left and 
right side of  −0.5 km cross-section. The compari-
son of  cross-sectional bed form before and after 
2007 flood is also shown in Figure 3. At the left 
side, although the sand exists in surface layer, the 
gravel exists in lower layer. At the right side, the 
gravel exists from river bed to the depth of  about 
5 m from river bed. The river bed elevation at the 
right side of  −0.5 km cross-section is maintained 
due to the gravel bed materials even though there 
are located at the outer side of  the narrow curved 
channel.

2.2 Distribution of sand waves

Figure 4 shows the plan form and bed elevations 
of  the Tone River mouth. Bed elevations are sur-
veyed at 50 m intervals in 2003 and 20 m intervals 
in 2009 longitudinally. Figure 5 shows the longi-
tudinal bed forms along the channel center line 
shown in Figure 4. While the undulation of bed 
form is mild from 6 km to 10 km section, the bed 
form in the downstream of 6 km section is rugged. 
The sand waves are considered as dunes for the 
following reason. The water depth of  the section 
is from 5 m to 10 m during floods. Generally, the 
wave length and wave height of  the dune estimated 
about ten times longer than the water depth and 
from one-fifth to one-tenth of  the water depth, 
respectively.

2.3 Sand waves in the downstream of the Choshi 
Ohashi Bridge

Figure 6 shows planer distribution of bed eleva-
tions of downstream of the Choshi Ohashi Bridge 
(located in the reach 2.25 km upstream from the 
river mouth) where the large dunes can be seen. 
The dashed lines pass through the wave tops of 
dunes in the figure. The arrangements of dunes are 
fish-scale pattern.

Kinoshita (1984) found that longitudinal vorti-
ces are often seen and the sand waves often form 
fish-scale pattern at downstream of bridge piers. 
he indicated that stable longitudinal vortices 
emerge when the cross-sectional intervals of dunes 
are four times wider than the water depth by the 
channel experiment.

Figure 7 shows the cross-sectional bed forms 
at 1.5 km upstream from the river mouth and 
the Choshi Ohashi Bridge (2.25 km). The 
 cross-sectional intervals of dunes (about 20 m) 
are four times wider than the water depths dur-
ing floods (about 5 m). The arrangement of dunes 
which are seen in the downstream of the Choshi 
Ohashi Bridge verified it to be scale-like dunes as 
 Kinoshita found.

Figure 2. Planer distribution of bed material.

Figure 3. vertical profiles of average grain size of −0.5 k 
cross-section.
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Figure 4. Plan form and surveyed bed elevation of the Tone River mouth.

Figure 5. Longitudinal bed forms along the center line.

Figure 6. Scale-like dunes in the downstream of the 
Choshi Ohashi Bridge.

Figure 7(a). Cross-sectional bed form at Choshi Ohashi 
Bridge.

Figure 7(b). Cross-sectional bed form at 1.5 km.

3 GROWTh AND DeCAY PROCeSSeS  
OF SAND WAveS FROm 1961 TO 2007

In this section, we examine the growth and decay 
processes of the sand waves with the cross-sectional 
surveying data which were started in 1961.

Figure 8 shows the peak discharge of floods over 
3,000 m3/s and the years when the cross-sectional 
bed forms were surveyed.

The floods over 6,000 m3/s didn’t occur in the 
1960’s and 1970’s. Floods came in groups in the 
three years from 1981 to 1983. There are many 
floods over 6,000 m3/s after 1998.

Figure 9(a)∼9(d) show the changes of cross-
sectional bed forms in the reach downstream of 
6.5 km from 1961 to 2007. In these Figures, small 
bumps existing on the bed surfaces are dunes. From 
these Figures, the growth and decay processes of 
the sand waves are clarified as follows.

The sand waves whose heights are from 1 m 
to 2 m had existed on many cross-sections before 
1965 as shown in Figure 9(a). But most of them 
disappeared with sediment deposition in the river 
mouth area from 1965 to 1970 and the cross-
 sectional bed forms became smooth. Dredges 
were concentrated in this age in the section from 
20 km to 40 km (moro et al., 2011). It is thought 
that the fine sediments yielded with dredging in 



242

Figure 8. Peak discharge of floods and the years when 
the cross-sectional bed forms were surveyed.

Figure 9(a). variation of cross-sectional bed forms 
from 1961 to 1970.

Figure 9(b). variation of cross-sectional bed forms 
from 1970 to 1980.

Figure 9(c). variation of cross-sectional bed forms 
from 1980 to 1983.

the upstream  section deposited in the reach down-
stream of 6.0 km from river mouth.

The bed elevations are stable and the sand waves 
cannot be seen from 1970 to 1980 as shown in 
 Figure 9(b). In this period, large flood didn’t occur 
except 1947.

After that, the sand waves grew again from 1980 
to 1983 as shown in Figure 9(c). In this period, a 
number of large floods occurred and the bed eleva-
tions degraded about 0.5 m∼1.0 m in the entire sec-
tion of river mouth.

After 1983, the height and the distribution area 
of the sand waves have grown gradually up to 2007 
as shown in Figure 9(d).

As above, in the reach downstream of 6.0 km 
from the Tone River mouth, although the sand 
waves had existed in the 1960’s, most of them disap-
peared with sediment deposition in the river mouth 
area in the 1970’s. After that, the sand waves grew 
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again with the degradation of bed elevation caused 
by a series of floods from 1981 to 1983. Then the 
height and the distribution area of the sand waves 
have grown gradually up to the present date.

4 The vARIATION OF SAND WAve 
ReSISTANCeS AND BeD eLevATIONS 
DURING The FLOODS

We apply the flood flow and sediment move-
ment analysis system based on the observation of 
temporal changes in water surface profiles to the 
floods in different years of the Tone River in order 
to evaluate the variation of sand wave resistances 
and bed elevations during the floods with growth 
and decay processes of sand waves.

4.1 Computational method and conditions

We develop unsteady numerical analyses by solv-
ing the flows and bed variations during the floods 
in different years so as to coincide with observed 
temporal changes in water surface profiles. The 
discharge hydrograph and bed forms after the 
flood are compared with observed data.

The analysis consists of quasi-3D unsteady flow 
analysis (Uchida and Fukuoka, 2009) as shown 
in eqs. (1)∼(3) and 2D bed variation analysis for 
graded sediment (Fukuoka et al., 1998),  employing 

the general coordinate system. The bed load is cal-
culated by the formula of Fukuoka (2010).

In the quasi-3D unsteady flow analysis, the hor-
izontal velocity ui  at ζ = −( )z z hs  is assumed as 
shown in eq. (1). Where i,j = x,y, δui  = the differ-
ence between depth averaged velocity Ui  and bot-
tom velocity ubi. δui  is calculated by eq. (2) using 
depth integrated vorticity Ωi .
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where spatial change of depth averaged vertical 
velocity W is assumed to be negligible in shallow 
flows. Depth averaged horizontal velocity U is cal-
culated by shallow water equations employing the 
general coordinate system (ξ η, ).

Ωi  is calculated by horizontal vorticity equation 
as shown in eq. (3).
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where F Fi iξ η,  = flux of Ωi  with expansion, contrac-
tion and rotation, D Di iξ η,  = flux of Ωi  with diffu-
sion, ERzi  = rotation term, P iω  = production term.

The concentration of suspended sediment is 
calculated by 3D advection-diffusion equations 
 (Okamura and Fukuoka, 2012) as shown in eq. (4). 
Where, the velocities are calculated by quasi-3D 
unsteady flow analysis. This analysis can calculate 
vertical distribution of suspended  sediment con-
centration due to secondary flow.
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Figure 9(d). variation of cross-sectional bed forms 
from 1983 to 2007.
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where ck = concentration of suspended sediment of 
dk (arbitrary grain diameter), w k0  = falling velocity 
of grain, ε  = coefficient of diffusion. Pick up rate of 
suspended sediment from bed surface (qsuk) is cal-
culated by the formula of Itakura and Kishi (1980).

The boundary conditions of upstream and 
downstream ends are defined as observed water 
levels around 30 km point and astronomical tide 
levels of the Choshi tidal observatory at sea of 4 km 
from the river mouth, respectively.  Figure 10 shows 
initial grain size distributions.

We evaluate the resistance of flood flows using 
the manning’s roughness coefficient including 
sand wave resistances. The section in question is 
divided in three subsections. The bed material is 
composed of gravel in the subsection from −1.0 km 
to 0.5 km. The sand waves exist in the subsection 
from 0.5 km to 6.0 km. Sand waves don’t exist and 
the bed material is composed of sand in the subsec-
tion upstream of 6.0 km. The manning’s rough-
ness coefficients are determined so as to minimize 
the differences between the observed and the cal-
culated water surface profiles in each subsection, 
respectively.

4.2 Computation of the September 2007 flood

Figure 11 shows locations of observation stations 
of water levels and discharge to 30 km from the river 
mouth. Temporal data of water levels were meas-
ured at many observation stations.  Figure 12 shows 
observed water level hydrographs of the September 
2007 flood. The flood peak occurred in the stage 
of low tide.

The observed temporal changes in water sur-
face profiles are accurately reproduced by decid-
ing the manning’s roughness coefficient n = 0.028 
from −1.0 km to 6.0 km section where the sand 
waves exist and n = 0.014 upstream from 6.0 km, 
respectively as shown in Figure 13.

Figure 10. Initial grain size distributions in the 
simulation.

Figure 11. Observation stations during the 2007 flood.

Figure 12. Observed water level hydrographs of the 
September 2007 flood.

Figure 13. Comparison between observed and calcu-
lated water surface profiles during the September 2007 
flood.

Figure 14 shows the comparison of observed 
and calculated bed elevation before and after the 
flood. The calculated bed variation is similar to 
observed bed variation. The bed elevation is main-
tained in most parts of the section in question and 
decreases about 0.5 m at 0.0 km point.

The calculated discharge hydrograph corre-
sponds with the observed discharge hydrograph as 
shown in Figure 15.

As above, high resistances due to sand waves 
appeared to act on the flood flow in the section 
downstream of 6.0 km from river mouth.
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4.3 Computation of the 1981∼1983 floods

The sand waves grew again with the bed degrada-
tion caused by a series of floods from 1981 to 1983. 
Figure 16 shows observed water level hydrographs 
of the floods from 1981 to 1983.

Figure 17 shows the comparison between tem-
poral changes in observed and calculated water 
surface profiles during the September 1982 flood. 
Although the numbers of  the water level meas-
urement points are not so many, the results of 
the analysis correspond with temporal changes 
in observed water surface profiles during the 
flood. Where the manning’s roughness coeffi-
cient n = 0.022 from −1.0 km to 0.5 km section, 
n = 0.016 from 0.5 km to 6.0 km section and 
n = 0.012 upstream from 6.0 km. The manning’s 
roughness coefficient is smaller than that of  the 
2007 flood in the section downstream of 6.0 km. 
Temporal changes in observed water surface pro-
files of  other floods occurred in the period from 
1981 to 1983 are re-created by the same conditions 
of  manning’s roughness coefficients as shown in 
Figure 18.

Figure 19 shows the changes in averaged bed 
elevations and deepest bed elevations from 1980 
to 1983. The solid lines indicate the calculated 
bed elevations after the each flood. Bed eleva-
tions degraded every flood. The calculated bed 

Figure 14. Comparison between observed and calcu-
lated bed elevation before and after the September 2007 
flood.

Figure 15. Comparison between observed and calcu-
lated discharge hydrographs.

Figure 16. Observed water level hydrographs of the 
floods from 1981 to 1983.

Figure 18. Comparison between observed and calcu-
lated peak water surface profiles during the floods from 
1981 to 1983.

 elevations after the September 1983 flood explain 
well the observed bed elevations.

Figure 20 shows the observed and the calculated 
contours of bed variations from 1980 to 1983. Cal-
culation results explain the bed degradation caused 
by a series of floods from 1981 to 1983.

The calculated discharge hydrographs corre-
spond with the observed discharge hydrographs as 
shown in Figure 21.

4.4 Computation of the September 1972 flood

The September 1972 flood occurred after most of 
sand waves disappeared with sediment deposition 
in the river mouth area from 1965 to 1970.

Figure 17. Comparison between temporal changes in 
observed and calculated water surface profiles during the 
September 1982 flood.
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Figure 22 show the comparison between tem-
poral changes in observed and calculated water 
surface profiles during the September 1972 flood. 
Temporal changes in calculated water surface pro-
files correspond with observed ones, where the 
manning’s roughness coefficient is n = 0.012 in the 
entire section in question. This value of manning’s 
roughness coefficient is almost equal to the resist-
ance on flat bed.

Figure 23 show the comparison between 
observed and calculated discharge hydrographs.

The differences of bed elevations between before 
and after the flood are smaller than 0.5 m both in 
calculation and observation as shown in Figure 24.

4.5 Computation of the August 1959 flood

The sand waves had existed on many cross-sections 
before 1965.

Figure 25 shows the comparison of tempo-
ral changes in observed and calculated water 
 surface profiles during the August 1959 flood. The 
manning’s roughness coefficient was n = 0.020 
from −1.0 km to 6.0 km section and n = 0.013 
upstream from 6.0 km. Temporal changes in 
 calculated water surface profiles correspond with 

Figure 19. Comparison between observed and calculated bed elevation before and after the floods from 1981 to 
1983.

Figure 20. Observed and the calculated contour of bed variations from 1980 to 1983.

Figure 21. Comparison between observed and calculated 
discharge hydrographs of the floods from 1981 to 1983.

Figure 22. Comparison between observed and calculated 
water surface profiles during the September 1972 flood.
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It is presumed that the manning’s roughness 
coefficient would have been n = 0.020 in the reach 
downstream of 6.0 km except the flood peak.

4.6 Long-term variation of sand wave resistances

Figure 27 shows long-term variations of the 
 manning’s roughness coefficients in each sec-
tion which were evaluated by the unsteady flood 
flow and bed variation analysis based on the 
observed temporal changes in water surface pro-
files from 1959 to 2007. In the section upstream 
of 6.0 km where the sand waves have not been 
existed, the manning’s roughness coefficients are 
n = 0.012∼0.014 in every flood. They are usual 
value of manning’s roughness coefficients in the 
vicinity of river mouth. In the section from −1.0 km 
to 0.5 km where the bed material is composed of 
gravel, the manning’s coefficients are high value 
n = 0.020∼0.028 in every flood.

On the other hand, in the section from 0.5 km to 
6.0 km, the manning’s roughness coefficients have 
changed with the long-term growing and decaying 
processes of sand waves. The manning’s roughness 
coefficient was n = 0.020 when the sand waves had 
existed except the peak of the August 1959 flood. 
The roughness coefficient became small (n = 0.012) 
in the September 1972 flood which occurred after 

Figure 23. Comparison between observed and cal-
culated discharge hydrographs of the September 1972 
flood.

Figure 24. Comparison between observed and calcu-
lated bed elevation before and after the September 1972 
flood.

Figure 25. Comparison between observed and calcu-
lated water surface profiles during the September 1959 
flood.

observed ones in flood rising period (before 8/14 
18:00) and flood falling period (after 8/17 12:00). 
But calculated water surface profiles are higher 
than observed ones in flood peak (8/15 6:00∼8/16 
6:00). The bed resistance could have changed dur-
ing the flood, but it’s not sure whether is insuffi-
cient of observation data of water level. The bed 
variations during the flood are not clear, because 
the cross-sectional bed forms had not been sur-
veyed till before 1961.

Figure 26 shows the comparison between 
observed and calculated discharge hydrographs.

Figure 26. Comparison between observed and cal-
culated discharge hydrographs of the September 1959 
flood.

Figure 27. Long-term variations of the manning’s 
roughness coefficients in each section.
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most of sand waves disappeared with sediment dep-
osition in the river mouth. After that, the rough-
ness coefficient increased a little bit (n = 0.016) in 
a series of floods from 1981 to 1983 when the sand 
waves grew again. Then the roughness coefficient 
became large (n = 0.028) in the September 2007 
flood the height and the distribution area of the 
sand waves have grown up.

5 ReSISTANCe OF SAND WAveS  
IN The vICINITY OF The TONe  
RIveR mOUTh

There have been a lot of researches on the resist-
ance of sand waves introducing the “effective bed 
shear stress” in order to discuss the resistance of 
sand waves since einstein and Barbarossa (1952). 
In this section, we attempt to describe the resist-
ances in the Tone River mouth calculated by the 
quasi-three dimensional unsteady flow and bed 
variation analysis by one dimensional quantities. 
Then the resistances in the Tone River mouth are 
compared with the results of previous researches 
on the resistance of sand waves studied in one 
dimensional analysis.

5.1 Previous researches on the resistance  
of sand waves

einstein and Barbarossa (1952) tried to estimate 
the resistance of sand waves dividing the total 
resistance into the friction resistance and the form 
resistance as shown below.

R R R u u u= + = +′ ″, ′ ″* * *  (5)

u gR I u gR I*
/

*
/,′ ′ ″ ″= ( ) = ( )12 12 (6)

u u R x ks* . log . /′ ′= ( )5 75 12 2  (7)

where, R  = hydraulic radius, R′  = hydraulic radius 
related to the friction resistance, R″  = hydraulic 
radius related to the form resistance, u  = veloc-
ity, u*  = shear velocity, g  = gravity acceleration, 
I  = energy gradient, x  = coefficient, ks  = equiva-
lent roughness.

engelund (1967) also investigate the resistances 
in alluvial rivers and the experimental channels bas-
ing on the “effective bed shear stress”.  engelund 
indicated that the total bed shear stress τ* was a 
function of the effective bed shear stress τ* ′ by the 
data of experimental channels.

τ τ* */ , /= =RI sd R I sd′ ′  (8)

u
gR I

R
d′
′

= +6 0 5 75
2

. . log  (9)

where, d = grain diameter.
Kishi and Kuroki (1973) thought that τ* was a 

function of τ* ′  and R/d. They proposed the rela-
tional expressions among τ*∼τ* ′∼R/d in each bed 
configurations by the data of the experimental 
channels.

Wang and White (1993) proposed the relational 
expressions among τ*∼τ* ′∼D* by the data of the 
alluvial rivers.

D d
gs

*

/

= 



50 2

1 3

ν
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where, s = specific gravity of sediment, ν  = kine-
matic viscosity.

5.2 The resistance of sand waves in the Ishikari 
River during August 1981 flood

The peak discharge of the August 1981 flood in the 
Ishikari River exceeded the design discharge. During 
the flood, the longitudinal bed forms were surveyed 
(Takagi et al., 1982). The bed configuration changed 
from Transition to Dune in the flood falling period.

Figure 28 shows the comparison of the rela-
tions between τ* and τ* ′ of  the equations of Kishi 
and Kuroki (R/d = 25,000), the curve of Wang and 
White (D* = 4.75, d = 0.19 mm) with those in 2.5 km 
upstream from the Ishikari River mouth (D* = 7.6, 
d = 0.3 mm). Because a large bed scouring occurred 
in the Ishikari River mouth during the flood, 
the τ* and τ* ′ are obtained from the  quasi-three 
dimensional unsteady flood flow and bed vari-
ation analysis based on the temporal changes in 
observed water surface profiles  (Okamura and 
Fukuoka, 2012).

Figure 28. Relations between τ* and τ*′ in the Tone 
River mouth.
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The relations between τ*  and τ* ′  in the flood 
rising period correspond to the Flat bed. On the 
other hand, the degrees of  τ*  in the flood falling 
period are relatively large than those in the flood 
rising period. They are thought to be the resist-
ance of  the dunes surveyed in the flood falling 
period.

The degrees of the resistance of dunes are smaller 
than those of the equations of Kishi and Kuroki 
basing on the data of the steady flow experiments. 
The sand waves might not develop enough in the 
Ishikari River because of time lag due to unsteadi-
ness of the flood. On the other hand, the curve of 
Wang and White basing on the data in the alluvial 
rivers are corresponds with the τ*∼τ* ′  relation in 
the Ishikari River.

5.3 The resistance of sand waves in the Tone 
River mouth during the floods

Figure 28 shows the relations between τ* and τ* ′ 
in 4.0 km upstream from the Tone River mouth 
(D* = 4.3, d = 0.17 mm) calculated by the unsteady 
flood flow and bed variation analysis basing on the 
temporal changes in observed water surface pro-
files comparing with the equations of Kishi and 
Kuroki (R/d = 25,000) and the curve of Wang and 
White (D* = 4.75, d = 0.19 mm).

The resistance in the Tone River during the 
August 1959 flood is comparable to that in the 
Ishikari River. But, the value of τ* is equal to τ* ′ 
(it means Flat bed) in the September 1972 flood 
which occurred after most of sand waves disap-
peared. After that, the resistance increases in a 
series of floods from 1981 to 1983 when the sand 
waves grew again. Then the resistance during the 
September 2007 flood when the height and the 
distribution area of the sand waves have grown 
up became larger than the curve of Wang and 
White and smaller than the equations of Kishi and 
Kuroki.

There are little changes in the ratios between τ* 
and τ* ′  during a flood in the Tone River mouth. 
They change with the long-term growth and decay 
of sand waves.

6 CONCLUSION

main conclusions are drawn as follows.

1. It is found that the sand waves are dunes by 
surveying in the Tone River mouth. We exam-
ined the arrangement of dunes which are seen 
in the downstream of the Choshi Ohashi Bridge 
located in the reach 2.0 km upstream from the 
river mouth and verified it to be scale-like dunes 
as Kinoshita found out.

2. The long-term growing and decaying processes 
of dunes are indicated by the consideration of 
variation of cross-sectional bed forms surveyed 
from 1961 to 2007.

3. We apply the flood flow and sediment move-
ment analysis system based on the observation 
of temporal changes in water surface profiles to 
many floods of the Tone River. The variation of 
sand wave resistances and bed elevations dur-
ing the floods in different years is evaluated by 
a numerical analysis of quasi-three dimensional 
unsteady flood flow and bed variation based on 
the observed temporal changes in water surface 
profiles. It is clarified that the degrees of sand 
wave resistances during floods have changed 
with the long-term growing and decaying proc-
esses of sand waves.

4. The sand wave resistance in the Tone River 
mouth is featured by comparing with the previ-
ous studies on sand wave resistances in alluvial 
rivers.
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