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Material Specific 
gravity 

Modulus of 
Elasticity (kgf/cm2)

80° 1.49 73.0 (7.15 MPa) 
70° 1.01 54.8 (5.37 MPa) 
60° 0.88 33.6 (3.29 MPa) 
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 Prototype Model 1 
(1/100)

Model 2 
(1/200) 

Remarks 

Tree height (m) 10 0.1 0.05  
Crown height (m) 8 0.08 0.04  
Breadth (m) 6 0.06 0.03  
Diameter (m) 0.15 0.0015 0.00075  
Specific gravity 1.28 1.28 1.28  
Modulus of 
Elasticity (kgf/cm2)

27,700 
(2.72 GPa)

277 
(27.2 MPa)

139 
(12.6 MPa) 

 

Inundation depth (m) 5 0.05 0.025 0.3 � 0.05 
0.2 � 0.03

Flow velocity (m/s) 4.2 0.42 0.297  

Drag force (kgf/m) 153 
(1.50 kN/m)

0.0153 
(0.150 N/m)

0.00382 
(0.037 N/m) 

�=1030 kg/m3

CD=1.1
Deflection at water 
surface (m)

1.74 0.0174 0.0086  
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STUDY ON TSUNAMI PROPAGATION INTO RIVERS 

 

Min Roh
1

, Xuan Tinh Nguyen
2

, Hitoshi Tanaka
3  

 

ABSTRACT 

When tsunami wave propagation from the narrow river mouth, water surface is raised and fluctuated by long 

wave propagation to river upstream area. Observed water level measurement data within rivers in Ishinomaki 

area from the 2010 Chilean Tsunami event was used to estimate the impacts of tsunami propagation to river 

upstream. At that time, almost measurement station detected the change of water height due to tsunami wave. In 

this process, measured data shown that water surface have a different variations and wave height due to river 

mouth morphology. In this study, a series of numerical tests of tsunami behaviors when it passes through 

various river entrance morphologies was conducted. Constructed river entrance tests are similar to the 

characteristic of existing rivers in this area. The numerical results show a significant river mouth types that 

affect the wave height and water level due to tsunami wave.  

 

1. INTRODUCTION 

February 27, 2010, magnitude 8.8, earthquake occurred in 

Chilean coast. Due to this earthquake, tsunami was caused 

and propagated along the Pacific Ocean. As the tsunami was 

occurred, 53 countries issued the tsunami warning system. 

Also 2010 Chilean Earthquake is regarded as the latest 

powerful earthquake. The tsunami arrived the eastern part in 

Japan through the Pacific Ocean after 22 hours. Tsunami 

wave was detected on the east coast of Japan. The recorded 

data shown over 1 m maximum tsunami height and tsunami 

propagation distance was estimated a several tens kilometers. 

Generally, approaching tsunami wave into the coastal 

regions are companied many phenomenon such as inundation 

near coastal regions, wave propagation into rivers, erosion 

and overwash in sand spit, etc. However, this study has 

concentrated on the tsunami propagation into rivers. In that 

tsunami event, tsunami wave is propagated along the tidal 

wave, and tsunami wave height is dominated by river mouth 

morphology. Also, tsunami wave penetrate in rivers, 

especially the bottom friction, river bed slope, width, water 

depth, upstream river discharge, etc. are affected to propagate tsunami wave. 

In this regard, Abe (1986) analyzed tsunami height data in rivers about Nihonkai Chubu Earthquake of 1983. 

Tanaka et al. (2011) proposed the classification of river group according to river mouth morphology through 

relationship between river mouth structure and tsunami propagation also studied influence of sand spit type of 

river mouth due to tsunami overtopping. Wijetunge (2009) researched influence of coastal geomorphology and 

topography due to 2004 Sri Lanka tsunami using the field measurements and numerical simulation. Recently, 

Yasuda (2010) conducted numerical analysis of various wave models about tsunami ascending into rivers.  

In this study, when the tsunami propagation into rivers, the river mouth is one of the important factors from 

the previous research. Therefore, main purpose is to evaluate the effect of river mouth morphology by using the 

numerical model. The collected water level variation data have been shown that tsunami impacts were affected 

by the tsunami and numerical results can be expected the change of wave height due to river mouth. 

 

 

 

 

Figure 1 : Location of study area 
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2. FIELD MEASUREMENT DATA COLLECTION AND ANALYSIS 

2.1 Study Area 

Ishinomaki Coast is located in the eastern part of the Miyagi Prefecture as shown in Figure 1. This area 

consists of four different rivers namely, Old Kitakami River, Jo River, Naruse and Yoshida Rivers in which 

Naruse and Yoshoda Rivers area sharing the same river entrance. The maximum tsunami height by the Chilean 

tsunami event was obtained about 1.2 m in the Jo River. The rivers have a specific river mouth structures and 

classified into different river scale. In this way, study area provides variety of research environments and 

interesting facts. Therefore, Ishinomaki Coast is most proper place to study about the influence of tsunami 

propagation by river mouth morphology. (Figures 2, 3, 4) 

Old Kitakami River and Naruse-Yoshida Rivers belong in First Grade River and Jo River is Second Grade 

River like this each river has different river mouth morphology and the river scale. Thus, this study area can be 

expected to the various comparison and analysis research about river mouth due to the tsunami.  

 

2.2 Classification of river mouth 

 The measurement data and the aerial photo are used to classify river mouth type for each river. Type 1 is 

inside the port or bay and part of jetties is non-constriction in river mouth. Type 2 is composed sand spit and the 

constriction structure. (Tanaka et al., 2011) The classification is applied three rivers systems in the study area. 

Based on these criteria, Old Kitakami River and Jo River are Type 1 (Figure 2, Figure 3) and Naruse-Yoshida 

Rivers are Type 2 (Figure 4). Old Kitakami River and Naruse-Yoshida Rivers are contained jetties structure in 

river mouth but there are distinct difference in width between inside of river and river mouth. Old Kitakami 

River has non-constriction river mouth and jetties type is straight, Figure 4 is shown for the constriction 

structure of river mouth. Both of two types indicate one of greatly difference feature. Jo River mouth is 

connected to Ishinomaki Industrial Port and river mouth width became narrow to upstream river.  

 

   

Figure 2 : River mouth morphology 

of Old Kitakami River (Type 1) 

Figure 3 : River mouth morphology 

of Jo River (Type 1) 

Figure 4 : River mouth morphology 

of Naruse-Yoshida Rivers (Type 2) 

 

2.3 Measurement station data 

Each rivers system has about 1~3 measurement stations to collect water level variation data of 10 minutes 

intervals. First measurement station is used to calculate the tsunami height in river mouth, Ayukawa tidal level 

data was used to compare with measured water level inside of river for all stations.   

 In order to know influence of the tsunami wave, draw the water level data in station of each river mouth. 

Figure 5 shown that water surface was fluctuated in all station by tsunami. These station data follow the 

Ayukawa tide but when tsunami wave arrived at the small river, Jo River, observed rising the water level and 
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wave phase is delayed clearly during tsunami propagation. These phenomena can be explained that wave 

propagation is affected by the river scale. First Grade River such as Old Kitakami River and Naruse-Yoshida 

Rivers, water level moved along the Ayukawa tidal level but Jo River has the difference water level and wave 

phase compare with the tidal level. Furthermore, the relationship between river scale and river characteristics 

can be considered in this field. First of all, the different factors are bottom friction and river bed condition 

according to the river scale when the long wave through a river. So, to analyze tsunami propagation into rivers, 

it should be firstly considered river mouth morphology, tidal wave and river scale. Totally, Figure 5 contains 

this facts and information when the tsunami propagation in rivers.  
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Figure  5 : Water level variation in river mouth 

measurement station 

Figure  6 : Tsunami wave height in river mouth station 

 

In this study, Ayukawa tidal level is eliminated to consider the influence of tsunami wave from measurement 

data of the stations and then tsunami wave height can be drawn like that Figure 6. This figure provides 

maximum tsunami height in each river mouth. The measurement data is summarized in Table 1. 

 

Table 1 : Summary of river mouth type and maximum tsunami height in Ishinomaki Coast 

 Old Kitakami River Jo River Naruse-Yoshida River 

River mouth type Type 1 Type 1 Type 2 

Maximum tsunami 

height (m) 

0.775 1.12 0.666 

Propagation distance 

(km) 

21.78 

�Wabuchi St.� 

3.5 

(Jo River St.) 

4.18 / 8.99 

(Ono-Naruse St./ 

Kashimadai-Yoshida St.) 

 

Table 1 provides that Type 1 have a higher maximum tsunami height than Type 2. It means Type 1 river 

mouth is possible to easily propagate into river and wave energy is maintained far away until river upstream 

area, measurement data is clearly shown the difference of tsunami effect due to river mouth morphology, river 

scale. Thus, the classification of river mouth can be applied to simply in study area.  
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3. Numerical Experiments 

This section is to investigate the effects of different type of construction at mouth to tsunami energy 

dissipation. In general, Type 1 is known a non-constriction mouth and having higher maximum tsunami height 

compare with Type 2 from field data. So it needs numerical experiments to evaluate influence of river mouth 

structure. Numerical results will provide useful information about hypothesis of river mouth morphology. A 

numerical experiment was conducted simple and representative river mouth structure, also Initial condition and 

boundary condition limited through an assumption because only to consider the impact of tsunami propagation 

due to the change of various river mouth structures. 

 

3.1 Governing Equation 

In this study, the wave motion is simulated by the horizontal two-dimensional shallow water equation model, 

this model use depth averaged velocity, including bottom friction. In river area, river bed condition and bottom 

friction are important factors to calculate wave height in shallow water depth. So, this model was employed 

Manning coefficient approaching method. Wave simulation model was based on Vu et al. (2002) in this study 

and that paper shown the theory about numerical model. 

 

3.2 Initial Condition and Boundary Condition 

This wave model is restricted initial condition and 

boundary condition. Basically, Initial condition is assumed 

the regular sinusoidal wave from estimated the tsunami 

wave height at Miyato coastal station in Figure 7. 

Computational domain was composed of sea, river, and 

land boundaries. In the sea area, a wave-absorbing zone is 

approached at the lateral boundaries to minimize wave 

reflection. The bottom friction is assumed constant within 

first five meshes, and a free slip boundary condition is 

applied at surfaces of the coastal structures.  

To calculate bottom friction, Manning coefficient is 

adapted 0.035 and the grid size is the square of 50 m 

vertically and horizontally.  

 

3.3 Numerical Case Test Results 

In the numerical test, the model is applied for the six kind of 

different river mouth structures. In facts, these cases are based 

on the representative river mouth type to see easily in the 

coastal area, and Figure.8 shows top view of total calculation 

domain and the bathymetry data of the sea and river. In 

addition, the test cases are illustrated with the size of river 

mouth. 

Figure 9 shows the horizontal distribution of the wave height 

for Case 6 near the river mouth. It can be seen that the wave 

reflected by the structure interact with the tsunami wave, 

propagate a part of wave energy to the river upstream. 

Figure 10 provides the change of maximum wave height of 

the first peak wave due to river mouth morphology. Most 

importantly, the numerical results have the definite relationship 

between maximum wave height and river mouth morphology. 

From the results, Case 4 such as Jo River is most greatly 
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Figure 7 : Initial condition of  

numerical model 
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Figure 8 : Numerical domain and test cases 
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affected by the tsunami wave. Wave energy is possible to penetrate and concentrate readily into rivers through 

the river mouth type and wave energy is retained for a long time to the river upstream area. And computed Case 

6 give the interesting result because the maximum wave height is second higher than another cases although the 

connected breakwater or inside a port. So, it can be seen the coastal structure can not prevent long wave 

propagation such as tsunami wave and tidal wave. Case 2 is similar to the river mouth of Old Kitakami River, 

this case also indicate the high maximum wave height like that Case 4 and Case 6.  

 

  

Case 3 and Case 5 show the different results compare with another cases, the opening rate of river mouth is 

the important factor to travel the long wave into a river. Case 5 was represented the entrance of Naruse-Yoshida 

Rivers and Type 2 of river mouth classification. It can be seen the constriction structure is difficult to propagate 

into rivers. As a result, numerical results follow the long wave theory and it can say that river mouth 

morphology dominate the change of wave height due to tsunami wave. 
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Figure 10 : Maximum wave height  

along the center line 

Figure 11 : Comparison with measurement data 

  

Figure 9 : Computed wave height of Case 6 ( t=400 sec, t=500 sec ) 
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Finally, Figure 11 shows the comparison between the observed data and the computational results. The 

tendency of maximum wave height is similar to the comparison according to the river mouth type although the 

numerical analysis has many limited condition that initial, boundary condition and numerical geometry, etc. 

Therefore, this model can be used for the evaluation of the influence of tsunami propagation and expectation of 

the significant wave height in this field.  

  

4. Discussion 

In this study, the importance of river mouth morphology can be known by the numerical results and 

measurement data as well as the tidal wave and river scale also should be considered to express the real 

phenomenon. Jo River shown the wave phase delayed and risen in measurement data compare with large rivers 

data of Old Kitakami River and Naruse-Yoshida Rivers because the tidal wave is closely related to the size of 

river and a small river is generally affected by bottom friction. Actually, the process is difficult to prove 

compounding the operation of these factors. Therefore, first step, the numerical model was simulated about 

influence of river mouth morphology using the simple assumption and geometry. As a result, threatening river 

mouth type is found by the Numerical experiment results and measurement data. In addition, this model can be 

able to simulate natural phenomenon physically when the tsunami propagation into rivers. For the future, 

modified numerical model can help to expect influence of tsunami wave into rivers and provide the tsunami 

protection method on the inundation of river upstream area.  

 

5. Conclusions 

- The river mouth type of adjacent the port and narrowing the width have the maximum tsunami height as 

the most significant cases. In this area, maximum tsunami height is recorded 1.12 m in Jo River, and 

Type 1 river mouth group have a higher wave height than Type 2 and river mouth morphology can be 

classified the effect of tsunami from water level variation according to the river scale. 

- The numerical results and measurement data have a similar tendency of maximum wave height due to 

each river mouth type. The model is useful for many researchers to simulate and analyze the tsunami 

wave. 
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*Precipitation and runoff characteristics around the Lake Tuni in Bolivia, by Yasuyuki ISHIGAKI, Yoshihiro ASAOKA, Keiko 
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-6 -7 2001 Condoriri Tuni 

Bajo 1 Huayna Potosi

3  

 

 

-4  -5  

-6 2001  -7 2001   

116



 
 

 

 

SEQSGMP �����  

P Q E �S SGM  

-8 2001 -9 2001

-8 3

-9 3

Condoriri Tuni Bajo

Huayna Potosi  

4.2  

-10 -11 2003 2009 Tuni Tuni  

-10

-11 ANN

2009  

-8 2001  -9 2001  

-10 2003-2009  -11 2003-2009  

117



 
 

 

-12 -13 2009 Tuni Tuni

0.95 0.97 1

-12

-13 ANN

ANN Tuni

 

 

5.  

Condoriri Tuni Bajo

Huayna Potosi

GSM ANN Tuni Tuni

Tuni

 

 

JST/JICA

 
 

6.  

1) No.1382 pp.6-12 

2) Tuni 46

pp.167-172 
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* Observations of water quality in Tuni Lake basin, by Makoto Umeda and Marcelo Gorritty (Tohoku 
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-1 2010 6 7 9
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4700m

 

-4
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-5

9

2009 12

 

 

-1  

 

 
  pH EC NH4-N NO3-N T-P* 

[ ]  [�S] [mg/L] [mg/L] [mg/L] 
Condoriri 2010/6/25 7.9 7.9 59.2 0.07 0.03 0.14 

1.1 1.1 16.7 0.07 0.01 0.08 
2010/7/31 6.6 6.6 64.7 0.02 0.03 0.35 

3.0 3.0 0.3 0.02 0.0 0.45 
2010/9/1 11.3 7.0 95.9 0.01 0.03 0.18 

3.4 0.6 88.5 0.19 0.01 0.03 
Huayna Potosi 2010/6/29 5.3 7.7 61.6 0.07 0.01 0.59 

2.7 0.5 8.0 0.04 0.01 0.64 
2010/7/28 3.7 6.6 76.2  0.02 0.29 

3.2 0.7 11.8  0.01 0.09 
2010/9/4 4.7 7.3 60.8 0.1 0.01 0.19 

2.2 0.4 12.2 0.0 0.01 0.40 
*2010 9 4  
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WATER QUALITY MODELING IN MIHARU RESERVOIR  
 

Duong Hai THUAN1, Makoto UMEDA2 
ABSTRACT 
In this study, we have applied the coupling of a two-dimensional laterally averaged reservoir model and a 
mechanistic eutrophication model to one year full data set of Mihaure reservoir to simulate the seasonal 
dynamics of water quality in the reservoir. The hydrodynamics model was validated by temporal and 
vertical variation of water temperate data. And the water quality model was validated by temporal and 
vertical variation of dissolved oxygen (DO) and Chlorophyll-a data. With very good agreements in 
predicted water temperature and acceptable water quality parameters such as DO, Chlorophyll-a, T-N, and 
T-P, the model have shown its ability in predicting of water quality for eutrophic reservoir. And the model 
could become a tool for research and management of water quality in dam/reservoir. 

Keywords: Miharu reservoir, water quality modeling, eutrophication 
 
1. INTRODUCTION 

Miharu reservoir, located in Fukushima prefecture, about 200 km north of Tokyo, on the Ohtakine 
River, is a multi-purpose reservoir for flood control, water supply for irrigation, domestic, and industry and 
maintenance of the environmental flow in downstream river. The dam was completed in 1998. Miharu 
reservoir is the main water resources of nearby cities. With high nutrient level income from one main 
stream and three large tributary inflows, Miharu reservoir is a eutrophic lake and faces with water bloom 
problems. Therefore, several facilities and technologies including 5 bubble diffusers, 2 hypolimnion 
aerations, 4 predams, a selective water intake, and a water bypass have been implemented in the reservoir 
for water quality conservation. As a result, there has been no occurrence of serious water quality problem 
up to now. 

However, small patches of water bloom, created by Microcystic spp., one of major bloom forming 
cyanobacteria, have been observed in the reservoir in most of the year since the dam was constructed. And 
the dominant species cyanobacteria in the reservoir have not yet replaced by diatoms species as expected. 
This phenomenon has been regarded as the efficiency or capable of artificial destratification systems or the 
effectiveness of predams and bypass facilities in term of sedimentation treatment.  

In order to quantify the effectiveness of the water preservation measures technologies implemented in 
the reservoir and to obtain the ideal operating regulations for water bloom control, many kind of field 
measurements have been carried out in and around the Miharu reservoir. Besides the application of new 
monitoring technologies for water quality parameters, a numerical model was built as a tool for research 
and management of water bloom. 

In this study, we have applied the developed model to one year full data set to simulate the seasonal 
dynamics of water quality in Miharu reservoir. To validate the model for further research, and to quantify 
the role of Microcystic species, which is the major bloom forming cyanobacteria, in nutrient cycle in the 
Miharu reservoir.  

 

 

 

 

 

 

 
 
 
 
 

Figure 1- On-site equipments and stations at Miharu 
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2. METHODS 
 
Hydrodynamics model 

In this study, a vertical two-dimensional reservoir hydraulic simulation model is employed that 
includes the effect of buoyancy caused by water temperature and suspended sediment. In addition, in order 
to represents the mixing phenomenon in more detail in the reservoir a k-ε turbulence model was used. The 
basic equations are as follows 

Continuity equation reads 

( ) ( ) 0uB wB
x z
� �

� �
� �

        (1) 

horizontal momentum equation is 
( ) x

L eff
s y

D Bu u u B pv B v B
Dt x x z z x

�
�

� � � � �� � � �	 	 � 	 �
 � 
 �� � � � � � �  � n n
    (2) 

and vertical momentum equation 
( ) z

L eff
s y

D Bw w w B pv B v B Bg
Dt x x z z z

��
�

� � � � �� � � �	 	 � 	 � �
 � 
 �� � � � � � �  � n n
    (3) 

Transport equation of turbulence energy (k) 
( ) eff eff kL

r
k k t s y

v v FvD Bk k kB B BP Bg B
Dt x x z z z

� �
� � �

� � � �� � � � �
	 	 � 	 	 �
 � 
 �� � � � � � �  � n n

   (4) 

Transport equation of energy dissipation rate (ε)  
2

1 2
effL

r
s y

v FvD B B C B P C B
Dt x x z z k k

�

� �

� � � � �
� �

� � � �� � � �
	 	 � 	 �
 � 
 �� � � � � �  � n n

   (5) 

Transport equation of temperature (T)  
� � effL T

T T s y

vD BT v FT TB B
Dt x x z z� �

� � � �� � � �
	 	 �
 � 
 �� � � � � �  � n n

     (6) 

Transport equation of concentration of suspended solids (C)  
� � � � � �( ) effs CL

C C s y

vD BC BuC B w w C Fv C CB B
Dt x z x x z z� �

� � 	 � � � �� � � �
� � 	 	 �
 � 
 �� � � � � � � �  � n n

  (7) 

And,  
2 2 2

2r t
u w u wP v
x z z x

� �� �� � � �� �� � � � � �� � � �� �� �
 � 
 � 
 �� � � � �  �  �� �� �� ��  
      (8) 

2

eff t
kv v v v C! �

� � � �         (9) 

4/30.01( )Lv x� "          (10) 
where x =horizontal direction; z =vertical direction; B = river width; ( , )u w = horizontal and vertical 

velocity; ( , )L effv v = horizontal and vertical eddy viscosity; p = pressure; � = water density; x� = bed 

shear stress acting on the direction x ;  z� = bed shear stress acting on the direction z ; ( s y�n n )= the dot 

product of unit vector perpendicular to the shore line sn  and transverse unit vector yn . 
Constants for k-ε turbulence model are 

0.09C! � , 1 1.440C � , 2 1.92C � , 1.0k� � , 1.3�� �  
In order to improve the stability for the model, three kind of schemes were used in solving governing 

equations. In discretization of the equations of motion, SIMPLE scheme [3] was applied. For scalar 
transport equation (e.g., temperature, concentration of suspended solids or eutropic state variables), 
temporal term was discretized by using SIMPLE scheme, while, discretization of horizontal 
advection-diffusion term was conducted by using a HYBRID scheme [1] (a combination of central 

130



difference and upwind difference method). The discretization of vertical advection-diffusion term was 
conducted by using a second order scheme- QUICK scheme [6]. 

To take in to account the disturbance of destratification system on ecosystem in reservoir, the aeration 
cycle model proposed by Asaeda and Imberger [2], implemented and developed on Umeda [5] was used to 
simulate effect of bubble diffusers.    

For the model in this study, if the reservoir's geometry is complex, it will be divided into branches each 
of which would be analyzed in parallel to the mesh downstream of the confluence. Thus, the model is 
available for reservoirs with geometrical complexity. 
 
Water quality and ecosystem model 

The fresh water ecosystem model was modified from the concepts represented in [3]. In this model, to 
allow more detailed analysis of the phenomenon represented in the reservoir water, even for ecosystem 
model, a complex ecosystem more general sophistication than traditional models was used. In particular, 
for phytoplankton the amount of nutrients retained in the cell was considered. The organic matter is divided 
into suspended and dissolved organic matter. Inorganic nitrogen represented by three state variables such as 
amoni, nitrite, and nitrate . The transportation and transformation of water quality state variables is as 
follows  

� � � � � � � � *
effL

f f

vBf d Bfv f fBuf Bvf B B
t x y x x y y dt� �

� � � � � �� � � � � � �
� � � � �
 � 
 � 
 �
 � 
 �� � � � � � �  � �  �

  (11)    

The governing equation for each water quality item ecosystem model (phytoplankton, carbon, 
phosphorus, and nitrogen) is solved in the following scheme. Rewrite (11) as 

� � *( )Bf d BfG
t dt

� � �� � 
 ��  �
         (12) 

where, 

� � � � � � *
effL

f f

v d Bfv f fG Buf Bvf B B
x y x x y y dt� �

� � � � � �� � � � � �
� 	 	 � � �
 � 
 � 
 �
 � 
 �� � � � � �  � �  �

   (13) 

After predictor step 
*n

n nt dff f G t
B dt

� �"
� � �" 
 �

 �
nf f n "ff n         (14) 

and calculate modifier step 

� �
** *

1 1
2 2 2

n
n n n nt t df df t dff f G G f f G t

B dt dt B dt
�

� � � �� �� � � �" " "
� �� � � � � � � � �"� �
 �
 � 
 �
� � �  �� � � �  �  

�df� dft�n �n � 111dfdfdfdf dfdf dfdfdf 1G GG ��n �n � �
���dfdfnnn1ff ft ��dff f Gfnnnff �*

df�** * ��**
f �ndfdf n 1f dfdfdf nf dfdfdf tttttf GGttt

  (15) 

Then let’s introduce kinetic equation 

             
*n

n dfs
dt

� �
� 
 �
 �

        (16) 

Followed by second predictor step 

             n n ntf f G ts
B
"

� � �"nf f n "f n        (17) 

Recalculate kinetic equation 

              
*

dfs
dt

� �
� 
 �
 �

s � �df
� 
 �

f� �� �df
*
�f

        (18) 

And second modifier step to obtain next step values 

           1 1
2

n n tf f f G ts
B

� "� �� � � �"� ��  

tf Gt"f Gtf Gf G ttstGGGGG �s��s��       (19) 

Therefore, as a predictor calculation procedure is required, it will go through two steps in order to 
obtain next time step values (values in time step n+1). 

Similarly with concentration of suspended solid, the horizontal advection-diffusion terms were 
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discretized by HYBRID scheme and applied QUICK scheme for vertical advection-diffusion terms.  
 

Model inputs  
The bathymetry of the reservoir was represented by blocks, segments, and width of reservoir at every 

segment at every certain depth. The meteorological data obtained from station at the dam includes hourly 
data of solar radiation, wind speed, wind direction, air temperature, humidity, and cloudiest. Outflow data 
obtained from hourly operation of all facilities at the dam site. Total inflow was calculated from water 
balance and discharge of each tributary inflow was calculated from total inflow and catchment areas. Water 
quality of inflows calculated from the relationship between discharge rates and the loads. In order to 
simulate the artificial destratification system in the reservoir we need the facilities operation information. 
And the monthly water quality at the dam site was used for model validation. 

 
Model calibration and model validation  

All parameters in hydrodynamics model and kinetic parameters in eutrophication model were 
determined in calibration step based on published literature values, sensitive analysis and expert decision. 
After parameter identification, the parameter sets were not changed during model validation for case study 
year. The hydrodynamics model was validated by comparison of predicted and measured water temperate 
data. And the water quality model was validated by comparison of predicted and measured dissolved 
oxygen (DO) and Chlorophyll-a data. 

 
3. RESULTS AND DISCUSSIONS 

 
Figure 2 shows the comparison between predicted and measured of water temperature. There are a very 

good agreements in the temporal variation and the vertical variation of water temperature that demonstrated 
for the quality of hydrodynamics model. The model could be able to represent the temporal variation of 
water temperate not only the trend but also the magnitudes.  

 
 
 
 
 
 
 

 
Figure 2- Comparison of water temperature at dam site for hydrodynamic model validation 

 
Figures 3 and 4 show the comparison between predicted and measured of DO and Chlorophyll-a, 

respectively. The predicted DO and Chlorophyll-a values quite agree with measured data that will stand for 
acceptable of water quality model. The model shown underestimate result during the winter and 
pre-summer season in Chlorophyll-a values. However, the peaks of predicted values coincide with the 
measured one demonstrated for the ability of the model in term of water bloom event prediction. The strong 
fluctuation of DO at the surface in the calculated data may caused by water bloom. Since, the used model is 
phytoplankton based concept model, and oxygen created from photosynthesis process of abundant 
blue-green species during water bloom period will affect on DO values. It explains why the fluctuation of 
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Chlorophyll-a at the surface coincided with random variation of DO in the surface.channel (Fig. 4).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3- Comparison of dissolved oxygen (DO) at dam site for ecological model validation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4- Comparison of Chlorophyll-a (Chl-a) at dam site for ecological model validation 

 
 

Figure 5 shows the temporal variation at the surface of T-N and T-P. The model give good agreement 
with observed T-N data at surface, and a little over estimate for T-P. The strong fluctuation of T-P values at 
surface with quite stable T-N values indicated that phosphorus limited in fresh water lakes. That is, when 
we can predict the algae we can get better results in T-P, for example, during period form 29-Jun to 28-Aug 
we obtain better results in T-P since we had good predicted chlorophyll-a values. 
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Figure 5- Temporal variation of T-N and T-P at the surface. 
 
 

4. CONCLUSIONS 
A mechanistic eutrophication model incorporated with a two-dimensional laterally averaged reservoir 

model was applied to a full year data set to simulate the seasonal dynamics of water quality in Miharu 
reservoir. The good agreements in predicted water temperature and acceptable water quality parameters 
such as DO, Chlorophyll-a, T-N, and T-P have shown great potential in water quality predictive tool of the 
model. The ability of the model in giving not only the good predicted water quality parameters of eutrophic 
reservoir in real time but also comprehensively understanding in mechanisms in the ecosystem indicated 
that model could become a tool for research and management of water quality in dam/reservoir. 
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 Hourly hydrograph separation for the Abukuma river based on numerical filter technique and water quality data by  

Tohohiro Haga, Yoshiyuki Yokoo 
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*Field observations used to river topographical survey at Kotogawa river, Kagawa National College of 
Technology by Kazushi NOMURA, Kento KIMURA, Akira TOKUDA and Kazuya WATANABE 
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*Experimental study on deposition and scouring around weir equipped with sluiceway by Hajime MIWA 
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SAND SPIT DECLINE AT THE SAGAMI RIVER MOUTH  
 

Yinghao Li1, Eko Pradjoko2, Hitoshi Tanaka3 

 
ABSTRACT 

River mouth morphology is much influenced by nearby coastal structures. At the Sagami River mouth, 
the sand spit is declining in recent years after having been stable until the 1970s. In this study, this decline is 
quantified by the use of aerial photographs taken from the 1960s. The measurement results show that the 
sand spit retreated into the river more than 200 meters from 1983 to 2001. From the analysis on the 
extensions of the close-by coastal structures in function of time, it can be supposed that these structures have 
a long-time effect to the recession of the sand spit. 
 
1. INTRODUCTION 

The history of a river mouth demonstrates a continuous change in its geometry, its configuration and its 
cross-sectional area. Compared to carrying out continuous field observation, aerial photograph analysis is an 
alternative and more economical means for achieving information on river mouth morphology change 
(Srivihok and Tananka, 2006).  

The Sagami River mouth, bounded by two jetties, has experienced sand spit recession in recent years 
(Furuike et al., 2009; Uda et al., 2004), as well as several other Japanese rivers like the Naruse River and the 
Ohyodo River. In addition to the decrease of sediment supply from the river and the dredging of the river 
bed, constructions of coastal structures are also supposed to be one cause of the sand spit recession. It is 
supposed that the response speed of river mouth morphology depends on the distance between the river 
mouth and the coastal structure (Kawamura and Tanaka, 2005). 

Aerial photographs are the most commonly used data source in shoreline mapping (Moore, 2000). In the 
present study, traditional aerial photograph analysis methods, which consists of tracing shoreline positions 
on digitized photographs, is used to quantify the morphological change of the Sagami River mouth from 
1961 to 2001. Special focus is taken on the decline of the sand spit at the left bank.  
 
2. STUDY AREA 
 The Sagami River is in Kanagawa and Yamanashi Prefectures on the island of Honshu, Japan as shown 
in Figure 1. The catchment area is 1,680 km2 and the mainstream is 109 km in length (Unno et al., 2004). 
The peak discharge is about 7,300m3/s (Uda, 1989). The construction of Sagami Dam and a large scale 
dredge, in the 1940s and 1950s respectively, are the main events on the river basin. In coastal area, the 
construction of Chigasaki Port, headlands and Hiratsuka Port are the main events (Kawamura and Tanaka, 
2005). In this study, we focus on the river mouth which has a sand spit extending from the left bank to the 
right bank with an opening near the right bank (Figure 1). 
     
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1: The Sagami river mouth 
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3. METHODOLOGY 
 
Data sources 
 Fourteen aerial photographs were collected from 1961 to 2001. The shooting date, time and the tidal 
stage are tabulated in Table 1. The resolution of the photos is 200 dpi. The tidal levels are obtained from the 
website “Homepage of Real-time Tide” that shows the tidal data for 20 tide stations managed by the Japan 
Coast Guard and for 65 tide stations by the Japan Meteorological Agency.  
 

Table 1:  Shooting date, time of the aerial photographs and the tidal level of the time 

No Acquired date Acquired time 
(hh:mm:ss) 

Tidal level from MSL 
(cm) 

1 Aug. 26, 1961 11:07:07 -72 
2 Jul. 24, 1964 10:14:36 -82 
3 Nov. 4, 1965 11:02:53 0 
4 Jun. 1, 1967 11:07:59 3 
5 May. 21, 1972 09:44:15 3 
6 Dec. 22, 1972 10:24:07 18 
7 Nov. 10, 1977 10:39:30 -24 
8 Nov. 30, 1977 12:35:10 -8 
9 Oct. 29, 1983 13:10:32 38 
10 Aug. 28, 1993 08:28:09 -46 
11 Jul. 24, 1999 12:27:19 -2 
12 Dec. 3, 1999 13:25:55 43 
13 2000 Unknown / 
14 2001 Unknown / 

 
Rectification of the aerial photographs 

 For the utilizing of aerial photographs, the discrepancy among the photos is to be considered. The 
discrepancy can occur form various causes. For example, the elevation difference of the air plans during 
photo shooting contributes to the inconsistency in scale and the inclination of the air plan results in the 
image tilt. This is the reason for which it is necessary to rectify all set of the photographs in order to produce 
the comparability.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Ground Control Points on the photo of 2001 
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Ten Ground Control Points (GCPs) are chosen with Japan Map in Geodetic system which has an interval 
of 0.05 second or 2.0 meter approximately. The coordinates of the GCPs are converted to JGD2000/Japan 
Plane Rectangular CS-X system which expresses in meter. The selected GCPs are discernable on every 
photo and are well spread as much as possible. They are unmovable with the passing of time, for example a 
corner of a building, a section of roads or any other permanent structures with known coordinate in the map 
(Figure 2).  

 Because of the small scale in the present study, the 1st order transformation or linear transformation was 
applied to rectify the whole set of aerial photographs. However, the perfect fit for all GCPs is not possible 
for linear transformation. The rectification results show an average Root Mean Square (RMS) error about 
4.7 m, which means the results are distanced in average 4.7m approximately with their real coordinates on 
earth. 
 
Indicator of the shoreline position 
 Many papers have been published dealing with the measurement of beach recession and almost 
exclusively these papers have dealt with trend measurement using indicators such as shoreline (Hanslow, 
2007). Chen and Chang (2009) pointed out that a shoreline is idealistically defined as the interface of land 
and sea. Actually, the shoreline position changes continually with time because of beach variation that 
results from on-offshore and alongshore sediment transport. The dynamic nature of water levels, such as 
waves and tides, causes also shoreline position variation.  

 Because of this dynamic nature of the idealized shoreline boundary, for practical purposes coastal 
investigators have typically adopted the use of shoreline indicators. A shoreline indicator is a feature that is 
used as a proxy to represent the “true” shoreline position. Individual shoreline indicators generally fall into 
one of two categories i.e. a feature that can be physically seen in coastal imagery, for example, a previous 
high-tide line or the wet/dry boundary; or a tidal datum-based indicator which is determined by the 
intersection of the coastal profile with a specific vertical elevation, for example, mean high water (MHW) or 
mean sea level (Boak and Turner, 2005). In the present study, the mean sea level is expected to be the 
shoreline indicator which will serve to the comparison of shoreline position on each photo. However, since 
it is not a feature that can be directly seen from the photographs, the wet/dry boundary is therefore chosen as 
a alternative indicator as shown in Figure 3. This line, present on every aerial photo, is easy to be discerned 
by color contrast. The shoreline position measured based on this line will need to be corrected to the mean 
sea level by using tidal stage and wave run up. 

 
Figure 3: The wet/dry boundary is chosen as an alternative shoreline indicator which is corrected later to 

mean sea level (MSL) 
 

Extraction of the shoreline position 
 A baseline is defined parallel to the shoreline with a distance not too far neither too near to the shoreline 
(Figure 4). In the present study, the shoreline “position” will be, in fact, the distance between the shoreline 
(the wet/dry boundary) and the baseline.  
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 The portion of shoreline being studied is 2360m in length, which is divided into 118 sections by 
transects. Each section is 20m in length (Figure 4). Thus the shoreline position is recorded every 20 meters. 
The alongshore distance from the left is noted L. The portion between L= 1920m and L = 2360m is 
considered as the sand spit (Figure 4). 
 

 
Figure 4: Baseline and transect for the measurement of shoreline position 

  
Tidal correction 
 The local slope, noted αb, is assumed equal to 0.04 based on the general relationship between beach 
slope and grain diameter in Reeve (2004) as shown in Figure 5. Owing to the lack of detailed wave data, 
corrections are made without taking account wave run up. Thus, the corrected shoreline position is given by: 
 
     bTDhYmY α/+=     (1) 

 
where Ym is the measured shoreline distance in meter, hTD   is the height of tidal stage in meter (Table 1) and 
Y is the corrected shoreline distance in meter.  
 
 

 
 

Figure 5: Relationship between beach slope and grain diameter (Reeve, 2004)  
 

210



4. RESULTS AND DISCUSSIONS 
 For each of the 14 aerial photographs, the shoreline position around the Sagami River mouth is measured 
and corrected by the method mentioned above. The results are plotted in Figure 6. The length of six typical 
transects crossing the sand spit, including the left border (L=1920m) and the right border (L=2360m), are 
presented in the graphic with different forms and colors. Except the two borders, the transects have distance 
100 meters one another. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Results of shoreline distance measurement and positions of nearby coastal structures. 
 
 All the six typical transects have the same evolution, thus are representative for the sand spit position 
change with the passing of time. It can be seen that the sand spit had been stable until the 1970s. However, 
from 1983 to 2001, it declined into the river more than 200 meters. Especially during the first ten years from 
1983, the migration extent was as much as 175m.  
 The evolutions of nearby costal structures are plotted below the sand spit position lines by columns, 
taking account to their distances with the river mouth. At the very near place, a sea wall (SW), a breakwater 
(BW) and a headland (HL) were constructed in the 1980s and extended later. Two kilometers further, a 
groin (GR) was constructed in the 1960s. In the 1970s a supplementary groin was accomplished in parallel 
with the initial one. The both were later developed to be a harbor.  
 The sea wall, the breakwater and the headland are supposed not to have huge impact to sediment 
transport in considering the fact that they are constructed in alongshore direction. However, the groins that 
is perpendicular to the shoreline may had influenced the alongshore sediment transport in long time scale, 
despite of its long distance with the river mouth. Figure 7 shows the extension of the groin. After being 
constructed in the 1960s, it has been lengthened around 150 meters by 1983 and another groin was also 
constructed in parallel nearby. In the other hand, it was from this year that the sand spit began to retreat into 
the river. Thus, it can be concluded that the construction of the groin is related directly to the sand spit 
recession.  
 
5. CONCLUSION 
 In the present study, available aerial photographs have been used for measurement of long-term 
morphology change of the Sagami River mouth. The dry/wet division line on the photographs has been 
defined as the indicator of the shoreline position. The results of measurement, corrected with the tidal level, 
showed that the sand spit at the left bank of the river mouth declined more than 200m from 1960 to 2001. 
From 1983 to 1993, the migration was as much as 175m. The nearby coastal structures, especially the groin 
that is distanced 2000 meters with the river mouth, is supposed to have influenced alongshore sediment 
transport and thus contributed the decline of the sand spit from the 1980s. 
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Supplemented studies are to be carried out on other Japanese rivers, with objective of obtaining empirical 
laws of the river mouth response to coastal structures. Particularly, the dependence of this response to the 
river mouth/structure distance is to be analyzed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Extension of the groin 
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TOWARD IMPROVING PREDICTION OF SEDIMENT TRANSPORT  
OVER WAVE-INDUCED RIPPLES 

Rafik ABSI1, Hitoshi TANAKA2

ABSTRACT 
 Sediment transport over wave-induced ripples is a very complex phenomenon where available models 
fail to provide accurate predictions. For coastal engineering applications, the 1-DV advection-diffusion 
equation could be used with an additional parameter � related to the process of vortex shedding above 
ripples (Absi, 2010). The aim of this study is to provide simple practical analytical tools. An analytical eddy 
viscosity profile was validated by DNS data of turbulent channel flows (Absi et al., 2011). In this study, we 
will show that: (1) the period-averaged eddy viscosity in oscillatory boundary layers could be described by 
this simple analytical formulation; (2) The shape of the vertical profile is validated by period-averaged eddy 
viscosity of baseline (BSL) k-� model (Suntoyo and Tanaka, 2009) for sinusoidal and asymmetric waves; 
(3) The vertical eddy viscosity profile depends on the wave non-linearity parameter and requires therefore a 
specific calibration. 

1. INTRODUCTION 
Coastal zones are of high vulnerability to natural hazards/disasters. Waves, currents and tides make 

coastal zones areas changing due to erosion and deposition of sediments. Thus, an understanding of 
sediment transport process in coastal zones is of crucial importance for accurate predictions of coast line 
evolution and sea-bed changes. However, the modeling of coastal sediment transport needs a compromise 
between two types of models: detailed mathematical models and engineering approaches. This compromise 
is imposed by on the one hand the accuracy of predictions and on the other hand the usability in practical 
applications (Absi 2011). In coastal engineering practical accurate engineering models which take into 
account the more important involved physics, are needed.  

In the engineering approach, the net (averaged over the wave period) total sediment transport is obtained 
as the sum of the net bed load and net suspended load transport rates (Fredsoe and Deigaard 1992). For 
suspended load, the net sand transport is defined as the sum of the net current-related and the net wave-
related transport components. The wave-related suspended transport component requires computation of the 
time-averaged suspended sediment concentration (SSC) profile and its integration in the vertical direction 
(van Rijn 2007). Computation of SSC needs the sediment diffusivity sε which is related to the eddy 

viscosity tν by the parameter � (i.e., the inverse of the turbulent Schmidt number).  
For moderate wave conditions and/or deep water, wave ripples can be formed on the sea bottom. If the 

ripples are relatively steep (�r/�r � 0.12, where �r is the ripple height and �r is the ripple wavelength), the 
mixing close to the bed is dominated by coherent, periodic vortex structures. Above rippled beds, the mixing 
in the near bed layer is dominated by the mechanism of vortex shedding which entrains sediments.  
The aim of our study is to improve the prediction of SSC over ripples by using simple analytical tools which 
take into account the more important involved physics, for practical use in coastal engineering.  

2. TIME-AVERAGED CONCENTRATIONS OVER WAVE-INDUCED RIPPLES 
 Sediment diffusivity �s describes the disorganized ‘‘diffusive” process. The process of vortex formation 
and shedding at flow reversal above ripples is a relatively coherent phenomenon. The associated convective 
sediment entrainment process may also be characterized as coherent, instead of a pure disorganized 
‘‘diffusive” process represented in the classical gradient diffusion model (Thorne et al. 2002). Nielsen 
(1992) indicated that both convective and diffusive mechanisms are involved in the entrainment processes. 
In the combined convection-diffusion formulation, the steady state advection-diffusion equation is given by  

0=++ convss F
dz
dccw ε      (1) 
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The respective terms in (1) represent downward settling, upward diffusion (given by gradient diffusion 
( )dzdcF sdiff /ε= ) and upward convection convF . The upward convection term convF  was given by Thorne et 

al. (2002) as )(0 zFcwF sconv −= , where F(z) is a function describing the probability of a particle reaching 
height z above the bed (Nielsen 1992). Thorne et al. (2009) wrote wwconv cwF −=  where ww  and wc are 
periodic components respectively of concentrations and vertical velocity and the overbar denotes time 
averaging. It is possible to write (1) in the form of a diffusion equation. The time-averaged (over the wave 
period) advection-diffusion equation is given therefore by (Absi 2010)  

0* =+
dz
dccw ss ε       (2) 

where ss εαε =*  and α is a parameter related to convective sediment entrainment process associated to the 

process of vortex shedding above ripples ( )( )cwF sconv /1/1 +=α . With the upward convection 

)(0 zFcwF sconv −= , α becomes equal to ( )( ))(/1/1 0 zFcc− , while with wwconv cwF −=  (Thorne et al., 

2009) ( )( )cwcw sww /1/1 −=α . The condition of Sheng and Hay (1995) ( ) 2.0/ <cwcw sww  shows 
therefore that when the convective transfer is very small (above low steepness ripples), 1≈α and therefore 

ss εε ≈*  (Absi, 2011). From equations (1) and (2), it is possible to write  

s
diff

conv
s F

F εε �
�
�

�
�
�
�

�
+= 1*       (3) 

and therefore ( )diffconv FF /1+=α . This equation shows that α depends on the relative importance of 

coherent vortex shedding (related to convF ) and random turbulence (related to diffF ). When diffconv FF >

=> 1>α , while diffconv FF <<  => 1≈α and therefore ss εε ≈* . Absi (2010) proposed the following equation  

zd
dw

zd
cd s

s

s
*

2*2

2 ln ε
ε

=       (4) 

Eq. (4) provides a link between upward concavity/convexity of concentration profiles (in semi-log plots) 
and increasing/decreasing of *

sε . Increasing *
sε allows upward concave concentration profile, while 

decreasing *
sε  allows an upward convex concentration profile.  

In order to allow adequate predictions of suspended sediment transport, it is important to understand 
interaction between sediment particles and turbulence of fluid flow. The turbulent diffusion of suspended 
sediments sε  is given by  

ts νβε =       (5) 

where β  = inverse of the turbulent Schmidt number, describes the difference between diffusivity of 
momentum (diffusion of  a fluid “particle”) and diffusivity of sediment particles. It should depend on the 
particle Stokes number (Absi et al. 2011). However, for simplicity and in order to allow analytical analysis, 
we suggested a simple equation ( )δββ β /exp zCb= ; where bβ = the value of β  close to the bed and βC

214



= coefficient (Absi 2010). This β (y) profile increases with z for βC  > 0 and decreases for βC  < 0. We 
used an analytical eddy viscosity given by  

δκν
zC

t ezu
−

= *      (6) 

where u* = the friction velocity (m/s), � = the boundary layer thickness (m), � = the Karman constant (=0.41) 
and C a parameter =1.12 (Hsu and Jan 1998, Absi 2000, Absi 2010). Using the β -function and eddy 
viscosity (6), the sediment diffusivity is given therefore by  

sB
z

ss ezA
−

=ε      (7) 

where *uA bs κβ=  (m/s) and ( )βδ CCBs −= /  (m). Absi (2010) suggested an empirical function for α  given 

by ( )shzD /exp1 −+=α  ; where D and hs are two parameters.  
  

Test case: Fine and coarse sediments over rippled beds in the same flow (McFetridge and Nielsen, 
1985)  

Maximum value of the free stream velocity, wave period, mean depth of the flow, orbital amplitude or 
near-bed flow semi-excursion, mean ripple height, mean ripple wavelength, equivalent 
roughness ( )rrrsk ληη /25= , friction factor ( ) 52.0/237.0 msw akf =  (Soulsby, 1997), mean magnitude of the 
friction velocity in the wave cycle ( ) 0

5.0
* 2/763.0 Ufu w= (Davies, 1986) and σδ /*u=  are given respectively 

in table 1.  
Table 1. Flow parameters 

)/(0 scmU )(sT )(mh )(cmam )(cmrη )(cmrλ )(cmks wf )/(* scmu )(cmδ
27.8 1.51 0.3 6.68 1.1 7.8 3.88 0.178 6.3 1.5 

Figure 1: Time-averaged concentration profiles over wave-induced ripples. Symbols: measurements 
(McFetridge and Nielsen, 1985), (�) fine; (×) coarse; Curves: solutions of Eq. (2) (Absi 2010). 
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Figure 1 shows time-averaged concentrations of fine (	) and coarse (×) sediments suspended by waves 
over ripples. The present method allows a good description of concentration profiles for both fine (dashed 
line) and coarse sand (solid line). The parameters were chosen to give a good fit.  

For an eddy viscosity given by: )015.0/12.1exp(0258.0 zzt ×−××=ν , the parameters are for fine 
sediments: 197.0 ≈=bβ , 438.0=βC  and therefore )022.0/exp(025.0 zzs −××=ε  and for coarse sediments: 

659.0=bβ , 1.1=βC  and therefore )75.0/exp(017.0 zzs −××=ε  with ( )002.0/exp4031 z−+=α . The 
value 438.0=βC  for fine sediments could be related to an inaccurate estimation of the boundary layer 

thickness. For coarse sediments, the profile of *
sε (Absi 2010, solid line in figure 7) shows the effect of 

parameter α which indicates that vortex shedding occurs at z <0.015m.  

However in order to allow practical use for predictive purpose, the method needs calibration. Before 
calibrating parameters of � and �, we need to assess and validate the eddy viscosity profile given by Eq. (6).  

3. ANALYTICAL EDDY VISCOSITY FORMULATION  
Eq. (6) was used as an empirical equation. However in order to allow more general use, we need a deeper 

theoretical analysis.  
Steady plan channel flows: analysis by DNS data  

In the equilibrium region z+>50, the turbulent kinetic energy (TKE) is given by )/exp(* δzCuk k−≈
(Nezu and Nakagawa 1993). Since in the inner region the streamwise velocity profile is given by the log-
law, it is possible to write a mixing length as )/exp( δκ zCzl km −=  and therefore Eq. (6) for eddy 
viscosity. Figure 2 shows TKE profiles given by two analytical solutions (Nezu and Nakagawa 1993, Absi 
2008) and eddy viscosity profiles (white dashed lines) given by Eq. (6). In figure 2, variables with the 
superscript of + are those nondimensionalized by the friction velocity and the kinematic viscosity as 

ν/*uzz =+ ; */ ukk =+ ; ννν /tt =+ . Comparisons with DNS data (data of Iwamoto 2002, Iwamoto et al.
2002, Hoyas and Jiménez 2006) show that Eq. (6) provides accurate description of DNS in the equilibrium 
region (Absi et al. 2011).  

Figure 2: Turbulent kinetic energy (left) and eddy viscosity (right) profiles in plan channel flows for 
different friction Reynolds numbers. Symbols: DNS data; Lines: analytical (Absi, 2008; Absi et al., 2011).  

Oscillatory flows: analysis by a two-equation model 
Eq. (6) for eddy viscosity was validated for the case of steady plane channel flow. However for use in 

wave boundary layers, we need to assess this equation for the case of oscillatory flows. Eq. (6) is therefore 
analyzed by the baseline (BSL) k-� model. This model allows accurate prediction of velocity profiles in 
oscillatory boundary layers (Suntoyo and Tanaka 2009). 

Figure (3.a) presents temporal and spatial variation of dimensionless eddy viscosity for a sinusoidal wave. 
Figure (3.b) shows comparison between period-averaged eddy viscosity obtained by BSL k-� model 
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(symbols) and analytical profile of Eq. (6) (dashed line). Even if the eddy viscosity is highly time-dependent 
(figure 3.a), the period-averaged dimensionless eddy viscosity (Figure 3.b) has a shape which is well 
described by the analytical profile given by Eq. (6) for z/zh < 0.6 (figure3.b) where zh is the water depth or 
the distance from the wall to the axis of symmetry or free surface.  
Figure (3.c) presents temporal and spatial variation of dimensionless eddy viscosity for asymmetric waves. 
Figure (3.d) shows comparison between period-averaged eddy viscosity obtained by BSL k-� model 
(symbols) and analytical profile of Eq. (6) (dashed line). Even for the case of asymmetric wave, the period-
averaged dimensionless eddy viscosity has a shape which is well described by Eq. (6) for z/zh < 0.5 
(figure3.d).  

Figures (3.b) and (3.d) shows that the period-averaged eddy viscosity profile for sinusoidal wave is 
different from the profile for asymmetric wave. This indicates that the period-averaged eddy viscosity profile 
should depend on the wave non-linearity parameter given by Ni=Uc/û, where Uc is the velocity at wave crest 
and û is the total velocity amplitude. We need therefore a specific calibration for parameters of Eq. (6) using 
full-range equations of friction coefficient (Tanaka and Thu 1994) and wave boundary layer thickness (Sana 
and Tanaka 2007).  

(a) (b)

(c) (d)
Figure 3: Dimensionless eddy viscosity; Left: Temporal and Spatial Variation; Right: Period-averaged 

dimensionless eddy viscosity; Top: sinusoidal wave; Bottom: asymmetric wave.  

3. CONCLUSIONS 
 The main conclusions of the present study are:  

- A modified advection-diffusion equation with an additional parameter � related to the process of 
vortex shedding above ripples allows a good description of suspended sediment concentration 
profiles 

- For practical applications the period-averaged eddy viscosity could be described by a simple 
analytical formulation 
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- The shape of the analytical period-averaged eddy viscosity formulation was validated by BSL k-�
model for sinusoidal and asymmetric waves 

- Period-averaged eddy viscosity profile depends on the wave non-linearity parameter and requires 
therefore a specific calibration. 
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