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東東北地方太平洋沖地震に誘発された秋田県森吉山周辺の地震活動＊�

�

弘前大学理工学研究科 小菅正裕・渡邉和俊�
�

 はじめに�
 2011年 3月 11日に発生した東北地方太平洋地震（MW9.0）の後，各地で誘発地震活動が活発に
なった（例えば，Hirose et al. (2011)）．東北地方北部では，3月 12日に青森県と秋田県の県境の
西方沖で M6.4 の地震が発生し，内陸部では秋田県内での活動が活発になった．その中で秋田県
北部の森吉山周辺での地震活動は，震源分布の形状，地震発生の時系列，及び地震波形にそれぞ
れ特異な特徴を有することがわかったので，ここで詳細に検討する． 

 森吉山（標高 1,454 m）は，活火山である八幡平及び秋田焼山の西方に位置し，第四紀更新世
中頃に活動を開始した火山である．森吉山の形成史は次のように考えられている［中川（1983）］．
まず成層火山体が形成され，その後スコリア流や溶岩流の流出があった後，山頂部に直径約 3 km

の陥没カルデラが形成された．さらにカルデラ内に溶岩円頂丘が形成されて現在の形となった．
森吉山は活火山には認定されてい
ないが，後述するように，東北日
本の多くの活火山近傍に分布する
低周波微小地震の発生域の一つで
ある． 

�

 データ�
 誘発地震の活動と震源分布につ
いては，気象庁一元化震源カタロ
グを基に調査する．対象地域の秋
田県北部は弘前大学の地震観測網
もカバーしているので，弘前大学
のデータも併せて検討する．3 及
び 4において述べる震源メカニズ
ム解については，P 波初動極性を

 

 

 *Induced seismic activity near Mt. Moriyoshi in northern Akita prefecture by Masahiro Kosuga and KazutoshiWatanabe 

図 1 2011 年東北地方太平洋沖
地震後に秋田県内で発生した地
震の震源分布．(a)～(c)は活動が
特に活発になった領域，灰色の
三角印は活火山を表す．
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用いて決定した小菅・他（2012）の結果を用いている．��
�

 東北地方北部での誘発地震活動の特徴�
 2011年 3月 11日以降の東北地方北部の地震活動をそれ以前の 2001年～2010年の期間と比較す
ると，全体的には静穏化を示し，特に岩手・宮城内陸地震の余震域や岩手県北西部において顕著
である．静穏化はΔCFFを用いた理論的な評価結果［例えば，Hiratsuka and Sato (2011)］と調和
的である．活発化した領域は散在しているが，秋田県内での活発化が目立つ（図 1）．活動が顕著
な領域は北から順に，(a) 北秋田市付近，(b) 森吉山付近，及び (c) 仙北市から大仙市にかけての
領域である．森吉山周辺域以外は，2010年までの地震活動がほとんど見られなかった地域である． 
 東北地方北部において，東北地方太平洋沖地震発生前後での震源メカニズム解を比較すると，
太平洋沖地震発生前は西北西- 東南東圧縮の逆断層型が卓越していたが，太平洋沖地震発生後は
横ずれまたは複合型の地震が多く発生するようになった．これらのメカニズム解を使って応力テ
ンソルを推定すると，応力場は逆断層型から横ずれ断層型に変化したという結果が得られる．本
震によって内陸地殻が東西引張を受けて西北西- 東南東方向の圧縮力が弱まった結果，従来の最
大主応力が最小主応力に変わり，従来の中間及び最小主応力が最大及び中間主応力に変わったと
解釈すれば，応力テンソルの変化は定性的には説明できる［小菅・他（2012）］が，定量的な議論

図 2 2011 年東北地方太平洋沖地震後に森吉山周辺で発生した地震の震源分布とメカニ
ズム解．星印は規模の大きな地震を，三角印は森吉山の位置を表す． 
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が必要である． 

 

 森吉山付近で発生した地震の震源分布�
 森吉山付近で発生した地震の震源分布を図 2に示す．震源分布の特徴は，大小 2つの顕著な震
源集中域（クラスター）が見られることである．大きなクラスターは森吉山のほぼ真北 6 km 程
度の領域に存在し，深さの範囲は 7～12 km程度である．小さなクラスターは阿仁観測点（N.ANIH）
の南に存在する．これらのクラスターの間には，森吉山に向かって北西から南東に伸びるような
震源分布も認められる． 

 森吉山北方のクラスターの震源は，鉛直方向に伸びた特異な形状を示す．一般に，震源の深さ
の決定精度が悪いと深さ方向に伸びた分布になるが，クラスターの上端・下端が明瞭に限られる
こと，活動初期の震源分布にはそのような傾向は見られないこと，秋田県内の他地域では同様な
分布は見られないこと，及び弘前大学の震源決定結果でも同様に鉛直な震源分布が得られている
ことから，鉛直方向の分布は人為的な原因によるものではないと考えられる．以下ではこのクラ
スターを円柱状クラスターと呼ぶことにする． 

 図 2 には，この領域で相対的に規模の大きな地震（M3.4）の震源メカニズム解を示してある．
この解は横ずれ型を示すが，この地震は円柱状クラスターの外側で発生したものである．円柱状
クラスター内で発生した地震は M3 未満の小規模なものに限られ，メカニズム解を決定できたも
のはなかった． 

 次に，震源分布の時間変動を検討する（図 3）．森吉山地域での地震活動は太平洋沖地震発生後

図 3 2011年東北地方太平洋沖地震後に森吉山周辺で発生した地震の震源位置とマグニ
チュードの時間変化．  
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比較的早く開始してい
るが，円柱状クラスタ
ーを形成する地震活動
が開始したのは 2011

年 5月中旬以降である．
また，森吉山西方のク
ラスターは 2011 年 12

月に入ってから形成さ
れた．このように，ク
ラスターの形成時期に
は太平洋沖地震の発生
から時間遅れがあり，
狭い空間範囲において
も地震活動の時間変化
が顕著に異なる．これ
らのことから，誘発地
震活動は，本震の断層
すべりによる静的応力変化または地震波による動的応力変化のような，広域的でかつ一時的な応
力変化だけでは説明できない．応力変化に対して時間遅れを伴うメカニズムや，地殻の不均質性
によりレスポンスが場所ごとに異なることなどを考える必要があろう． 

 最後に，円柱状クラスターの形成過程を検討する．震源分布は鉛直に伸びているが，図 3にお
いて震源の深さが時間とともに系統的に変化するようには見えない．深さの範囲を拡大した図を
作ってみても同様である．図 4には 4つの期間に分けた東西断面図を示す．最初の活動が深さ 10 

km程度で始まった後に，深さ 7 km程度までの活動域が形成された（左上）．6月～7月にはやや
深い 8～11 kmでの活動が顕著になった．8月～9月には浅部ほど幅の狭い震源分布を形成した後，
10月～11月には震源がやや東西に広がってクラスターが分離するような形になった．このように，
深さ方向の活動の範囲はあまり変わらないが，震源域が時間とともに横方向に広がるような経過
をたどった． 

�

 森吉山周辺の 波反射面と低周波微小地震�
 森吉山周辺では過去に群発的な地震活動が発生したことがある．図 5(a)は，1985年～2010年の
期間の震源を灰色の丸で，太平洋沖地震以降に発生した地震の震源を黒丸で示したものである．
図 5に示した期間よりも前の 1982年 1月 8日には，M 4.8を最大地震とする群発地震が発生した．
その震源は北緯 40.0°，東経 140.5°付近で，円柱状クラスターの南西，森吉山の西北西にあたる．
この群発地震の波形には S 波の後に反射波（SxS 波）が見られ，堀・長谷川（1991）はこの波を
解析して反射面の分布を求めた．図 5に灰色の破線で示すのは彼らが推定した反射面の位置で，
深さ 12～17 kmの範囲において西北西に約 15度の角度で傾斜している． 

 森吉山の西方の下部地殻からマントル最上部は，東北日本弧の主として活火山周辺に分布する

図 4 森吉山周辺で発生した地震の震源分布の時間変化．図 2 の東西
断面図に相当する．三角印は森吉山の位置を表す． 
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低周波微小地震の発生域となっている．図 5において深さ 20 km以深の地震が低周波地震である．
低周波微小地震や地殻中深部の S波反射面の存在は，沈み込み帯深部での脱水反応で生成された
メルトがマントルウェッジを上昇してモホ付近に底付けされ，そこでの脱水反応によって地殻中
に放出された水の存在を示すと考えられている［例えば，長谷川・他（2004）］． 

 図 5(a)の東西断面図を見ると，円柱状クラスターは反射面の上端に接するように位置している．
この位置関係からは，反射面を形成している水が傾斜面の上端から浅部に侵入して地震活動を誘
発したかのように見え，図４の震源分布が時間とともに横方向に広がったこともこの解釈と調和
的なように見える．しかし，図 5の平面図を見ると，反射面の位置と円柱状クラスターの位置は
離れていることから，上記のように解釈することはできない． 

 反射面の位置が推定可能な範囲は震源と観測点の位置関係によって決まるので，反射面が存在
していても，両者の位置関係によっては推定できない場合がある．また，図 5 の反射面は 1982

年の群発地震の波形を用いて推定されたものなので，反射面の位置が時間変化している可能性も

図 5 (a) 森吉山周辺で発生した地震の震源分布．1985 年～2010 年の期間の震源を灰色
の丸で，太平洋沖地震以降に発生した地震の震源を黒丸で示す．20 km 以深の地震は低
周波微小地震．灰色の楕円は S 波の反射面の位置［堀・長谷川（1991）］を表す．灰色
の三角印は森吉山，白い三角印は観測点の位置を示す．(b) 森吉山北方の円柱状クラス
ターで発生した地震の波形例．観測点は阿仁（N.ANIH）．SxS は S 波の反射波を表す．  
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ある．2011 年に円柱状クラスター内で発生した地震について，最も近い阿仁観測点（N.ANIH）
での観測波形の例を図 5(b) に示す．S 波の約 2 秒後に transverse 成分の振幅が増加していて，こ
の位相が，堀・長谷川（1991）が見いだしたのと同様な SxS波と考えられる．この位相は円柱状
クラスターを震源とする地震の波形には普遍的に見られる．円柱状クラスターの位置は 1982年の
群発地震の位置とは異なるので，推定される反射面の位置は図 5(a)の楕円の領域とは異なる可能
性がある．今後は，その位置の推定を行うとともに，円柱状クラスター内で発生した地震の震源
メカニズム解を推定する必要がある．それらにより，円柱状クラスターが形成された原因，ひい
ては誘発地震の発生メカニズムの解明にも寄与できるものと考えている． 

�

 おわりに�
 本論では，東北地方太平洋沖地震後に誘発地震活動が活発になった秋田県内での活動のうち，
北部の森吉山周辺での震源分布とその時間変化，及び地震波反射面や低周波微小地震との位置関
係を検討した．森吉山北方の震源クラスターは，深さ 7～12 km の鉛直な円柱状の分布を示すの
が特徴である．このクラスターは東北地方太平洋沖地震の発生から 2か月程度経過した後に形成
され，11月以降にはクラスターが東西に分離するような震源分布を示した．また，地震波形には
S 波の後に顕著な反射波が見られる．森吉山周辺域は地殻深部の低周波微小地震の発生域となっ
ていて，S 波の反射面の存在も指摘されている．これらの観測事実は，円柱状クラスター内の地
震が流体に関係した活動であることを示唆するが，それについてはさらに検討する必要がある． 

�
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* Ground vibration characteristics by 3 components microtremor observations with one seismometer in the central Maesawa 

area, Oshu City, Iwate Prefecture by Megumi TAKAKURA, Hidekazu YAMAMOTO, Tsuyoshi SAITO, Takaki ISHIZAWA, 

Ryohei SAITO and Yoko UBE. 
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Change of SNCT natural period based on continued earthquakeobservation 
By Daiki OHASHI and Tomomi FUJITA and Masayuki HANDOU 
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2011 3 11 (M9.0)

2011 9 16

1 3 1

( 16 18 )

2
1) 3

2011 5 9

* Emergency response including damage of schools during 2011 Great East Japan Earthquake by Takeshi SATO, Yoshiyuki MURAYAMA and

Masato MOTOSAKA 
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(m)

 31 3  20 580 28 5/2

 3 3  11 249 18 5/2

 5 4  23 616 34 5/2

 3 4  7 98 11 6/17

 13 3  23 748 33 9/5

 52 4  25 710 34 9/8

 3 4  23 691 33 6/14

 6 3  6 51 10 7/15

 21 3  20 616 29 6/16

 5 3  14 397 20 8/10

 178 2  10 237 21 7/5

 48 2  13 356 29 6/13

 27 4  7 177 12 8/8

 4 3  7 71 9 8/10

 11 3  6 94 9 8/10

 3 4  7 230 15 8/9
21 21 5 1

21 5 1 22 5 1
Google Map 

http://wisteriahill.sakura.ne.jp/GMAP/GMAP_ALTITUDE/index.php 

16 9 7 7

1 2

1 16 7

1

2)

9 3
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 3/11 4/7 

(1 ) 3/11 6/10 

 3/11 4/7 

(2 ) (1 ) 3/11 3/12 

 3/11 4/3 

(1 ) (25 ) 3/11

(3 ) (7 ) 3/11 3/12 

 3/11 3/24 

(1 ) (1 ) 3/11 3/2 

 3/11 3/27 

 3/11 3/29 

 3/11

(3 )

(3 )

(3 ) (1 )
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� 5 6

� 5 6

� DVD

184 13:00 6 10

(1) (2)

2011 3)
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2009 4)

2011 3) 2011 5) 2011 6)

NPO

2009 2011 7),8)

1) 2011 9
469 91-94 2011

2) 23
2012. 

3) 2011 11
471 28-31 2011

4) ESD in
4-8 2009

5) 4 2011 5
465 22-23 2011

6) 11 1 3-6 2011
7)

9 1 31-48 2009
8)

11 1 25-40 2011
9) 5 1 15-20 2005
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1.

1)

2.
2.1

2004
α=0.23

2.2
1 21m 60m 20

*Wind Pressure Acting on Balconies of mid-to-high-rise Residential House,  

by Yoshiki Shimizu, Yasushi Uematsu, Yoshimasa miyake and yusuke kanegae
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MORPHOLOGICAL CHANGE AFTER THE TSUNAMI AROUND NATORI RIVER MOUTH 

Feril Hariati1
Makoto Umeda2

Hitoshi Tanaka2

ABSTRACT 
Tsunami is a serious form of natural disaster that affects the coastal ecosystems. Natori River is one of affected 
area. Before tsunami, the Natori River was protected by sand spit which act as natural barrier. After tsunami, the 
sand spit was declining to the landward area and change the width of the river mouth. In the present study, 
morphological change around the mouth of Natori River is investigated using aerial photograph. The result 
shows that the sand spit is declining around 125 m to the landward and migrate the position of river mouth 180 
m from the previous position.   

1. INTRODUCTION
An estuary is the transition between two distinct water bodies; a river and sea (Savenije, 2005). Although 

influenced by the tides, they are protected from the full force of ocean waves, winds, and storms by such land 
forms as barrier islands or peninsulas (EPA, 2011).  

Natori River played important role in fishery industry. Yuriage Fishing Port is located near Natori River mouth 
and has high activity with only 7,000 populations (Yalciner et.al. 2011). During Pacific Earthquake 2011, Natori 
River was reported as the one of areas which were most severely badly hit. Previous studies about impact of 
tsunami in estuaries found that generally the occurrence damages were morphology change (Pari et.al. 2008; 
Kench et.al. 2008) and higher salinity in ground and surface water (Reddy et.al. 2005). In this study, 
morphological change around the mouth of Natori River after the tsunami was investigated with emphasis on the 
sand spit by several aerial photographs, and quantified the result.  

2. STUDY AREA 
Natori River estuary is situated in the East Coast of Japan and directly faced Pacific Ocean (Figure. 1(a)). The 

estuary is protected by the sand spit. One jetty was applied on right side of sand spit (Figure. 1(b)), and formed 
an entrance channel to the estuary.  

Figure 1. Study area; (a) Location of Natori River Estuary, (b) Lay out of river mouth 

3. METHODOLOGY
1. Research Student., Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan  
2. Professor, Department of Civil Engineering, Tohoku University, 6-6-06 Aoba, Sendai 980-8579, Japan 
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jetty 
Sand spit 
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3.1. Geo-referencing 
Geo-referencing is the process of aligning spatial data (points, lines or polygons) with an image file such as a 

map, aerial photograph, or satellite image. The process of geo-referencing defines the location of an image and 
assigns it real-world coordinates so that it may be analyzed with geographic data. Six aerial photographs of 
Natori River mouth in 2011 were collected within the date of 3rd March, 1st June, 6th July, 24th September, 29th

October and 26th November. The aerial photograph which taken in 9 May, 2009 and had been rectified 
according to JGD2000/Japan Plane Rectangular CS X system with the total Root Mean Square (RMS) error of 
the rectification between 3 and 4 m is used as reference map. Using an ArcMap tool, the six aerial photographs 
were rectified and aligned with the reference map.  
3.2. Identifying, Digitizing and Quantifying  

After all of aerial photograph were rectified, we identified the major change around the river mouth in each 
photograph. In this case, the sand spit in river mouth showed significant change in each aerial photograph so the 
morphological change study were focused on it.  

In order to quantify the result, digitizing process was required. We separate two types of shape line. First was 
permanent shape line; consisted of the line of port embankment, revetment structure and jetty. Second was 
shape line of sand bar and sand spit around of river mouth and could be change in each aerial photograph. After 
digitizing process finished, two basic lines were determined as reference line in measuring the distance between 
reference line to the port embankment and sand spit. Several line as we called it transect was drawn for interval 
20 m across the reference line. In ArcMap tools, we could use measuring tools to find out the length of transect 
and distance from reference line. Figure 2, describing the reference and transect position. 

Figure 2. Definition of reference line and transect

4. RESULT AND DISCUSION 
Comparing each of aerial photograph, the sand spit in Natori River mouth shown significant change in each 

month.  Figure 3 showed the morphological change of the sand spit. 
Morphology change three month after tsunami 

The Pacific Tohoku 2011 earthquake in March 11th had washed out the sand spit and moved the tip of river 
mouth to landward, and leaved the gap between jetty and the sand spit (Figure 3(a)). The width of river mouth 
became wider comparing to the condition before tsunami. The tip of river mouth was receded around 180 m and 
width of river mouth was change from 47.77 m to 90.42 m (Figure 4). Around three months after tsunami, the 
condition of river mouth was not recovered yet, but between 400 m and 500 m from reference line accretion of 
sand spit was occurred. 

Reference line 

Transect

First transect
Landward

Seaward
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Figure 3. Morphology of Natori River mouth  (a) before tsunami, March 3rd, (b) after tsunami,  June 1st, (c) 
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Figure 4. Tip of river mouth was move 180 m to landward after tsunami event. An accretion of sand spit 
occurred between 400 m and 500 m from reference line 

Considering the water level during May 30th to June 30th period, the river discharge was tent to be low (figure 
5), but it in the beginning of June the water level was higher than in the end of May. The sand spit accretion 
process might be as a result of sand deposit from the river. 

Figure 5. Water level in Natori River downstream ( May 30th-June 30th, 2011) 

Morphology change in in June, July and September 
Between June and July, the sand spit was re-formed and narrower the river mouth wide (Figure 6.). Instead of 

accretion in the tip of sand spit, erosion process also occurred between 400 m to 500 m from reference line and 
as we can see, the area of accretion and erosion almost in balance. In the end of September 2011, a typhoon hit 
this area causing high precipitations and river discharge. As a result the sand spit in Natori River mouth was 
eroded and the opening of the river mouth was widened around 40 m to landward. Considering the river 
discharge, water level near Natori River mouth during June and July were tend to be low and the morphological 
change in the river mouth more likely due to wave action. 

In September, the typhoon season increasing the water level (21st and 22nd) in the downstream of the river, and 
we could assume that the erosion of sand spit as a result of  high river discharge and wave force from sea. 
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Figure 6. Comparison of sand spit change in June, July and September 2011 

Figure 7. Water level on (a) June 6th–July 15th, and (b) September 15th– 31st, 2011 

Morphology change in September, October and November 
Change of the sand spit during September, October and November are shown in Figure 8. One month after 

typhoon, the sand spit re-formed and move about 20 m seaward. Accretion process also occurred, and the width 
of river mouth entrance became narrower than in September.  

Between October and November, the sand spit was eroded and the tip of sand spit was receded 40 m to land 
ward. On the other hand, the accretion process occurred between 300 m to 400 m from reference line. 
Considering the water level, between October 10th to November 25th, 2011 were tend to be low. The erosion 
process of sand spit likely to have occurred as a result of wave action from sea .Since the discharge from river 
was relatively small; the accretion process occurred behind the river mouth tip. 

5. CONCLUSIONS 
Tsunami caused morphology change in the mouth of estuary. A sand spit, which used to act as a natural barrier 

for estuary was eroded and moving the position of river mouth 180 m to the landward area. Between June and 
July the sand spit re-formed and might be as a result of sedimentation process from river. In September, the sand 
spit was eroded again due to typhoon season, but during September-October, the sand spit was move seaward 
and narrowed the opening of river mouth. In October-November period erosion process was continue  and move 
the tip of sand spit to landward  side. The wave action could be the most dominant factor in erosion process. 
Totally the river mouth was move around 280 m to landward after tsunami event, but the width of opening did 
not show significant difference with before tsunami event. The change position of river mouth will affect the 

(a) (b) 
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salinity in estuary and resulting in the change of ecosystem in this area. Considering the important role of Natori 
River in fishing industry, further study is required to investigate impact of this morphology change to fish 
habitat and estuary ecosystem. Oceanography data, such as wave and tidal fluctuation should be considered. 

Figure 8.  Comparison of sand spit change in September, October and November, 2011 

Figure 9.  Water level on October 10th to November 25th 2011 
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2D FORCE MUSCL SCHEME FOR SIMULATING
BREAKING SOLITARYWAVE RUNUP

Mohammad Bagus Adityawan1*
Hitoshi Tanaka2

ABSTRACT

Breaking wave simulation using depth averaged based model, i.e. shallow water equation (SWE) is still a
challenge in tsunami modeling. SWE does not have the ability to capture shock and discontinuity. However,
certain numerical scheme may enhance SWE for breaking wave simulation. In this study, a 2D First Order
Center Scheme with Monotonic Upstream Scheme of Conservation Laws (FORCE MUSCL) scheme is
developed. The model ability to capture shock and handling discontinuity was tested by simulating flow over
submerged structure. The expected change from sub-critical to critical flow was observed. The model was
benchmarked and applied to simulate breaking solitary wave run up. It was found that the predicted run up
height and wave profile agrees well with the experimental data from previous study.

1. INTRODUCTION

It is very important to understand tsunami wave since it may cause devastating effect to coastal area.
Numerical simulation is considered to be a valuable tool in assessing tsunami. Shallow water equation (SWE) is
one of the most commonly used model. Nevertheless, depth averaged model such as SWE can not accurately
assess breaking wave. Breaking wave process requires vertical distribution of velocity which depth averaged
model is unable to perform. However, the process can be reproduced numerically, i.e. using artificial dissipation
(Hansen, 1962). Unfortunately, artificial dissipation requires pre-calibration, thus it is not favorable.
The use of artificial dissipation is not necessary when employing certain numerical scheme, developed for

shock capturing (Li and Raichlen, 2002). Furthermore, finite volume FORCE MUSCL scheme may provide a
more robust method for simulating breaking solitary wave run up (Mahdavi and Talebbeydokhti, 2009).
Moreover, the method has been further enhanced by employing Simultaneous Coupling Method (SCM),
assessing bed stress from boundary layer (Adityawan and Tanaka, 2011). Nevertheless, the method was for 1D
computation. Hence, the use of the model is still limited. In this study, 2D FORCE MUSCL scheme is
developed and used to simulate flow over submerge structure and breaking solitary wave runup.

2. MODEL DEVELOPMENT

Governing Equations
SWE consists of continuity equation and momentum equation. The continuity equation is as follow.

0h hU hV
t x y
� � �

� � �
� � �

(1)

where h is the water depth, U and V are the depth averaged velocity at the corresponding axis of x and y, and t is
time. The momentum equations are as follows.

2
2

0

1
2 ( )x f x

ghhU hU hUV gh S S
t x x y

�� � �
� � � � �

� � � �
(2)

2
2

0

1
2 ( )y fy

ghhV hUV hV gh S S
t x y y

�� � �
� � � � �

� � � �
(3)
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where g is gravity. So and Sf are bed slope and friction slope at x and y direction, respectively. Here, friction
slope is calculated based on Manning equation as follows.

2 2 2

4 /3

| |
f x

n U U VS
h

�
� (4)

2 2 2

4/3

| |
f x

n V U VS
h

�
� (5)

where n is the Manning roughness coefficient.

Numerical Methods
The governing equation can be rewritten in their vector form as follow.
E F G S
t x y

� � �
� � �

� � �
(6)

with E donates the conservative variables (h, hU, and hV), F donates flux variables in x axis (hU2+1/2gh2, hUV),
G donates flux variables in y axis (hV2+1/2gh2, hUV) and S is the source term. (gh(Sox-Sfx), gh(Soy-Sfy)). Thus the
solution can be approached as.

'( ) '( )
L

V F x G y S
t

�
� � � �

� ���������
(7)

The space derivation of F and G in its corresponding direction can be solved using finite volume center
scheme as follows.

(1/ 2), (1/ 2),
,'( ) i j i j
i j

F F
F x

x
� ��

�
�

(8)

, (1/ 2) , (1/ 2)'( ) i j i j
j

G G
G y

y
� ��

�
�

(9)

The FORCE MUSCL method with superbee slope limiter (Toro, 2011) is utilize for grid reconstruction and
approaching the flux variable value at each axis.

MUSCL
The Monotonic Upstream Scheme of Conservation Laws (MUSCL) method reconstructs the grid system by

approaching the conservatives variable value at the left and right side of the cell interface. The following
examples are given for MUSCL method to reconstruct the grid for conservative variables of hU and h along x
axis. The value of hU at the right (+) and left (-) of the cell interface (i+1/2) are approximated as follows.

1/ 2, , ,
1( ) ( ) ( )
2i j i j i jhU hU hU��

� � � (10)

1/ 2, 1, 1,
1( ) ( ) ( )
2i j i j i jhU hU hU��

� � �� � (11)

Here, the value of �i,j at the corresponding node is given by.

, , ,( ) ( )i j i j i jhU hU� � � � (12)
where the value of �i,j is calculated as follow.
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hU � ��
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The slope limiter �i,j in Eq. (12), which is very important in the shock handling computation, is determined
based on the value of r, which is calculated as follow.

1/ 2,
,

1/ 2,

( )
( )

i j
i j

i j

hU
r

hU
�

�

�
�
�

(14)

in which,

1/ 2, 1, ,( ) ( ) ( )i j i j i jhU hU hU� �� � � (15)

1/ 2, , 1,( ) ( ) ( )i j i j i jhU hU hU� �� � � (16)
The slope limiter value is given based on the value of ri,j as follows.
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(17)

The same method applies to the other conservative variables in both x and y direction, accordingly. However,
it should be noted here that surface gradient method is required for the water depth. Here, the water depth
variable is converted to the surface elevation, to accommodate bed level change. Surface elevation is calculated
as follow.

bh z� � � (18)
where � is the surface elevation, and zb is the bed elevation.

FORCE
First Order Center Scheme (FORCE) method is applied to obtain the value of flux F and G at the cell

interface based on the estimated value from MUSCL. The FORCE method is basically a combination of Lax-
Freidreich and Lax-Wendroff scheme. The following example shows flux F calculation in x direction.

� �1/ 2, 1/ 2, 1/ 2,
1
2

LF LW
i j i j i jF F F� � �� � (19)

� � � �(1/ 2), (1/ 2), (1/ 2), (1/ 2), (1/ 2),
1 1
2 2

LF
i j i j i j i j i j

xF F F V V
t

� � � �
� � � � �

�
� � � �

�
(20)

(1/ 2), (1/ 2),( )LW LW
i j i jF F V� �� (21)

� � � �(1/ 2), (1/ 2), (1/ 2), (1/ 2), (1/ 2),
1 1 ( ) ( )
2 2

LW
i j i j i j i j i j

tV V V F V F V
x

� � � �
� � � � �

�
� � � �

�
(22)

Eq. (19) to Eq. (22) are repeated in y direction to obtain the value of flux G.

RUNGE KUTTA 3rd ORDER
Eq.(8) and Eq. (9) can be solved based on the obtained flux value from FORCE method, described previously.

Thus, the value of the right hand side (L) in Eq. (7) can be obtained. Time derivative to obtain conservative
variables at the next time step is solved using Runge Kutta 3rd order scheme with auto time step ensuring that
the Courrant number value does not exceed 0.8, as follows.
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0.18 m2/s

0.33m

(a) Model setup (b) Simulation result at T=20s

Fig. 1 Flow over submerge structure

1 (2) (2)
, , , ,3 / 4 2 / 3 2 / 3 ( )t t
i j i j i j i jV V V t L V� � � � � � �� � (23)
where,
(1)
, , ,( )t n
i j i j i jV V t L V� � � � (24)
(2) (1) (1)
, , , ,3 / 4 1/ 4 1/ 4 ( )t
i j i j i j i jV V V t L V� � � � � �� � (25)

Moving Boundary Condition
Wave runup simulation requires a moving boundary condition to separate the wet cell and the dry cell in the

computation. The moving boundary condition in this method is given by stating a minimum threshold for the
water depth in all dry cell. The water depth is equal to this threshold value with zero velocities (both direction)
if the calculated water depth is lower than the threshold value.

3. RESULTS AND DISCUSSIONS

The developed model ability to capture shock and discontinuity was verified by simulating flow over
submerged structure (Ern et al., 2000). A structure is located in the bed of a flume. The submerged structure
follows the following equation.

� �� �2( , ) max 0,0.02 0.05 10bz x y x� � � (26)

The initial water elevation at the flume is given at 0.33 m with the minimum bed at 0, with zero velocity.
Incoming flow with the velocity of 0.18 m2/s is given at one side of the flume. The model setup is shown in Fig.
1 (a).
Simulation was conducted for 20 seconds. The result is shown in Fig. 1 (b). The final results shows that the

model is able to simulate shock in case of flow over submerged structure, resulting from supercritical to critical
condition. Good comparison are found to the previous study. The flow is relatively stable after 20 seconds, with
the upstream final height of 0.42 m, downstream jump location at 11m and the minimum depth near the
structure is 0.17 m.
The developed model was further employed to simulate solitary breaking wave run up (Synolakis, 1986) on a

sloping beach (1:20). The model setup is shown in Fig. 2. with H is the incoming wave height and ho is the
initial water depth. The case has been widely used and accepted as model benchmark. The breaking wave case is
given for the ratio of H/ho = 0.3. The incoming wave height follows the following equation.
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(27)

All variables for comparison are given in non-dimensional. Detail explanations can be found in the reference
(Synolakis, 1986).

Fig. 2 Breaking wave runup model setup
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Fig. 4 Runup height

The water level profile at the centerline is shown in Fig. 3. Furthermore, several other cases were simulated
by changing the H/ho ratio. The predicted runup height from these cases are shown in Fig. 4. Both, surface
profile and predicted runup height show good comparison with the previous study (Synolakis, 1986).

4. CONCLUSIONS

2D FORCE MUSCL has been successfully developed and used to simulate flow over submerge structure and
breaking solitary wave runup. The shock capturing ability of the model was verified. The model is able to handle
shock due to change from subcritical to supercritical flow condition in the case of flow over submerged structure.
Moreover, the model successfully simulates the breaking solitary wave runup benchmark case with good
comparison in both, surface profile and predicted runup height.
Future development of the model will require further verification with non-uniform bed in both axis or other

cases with multidirectional flow. In addition, the model can be further enhanced by using SCM, for a more
accurate bed stress assessment from the boundary layer.
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SHORELINE CHANGE MODELING 
COMBINED WITH THE RIVER MOUTH MODEL 

Eko Pradjoko1, Hitoshi Tanaka2

ABSTRACT 
 The shoreline change around river mouth was examined by means of frequently aerial photographs. The 
natural evident show that the river mouth influence to the surrounding shoreline has form in sediment 
supplier and river flow. The influence is an obstruction to the long-shore sediment transport, which makes 
an accretion and erosion on both sides of river mouth. The shoreline change modeling was developed and 
combined with the reservoir and river mouth model to consider the river mouth influence. The model shows 
the simulation of sand terrace existence gives better improvement than the simulation of river mouth width 
in the shoreline change model around river mouth. The modeling improvement was hoped will give benefit 
to the coastal and river management plan. 

1. INTRODUCTION
Many research focused on river mouth morphology, which is influenced by sediment source on upstream 

or by tide & wave. The construction of dam or land use change in the watershed area may reduce the 
sediment yield into the river and influence the river mouth morphology. The delta formation and sand spit 
development was influenced by wave and tide current (Wright et al., 1980). Some research also discusses the 
influence of river mouth as sediment supplier to surrounding beach. The existence of delta formation or sand 
terrace in front of river mouth makes accretion or erosion in surrounding beach. The natural river mouth 
seems have similar condition with perpendicular structure. The river water usually flow to the sea in 
perpendicular direction depending on the course of river mouth. The perpendicular of water flow may also 
able to obstruct the long-shore sediment transport like jetty or groin. 

Fig. 1: Study area

This study attempts to investigate the shoreline condition around river mouth especially at Nanakita 
River Mouth. The shoreline change was investigated from bi-monthly aerial photograph and correlated with 
the natural data such as wave and river discharge. Then, the shoreline change model was developed by 
considering the existence of sand terrace and river mouth width change. The simulated shoreline was 
verified by shoreline data also from aerial photograph.  

 The Sendai Coast is sandy beach and stretch about 12 km from Sendai Port at north until Natori River at 
south (Fig.1). At north border, there is Sendai Port with its 2 km long of breakwater. Going to south, there is 
Nanakita River mouth and Gamo Lagoon. About 1 km from the Nanakita River mouth, there is water outlet 
belongs to waste water treatment facility of Sendai City. Natori River mouth border the Sendai coast at 
south. However, the object of this study is only about 4 km shoreline around the Nanakita River mouth. 

Nanakita River

Natori River

Yuriage Port

Sendai Port

0 5 km

N 
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2. MODEL DEVELOPMENT 

Reservoir Model 
 In tidal inlet, many morphological features exist inside and outside of inlet such as flood and ebb shoal. 
The sediment is possible to move cyclically around the inlet, which is influenced by wave action and tidal 
current, such as back and forth between the flood and ebb shoals or around the ebb shoal; down-drift 
bypassing bar; beach; channel; and back again to the ebb shoal. Kraus (2002) simulated that process in tidal 
inlet by analogy to a series of reservoirs or beakers. The volume of sediment in the shoal (reservoir) can 
increase until it reaches an equilibrium volume VEe (the subscript e denoting equilibrium) according to the 
hydrodynamic conditions. Sediment may leaks to adjacent reservoir with assumption the leaving transport 
rate (QEout) is proportional with the filling transport rate (QEin) multiply by a ratio between instantaneous 
volume inside reservoir (VE) and equilibrium volume of reservoir (VEe). When the equilibrium volume is 
achieved (the reservoir is full), the sediment, which goes to the full reservoir, will bypass that reservoir in the 
direction of transport at the particular time. 

 The reservoir model, which is introduced by 
Kraus (2002), is suited to simulate the emerging of 
sand terrace and bypassing process in river mouth. 
This study used that model with some adjustment 
by disregard the initial purpose and application of 
reservoir model, which is for simulating tidal inlets 
behavior. The existence of sand terrace, the 
component and pathway of sediment transport in 
river mouth is depicted in Figure 2. It shows sketch 
of river mouth situation with the simple case of 
long-shore sediment transported from right to left. 
The QL is sediment transport rate induced by wave 

along the shoreline on both sides of river mouth. The Qin is the long-shore transport rate from up-drift beach 
side, which enters the river mouth or sand terrace area. The Qout is the long-shore transport rate, which leave 
out the river mouth or sand terrace area and go to down-drift side. The Qsrv is sediment transport rate induced 
by river water discharge and fill in the sand terrace area. The volume of sand terrace area at any given time is 
Vst with the corresponding equilibrium value of Vste.

As same assumption with the reservoir model, the rate of sediment transported out is specified as: 

)( srvin
ste

st
out QQ

V
VQ ��

      (1) 
The mass conservation equation for the sand terrace is: 

outsrvin
st QQQ

dt
dV

���
      (2) 

where t is time. With the initial condition Vst(0) = 0, the Equation 2 can be solved analytically become: 
)1( t

stest eVV ����       (3) 
where:    

ste

srvin

V
QQ �

��        (4) 

The ratio between instantaneous volume and equilibrium volume of sand terrace can be used to simulate the 
bypassing factor (Byp):

ste

st

V
VByp �� 1        (5) 

River Mouth Model 
 Ogawa et al. (1984) have proposed the mathematical model for simulating the fluctuation of river mouth 
width. The model assumed that the wave component is responsible for development of sand spit and the 
river discharge flush out the sediment from the mouth as seen in Figure 3. The governing equation is 
expressed as follows: 

Qsrv

QinQout QLQL

Vste

Vst

River 
Mouth

BeachBeach

Fig. 2: Sketch of sand terrace simulation
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     � � � � wwrr QeBqe
dt
dBhL �� ���� 11     (6) 

where � is porosity of sand, L is width of sand spit, h is the depth of river mouth, B is the width of river 
mouth, qr (or Qsrv in sand terrace model) is river discharge, Qw (or QL) is wave long-shore transport, er is the 

efficiency of flushing out by river flow and ew is 
the efficiency of sand spit development by wave 
motion. When the sand spit development reach the 
equilibrium condition (the narrowest width of 
river mouth), the river flow passing the mouth 
obviously interrupt the long-shore transport. 
Therefore, the bypassing factor can be expressed 
in ratio of instantaneous and maximum river 
mouth width as: 

   
maxB
BByp �       (7) 

In this study, the river flux was estimated by using MPM Formula for bed load transport, which is expressed 
in river discharge as: (Meyer-Peter, 1951) 
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where qs is sediment discharge per unit width, s is relative density, g is gravity acceleration, ds is sediment 
size, n is Manning coefficient, � is water density. The long-shore sediment transport induced by wave was 
calculated by the CERC Formula: 

bbbgw ECKQ �� cossin)(�     (9) 

where Eb is wave energy at breaking position and Cgb is wave group celerity also at breaking position, �b is 
wave breaking angle and K is empirical coefficient. 

Shoreline Change Model 
 Total shoreline around the Nanakita River mouth for simulation is about 4,000 m. The shoreline 
stretches from Sendai Port breakwater until position x = 4,000 m on the right of river mouth. The Nanakita 
River mouth was simulated with 180 m width in open condition. The spatial step of shoreline was set at 30 
m and coincided with spatial step of bathymetry. Therefore, the wave parameters also coincided with 
shoreline spatial step because calculation of wave deformation was based on bathymetry. The simulation was 
performed in interval 1994 until 2009. The calculation of wave deformation was conducted in daily interval, 
but the shoreline change simulation was run in two minutes interval (120 s) because the stability problem. 
The sand terrace and river mouth simulation were also conducted in shorter interval (hours). 

Fig. 4:  The boundary and model of shoreline around the Nanakita River mouth
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Fig. 3: Sketch of river mouth simulation
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 There are three boundaries exist in the model, i.e. left, right and river mouth boundary. The left boundary 
represented the Sendai Port breakwater, which completely blocked the long-shore sediment transport. It is 
obviously the left boundary can be set by: 

Q1 = 0      (10) 

The right boundary was determined as fixed boundary because the shoreline is relatively in stable condition 
and set as: 

Qn+1 = Qn      (11)

In this boundary the long-shore transport still passing but has no differences with up-drift or down-drift cell 
and moreover makes no shoreline change. This position is also far enough from the influence of river mouth. 
The river mouth boundary was sketched in Figure 5 with simple case that long-shore transport from right to 
left. The long-shore transport component of Q3,Q4,Q7,Q8 were calculated from wave parameter. The long-
shore transport components at river mouth boundary (Q5 and Q6) were important to simulate the river mouth 
influence. These components were determined based on how the river mouth will be modeled. This study 
setup the shoreline change model with four different conditions in river mouth boundary. These are for 
examining the improvement in shoreline change model by incorporating the influence of river mouth in more 
detail. The conditions are follows: 

Fig. 5: Sketch of river mouth boundary

Model 1
First model simulate the condition without considering the river mouth influence. The river discharge was 
assumed no exist. The long-shore sediment transport components at both sides of river mouth boundary were 
determined as follows: 

Q5 = Q4,  Q6 = Q7     (12) 

Model 2
Model 2 simulate the Bypassing coefficient which was controlled by the existence of sand terrace in front of 
river mouth. The sand terrace was simulated by applying the principal of reservoir model (Kraus, 2002). The 
transport components at river mouth boundary can be determined as follows  

Q5 = Q6 = Byp x Q7     (13) 
The bypassing coefficient was calculated by Equation 5. In this model the flushing out sediment from sand 
terrace was assumed loss to the offshore. 

Model 3
Model 3 simulate the bypassing coefficient which was controlled by the width of river mouth. The width of 
river mouth was calculated by applying the river mouth model (Ogawa et al., 1984). The transport 
components at river mouth boundary were determined as same as Equation 13 and the bypassing coefficient 
was calculated by Equation 7. 
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3. RESULTS AND DISCUSSIONS 
 Figure 6 shows the morphology process around Nanakita River mouth in 1997. Figure 6.g shows the river 
discharge, Figure 6.h shows the wave height condition, and Figure 6.i shows the direction of incoming wave. 

In January (Fig.6.a), the river mouth was in 
process of sand spit development because 
the river discharge was in low condition. 
The shoal was not emerge, which means the 
long-shore transport fully compensate the 
development of sand spit. In March (Fig. 
6.b), the river mouth was in equilibrium 
condition i.e.: the river mouth width in 
narrowest condition. The shoal was emerge 
on both sides of river mouth which means 
the river flow give blocking effect to the 
long-shore sediment transport. The picture 
also shows cloudy area on tip of flow which 
may show the existence of sediment 
bypassing river mouth in this time. Figure 
6.j shows the shoreline position 100 m on 
left and right side of river mouth. In this 
month, the right shoreline was more 
advances than left position. In May (Fig. 
6.c), the river mouth was still in equilibrium 
condition because the river discharge was 
still low (Fig.6.g). The shape of sand spit is 
slightly going into river because the wave 
direction is in almost perpendicular 
condition (Fig.6.i). In June (Fig.6.d), the 
river discharge is usually going high 
(summer season), the river mouth become 
wide because the sand spit is flushed out by 
flood. In this time, the sand terrace may 
emerge in front of river mouth to store the 
river flux and the flush out sediment from 
sand spit. In September (Fig.6.e), the 
remains of sand terrace from previous flood 
event still appear. The wave action spreads 
the sand terrace to both sides of river mouth 
which is depend on the wave direction. In 
November (Fig.6.f), the river mouth is in 
stage to reach the equilibrium condition 
again. The sand terrace is slowly decreased 
and goes to diminish.  

The simulation result of all model were 
presented in Figure 7. There are still big 
discrepancy between measured and 
simulated in area from Sendai Port 
breakwater until section 2000. It is caused 

by the problem in wave ray modeling, which make the shoreline near break water was eroded and deposited 
in the area of advance shoreline. For the right side, the calculated shoreline is in well agreement with the 
measured one. Considering the river mouth only influence the surrounding area, Figure 8 shows the detail in 
500 m around river mouth. Model 1 is over estimate on the left side but perform well on the right side. 
Model 2 shows good agreement with measured shoreline both on left and right side. Model 3 is under 
estimate on the left side and over estimate on the right side. This mean the inclusion of sand terrace model 

Fig. 6: Seasonal variation of river mouth behavior
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(d) 29 June 1997 (e) 2 September 1997 (f) 1 November 1997 
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gives better improvement to the shoreline change model. The calculation of root mean square error (RMSE) 
gives value 16.1 m, 6.9 m and 21.2 m for Model 1, 2 and 3 respectively. It shows the smallest error of sand 
terrace model compare than other model. 

Fig. 7: Results of shoreline change model

Fig. 8: Comparison in 500 m around river mouth

4. CONCLUSIONS 
 The natural evidence from aerial photograph and others data have shown the influence of river mouth to 
the surrounding shoreline in seasonal time scale. The existence of sand terrace and the equilibrium of river 
mouth give obstruction to the long-shore transport. The combination of reservoir model and river mouth 
model in the shoreline change model were performed to simulate those influences. The reservoir model 
gives better improvement to the shoreline change model around river mouth, which was showed by the 
smallest error. The river mouth model still needs modification for giving better improvement. 
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*Examination of the flood prediction accuracy in the Okawa Basin, Tohoku University by Yuya Oshikiri and Disaster Control 

Research Center Tohoku University by Akira Mano and Keiko Udo 
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( )SfQ = (1) 

(1) S (2)

Estimating storage changes of mountainous watersheds in the Tohoku region by Syuhei Kobayashi and Yoshiyuki 
Yokoo 
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Kirchner, J. W. (2009), Catchments as simple dynamical systems: Catchment characterization, rainfall-runoff modeling, and 

doing hydrology backward, Water Resour. Res., 45, W02429, doi: 10.1029/2008WR006912. 
Teuling, A. J., Lehner, I., Kirchner, J. W. and Seneviratne, S. I. (2010), Catchments as simple dynamical systems: Experience 

from a Swiss prealpine catchment, Water Resour. Res., 46, W10502, doi:10.1029/2009WR008777. 
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*Century-scale Shoreline Change and Future Forecast of 5 Japanese Beaches, Tohoku University School of Engineering by 

Jun Yoshida, Disaster Control Research Center Tohoku University by Keiko Udo and Akira Mano.
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Dean, R. G. Equilibrium beach profiles characteristic and applications Journal of Coastal Research Vol.7 No.1 pp.53-84
1991

IPCC WG1 Climate Change –The IPCC Scientific Assessment Cambridge University Press 365p 1990

Duncan M. FitzGerald, Michael S.Fenster, Britt A. Argow, and Ilya V. Buynevich Coastal Impacts Due to Sea-Level Rise
Annu. Rev. Earth Planet. Sci. 2008 Vol.36 pp.601–647 2008
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B 21760381

(2005)

(2000)

2010

54 pp.1285-1290.

Pianka, E. R. (1973), The structure of lizard community, Annual Review of Ecological Systems, Vol.4,

pp.53-74.

Shanon, C. E. (1948), A mathematical theory of communication, Bell System Technical Journal, Vol.27, 

pp.379-423.
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