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Abstract 
On September 10, 2015, unprecedented flood was occurred in Kinugawa River 
basin located on eastern Japan. It inundated 40 km2 of flood plain in Joso city, 
Ibaraki Prefecture, and more than 4000 people there called for help despite 
supposedly having sufficient time to evacuate. Some said that small initial 
flood before main severe flood arrived made them make a mistake in deciding 
whether to evacuate or stay there, despite having to actually evacuate in real-
ity. This study focused on flood behaviour in this area, in particular, the effect 
of a small drainage channel lying on the flood plain which caused fast flood 
diffusion in case of occurring huge overflowing. Field investigations starting 
on time of the disaster with high-resolution positioning system were con-
ducted to obtain spatial maps of flood depth and height. For appropriate 
modelling of the effect of small channel, we applied simulation model cou-
pling 1-dimensional (1D) and 2-dimensional (2D) hydraulic scheme on the 
field and compared results from the 1D/2D coupled model and model without 
1D scheme. The models provided information that the flood could reach 4 
hours earlier to the city central of Joso city comparing in case of model with-
out 1D scheme. The water depth rose irregularly and it was more confusing 
and difficult for the victims to make appropriate evacuation act. 
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1. Introduction 

Japan is located in a monsoon zone and, thus, is one of the rainiest countries in 
the world. Most of Japan’s cities lie on alluvial plains in which the flood risk is 
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relatively high, so historically we have suffered a large number of floods. Many 
flood protection measures have been implemented, including structural coun-
termeasures, alert systems and evacuation planning and procedures. However, 
recently, we experienced incredibly strong rainfalls, perhaps as a result of global 
climate change, resulting in extremely severe disasters in Yamaguchi in 2013, 
Hiroshima and Izu-Oshima in 2014, to name a few. In Yamaguchi, a continual 
downpour of two hours that exceeded 130 mm/hour inundated the town of Susa 
very quickly and completely. Hiroshima experienced more than 100 mm/hour of 
severe rainfall, and a number of debris flows struck hillside residences, resulting 
in eight victims losing their lives. And it is feared that extremely heavy rainfalls 
such as these will increase in the future. These unprecedented rainfalls brought 
flood patterns we had never before experienced. Therefore, it is important to 
learn as much as possible about them to determine whether existing flood pro-
tection facilities, warning systems and evacuation schemes remain effective.  

On September 9, 2015, an especially severe rainfall was brought on by two 
strong typhoons, Nos. 17 (Kilo) and 18 (Etan), in Kanto and the South Tohoku 
region, in eastern Japan. Serious flooding occurred in the Kinugawa River basin, 
located in the prefectures of Tochigi and Ibaraki in the Kanto region (Figure 
1(a) and Figure 1(b)). Due to the severe flood, a levee failure and flood over-
topping happened, and they inundated around 40 km2 area of the flood plain in 
the city of Joso, Ibaraki Prefecture (Figure 1(c) and Figure 2(a) and Figure 
2(b)). In this disaster, one of the most remarkable facts is that more than 4000 
inhabitants in the city needed to be rescued from their homes even though they 
might have had enough time to evacuate without assistance, because Joso’s city 
center is 10 km away from the riverbank failure point. In fact, there was little 
flooding in the city center before arrival of the main flood. Some residents said 
that this minimal initial flooding made them think the flood was smaller than 
they anticipated, and they decided to stay home, not realizing that they were ac-
tually facing unprecedented severe flood. In the flood plain, a drainage waterway 
called Hachikenbori-gawa Channel lies as shown in Figure 1(c) and Figure 
2(c). It can be assumed that the flood water bumped into the channel and dif-
fused downstream very quickly considering its high water depth. This accele-
rated diffusion of the flood through the channels or pipes has been discussed in 
inland flooding, especially in urban areas [1] [2] [3]. Though huge volume flows 
such as those caused by riverbank failures have not been a focus of much discus-
sion, the effect of this fast diffusion can be significant. 

To evaluate the interaction between channel facilities and floodplain properly, 
a 1D/2D coupled hydraulic model is effective [4] [5]. In particular, that kind of 
hydrodynamic model was applied to urban area using several commercial soft-
ware applications for integrated flood simulation [4] [6]. In general, modeling of 
flood diffusion on flood plain is developed on the 2D field. Although computa-
tion performance has improved day by day, calculation grid size was set several 
meters long in practice, which is not enough to resolve geometry (width and vo-
lume) of small channel like we discussed. Including point of view of simulation  
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Figure 1. Example of a figure caption (figure caption). (a) and (b) study site of Kinugawa River basin, (c) map of the flood’s extent 
on 9/10/2015 in Kinugawa. 
 

efficiency, 1D and 2D integrated flood model is needed for appropriate modeling 
for the situation. 

According to this background, we studied the process of the flood diffusion, 
especially in focusing on acceleration by small channel, based on the case study 
of the unprecedented flood occurred in Kinugawa River basin, 2015. Essential 
information of the flood, site location, rainfall and flood intensity and official 
waring and evacuation, were provided for the first introduction. Flooding 
process was investigated from beginning of the flood, and inundation depth and 
absolute water level were also surveyed with high accurate positioning equip-
ment. A simulation model capable 1D/2D model integration was applied to the 
field for appropriate modeling of small channels lying on broad flood plain. 
From the results after the model validation, we discussed the properties of the 
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flood, shorter arriving time of flood, irregularity of flood depth rise and water 
balance, and future direction to the flood protection we should do.  

2. Summary of the Flood Disaster 
2.1. Site Location 

The Kinugawa River basin is located in eastern Japan’s Kanto region (Figure 
1(a) and Figure 1(b)). The Kinugawa is one of the largest branches of the To-
negawa River, which has the widest watershed in Japan. The Kinugawa River is 
177 km in length and drains into a 1760 km2 watershed area. Four multipurpose 
dams and many check dams were installed in its upper reach. About 65% of the 
basin is covered with mountainous landscape, and the remaining 35% is alluvial 
plain. In the middle reach, the river bed mainly consists of grain, and its width is 
considerable (about 700 m), but not particularly braided. Due to abundance 
supply of sediment, natural banks, riverside sand hills, and a wide flood plain 
formed in the lower middle reach, where the width of the river is smaller (300 
m) than it is in the upper middle reach. 

The inundated area is a flood plain on the left side of Kinugawa River in the 
lower middle reach. It is surrounded by a natural levee or sand hill formed by 
Kinugawa River and Kokaigawa River (Figure 1(c)). The urban area has mainly 
on a slightly higher elevation. Joso’s city center, called the Mitsukaido area, is 
also on the higher land, but the residential area has been expanding into the 
lower flood plain due to population increases. The first inflow of flood water by 
overtopping occurred in the Wakamiyado area (25.35 km and 24.75 km from 
Tonegawa River, Figure 2(a)) at 6:30 on Sep. 10 and the Misakacho area (21.0 
km from Tonegawa R., Figure 2(b)) at 12:50 by riverbank failure. 

A small channel, the Hachikenbori-gawa Channel, lies in the flood plain 
(Figure 1(c) and Figure 2(c)). It divides the flood plain into east and west sec-
tions. The channel was digged for agricultural drainage during the 16th Century. 
The pumping station, which can drain 30 m3/sec, is installed at the most down-
stream point of the channel. The channel also branches in the Mitsukaido area, 
and the sub-channel is called Old Hachikenbori-gawa Channel. Also, several 
small drainage are installed in the Hachikenbori-gawa Channel, however, many 
of their gates unintentionally were not closed during the disaster. 

2.2. Rainfall 

Typhoon No.18 appeared in southern Japan in the northern Pacific (N20˚25'32", 
E136˚4'52") on September 7, 2015. It moved northward and reached the Atsumi 
Peninsula, Aichi Prefecture at 10:00 on September 9. Then it became an ex-
tratropical typhoon in the Sea of Japan at 15:00. Unfortunately, Typhoon No.17 
also retained its intensity in the Pacific Ocean, east of Japan. In combination, the 
two typhoons brought increasing humidity and forceful winds. As a result, a 
continuous linear rainfall band that stretched in a north-south direction devel-
oped in the North Kanto and Tohoku regions. The accumulated rainfall total  
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Figure 2. (a) Overtopping at Wakamiyado (25.35 km and 24.75 km), (b) Riverbank fail-
ure at Misakacho (21.0 km) and (c) Bank-full water under the flood in Hachikenbori- 
gawa Channel at Misaka-shinden Station. 

 
was more than 600 mm at Nikko City, Tochigi Prefecture, which is more than 
twice the mean monthly rainfall. The 24-hour rainfall total at nine stations in 
Tochigi and Ibaraki Prefectures set new records. 

2.3. Injuries and Property Damage 

Table 1 presents a summary of the human toll and property damage caused by 
this disaster. According to this data from the Cabinet Office [7] and local gov-
ernment [8], the number of deaths and seriously injured people in the Ibaraki 
Prefecture was three and 51, respectively. In terms of property damage, the 
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Table 1. Summary of damage and evacuation in Ibaraki Prefecture. 

Human damage [7] 
Died Missing Heavily injured Injured 

3 - 3 51 

House damage [7] 

Collapse Inundation 

Totally Half Above floor Below floor 

54 5486 185 3767 

Rescuee [8] 
Helicopter Boat 

1339 2919 

Evacuee [8] 7032 [Person] (9/11 7:00) 

Evacuation 
call [7] 

Warning 11,230 [Home] 31,398 [Person] 

Advisory 990 [Home] 2775 [Person] 

 
number of partially and fully collapsed buildings, and those with flooding above 
ground level are 54, 5486, 185 and 3767, respectively. The number of injuries 
and deaths was not as devastating as in past flood disasters in our history, but 
the property damage was extensive sewers using several commercial software 
applications for integrated flood simulation [9]. 

2.4. Evacuation 

Figure 3 shows time series data of rainfall and evacuation advisories for heavy 
rainfall (JMA: Japan Metrological Agency), flood disaster (rainfall based, JMA) 
and specific river flooding (water level based, MLIT: Ministry of Land, Infra-
structure, Transport and Tourism) around Joso city. The first heavy-rain advi-
sory was announced on September 8 at 13:29 and it was raised to a heavy rain 
warning on September 9 at 16:36. A flood advisory was released on September 9 
at 5:00 from JMA and it changed to warning at 16:36. In terms of Kinugawa 
River flood information, MLIT released an advisory at 20:40 on September 9 be-
cause the water level at Kinugawa-Mitsukaido Station triggered a flood caution 
at 23:00, followed by a flood warning at 0:15 on September 10. Approximately 
six hours later on the 10th, overtopping occurred on the left bank in the Waka-
miyado area and flood occurrence information was released at 6:30. After that, 
an emergency rainfall warning was issued at 7:45, signifying that residents 
should take immediate survival actions. At 12:50, a left riverbank failure oc-
curred in the Misakacho area. These two severe flooding occurrences inundated 
the entire flood plain. Joso’s city hall, located in the Mitsukaido area, saw its ad-
ministrative functions paralyzed. 

Finally, an official evacuation directive and an official evacuation call were is-
sued to approximately 34,000 persons. Nonetheless, many residents were 
stranded in their homes: 1339 persons required rescue by helicopter and 2919 
were rescued by boat. Road washouts, railway disruptions and other such trans-
portation complications were the main causes for these extreme measures. 
Pumping got underway to resolve the inundation, but despite considerable 
helps, it took about 10 days for the water to recede. 
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Figure 3. Timeline of disaster-information dissemination in the Kinugawa River basin. 

3. Methods 

To evaluate the channel’s effect on flooding, we conducted a field survey and in-
tegrated hydrodynamic simulation. We investigated the distribution of the in-
undation depths and levels by measuring hundreds of high water marks using 
high resolution positioning system called RTK-GNSS (Real-Time Kinematic 
Global Navigation Satellite System). The geometry of the bank height along the 
channels was also measured in the field. The 1D/2D coupled hydraulic simula-
tion model was applied to the inundated field for determining the effect of small 
channels that drive flood water downstream quickly. In this study, MIKE 2016, 
commercial hydrodynamic simulation software including MIKE FLOOD mod-
ule capable model coupling of 1D model (MIKE 11) and 2D model (MIKE 21) 
was used. 

3.1. Field Investigation 

Field surveys for the investigation of flood characteristics were conducted several 
times. In the first survey on September 10, the day the flood occurred; we in-
spected the flood area and found that the initial inundation occurred in the 
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Mitsukaido district, as shown in the photo in Figure 3. Secondary surveys were 
done to identify flood behavior and characteristics. Many flood marks were 
measured from the ground to their ultimate height. Some were also measured at 
their elevation with a portable and high-accuracy positioning system called net-
work type RTK-GNSS with Virtual Reference Station (VRS) method (Trimble 
R4, Trimble R6 and TOPCON HiPerV GGDM) which has an approximately ±4 
cm height margin of error. In this system, initial estimation data are adjusted in 
real time by information of VRS location and its correction status via mobile 
phone network. The system also has advantage in portability which is able to 
treat by one worker and one set of equipment in a few minutes. Although we can 
obtain flood depth distribution data by conventional way, the new equipment 
enable to collect absolute level data easily and efficiently and deploy it on GIS 
software immediately. Finally, we collected 307 and 133 data elements of flood 
depth and flood elevation including data shared by [10]. To investigate the 
flooding process, we interviewed area residents and collected their photos of the 
disaster to extract information of water level under the disaster. 

3.2. Numerical Simulation 
3.2.1. Governing Equations 
The main governing equations of the 1D (MIKE11) and 2D (MIKE21) modules 
are briefly discussed here, as are the solution procedures. The governing equa-
tion of the 1D model is the Saint-Venant equation based on several assumed 
factors: incompressible and homogeneous fluid, uniform velocity and horizontal 
water level in cross-section, small bottom slope and small longitudinal variation 
in hydrostatic pressure distribution. The equations are conservation of mass and 
momentum as given in Equations ((1) and (2)), respectively. 

A Q q
t x

∂ ∂
+ =

∂ ∂
                         (1) 

2

4/3 0

Q
gn Q QQ A gA

t x x AR

α
ζ

 ∂  ∂ ∂ + + + =
∂ ∂ ∂

               (2) 

Solutions of the equations of continuity and momentum are based on an im-
plicit finite difference scheme. The scheme is structured in order to be inde-
pendent of the wave description specified (i.e., kinematic, diffusive or dynamic). 
In this simulation, we used a dynamic wave approximation scheme. 

The MIKE 21 modelling system is based on the numerical solution of the 
depth-averaged Navier-Stokes equations describing the conservation of mass 
and momentum in two horizontal directions. These equations can be written in 
simplified form as shown in Equations (3) through (5). 

p p q S
t x y

∂ ∂ ∂
+ + =

∂ ∂ ∂
                       (3) 

 
2 2 22

7/3 0
gn p p qp p pq gh

t x h y h x h
ζ  +∂ ∂ ∂ ∂ + + + + =   ∂ ∂ ∂ ∂  

         (4) 
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2 2 22

7/3 0
gn q p qq q pq gh

t y h x h y h
ζ  +∂ ∂ ∂ ∂ + + + + =   ∂ ∂ ∂ ∂  

         (5) 

These equations are solved using finite difference approximations and an Al-
ternating Direction Implicit (ADI) scheme that include unconditional stability 
in the linear sense where there is no stability limit on the time step. 

To connect the MIKE 11 and MIKE 21 model calculations, we applied the lat-
eral link function in the MIKE FLOOD module, which calculates flow interac-
tion based on the structure equation and water level of MIKE 11 and MIKE 21 
on the pre-defined links. Concretely, water levels inside (on 1D) and outside (on 
2D) of channel and bank height were compared. If the MIKE 11 water level was 
higher than the others, the discharge flowing from MIKE11 to MIKE21 was es-
timated by following Honma’s weir formula, shown in Equation (6). This can 
more accurately expresses the exchange of volumes via embankment. 

3/2
1 2 1

2 1 2 2 1

/ 2 / 3
3 3 / 2 / 3
2

Q BCh for h h

Q B Ch h h for h h

 = ≤



= − >

　

　 　
            (6) 

Note the flow through the link is distributed into several MIKE 11 computa-
tional points to obtain water level h, and the method do not guarantee momen-
tum conservation. 

3.2.2. Calculation Setting 
As shown in Figure 4(a) and Figure 4(b), the calculation area was set to cover 
the flooding area. In this calculation we modeled Hachikenbri-gawa Channel 
and its branches with 1D model and the other field with 2D. Inflow rate onto the 
2D field occurred by levee failure and overflowing were considered as boundary 
conditions. Because of their uncertainty, these inflow input and roughness pa-
rameters were calibrated to fit to observed inundation depth and level and water 
level on the channel. The calculations were carried out from 5:00 on September 
10 through 8:00 on September 11 (JST). 

In the 2D calculation field, 25,000 (125 × 200) rectangular computational gr-
ids (50 m × 100 m) were applied. Needless to say, finer grids or unstructured 
cells could also provide reliable results; however, it is not necessary and not rea-
sonable in situation like our site that boundary condition remains uncertainty. 
Flow rate input at the grids for the bank breach (21 km) and overtopping (25 
km) were obtained as shown in Figure 4(c) for boundary condition. Overtop-
ping actually occurred at two points, but we considered them as one at 25.0 km. 
Note that these data are just hypothetical value obtained by following estimation: 
elongating the observed water level data at near Kamaniwa Station (27.3 km) as 
the peak attached to the high water mark level at the overtopping and bank 
breach points, applying the weir formula of Honma and calibrating to fit the 
maximum depth to the observed in situ flood mark depth. The accumulation of 
input volume is about 44 million m3, which is similar to the other estimation 
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Figure 4. (a) and (b) Maps of calculation bathymetry, channel branch, boundary condition and observed inundation depth. Co-
lored mesh and blue lines indicate 2D land height and 1D channel branch location, respectively and colored circles indicate 
classed high water mark depth. (c) and (d) Time series data of input flow rate for boundary condition onto 2D mesh and 1D re-
gion indicating discharge at overtopping and bank collapse points in 2D, and upstream runoff and pumping rate in the 1D model. 
(e) Model geometry of the 1D model based on level observations using RTK-GNSS.  
 

[10], however, the inflow data needs further discussion of its validity. The ba-
thymetry for the calculation was obtained by generating 5 m mesh DEM (digital 
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elevation model) data. It is customary to provide a mesh-averaged value, but we 
took the maximum value −0.6 m to mesh over major road and railway to con-
sider the blocking effects by embankment. Model parameter of roughness, Man-
ning’s n, was set at 0.10 in urban areas and 0.06 which is the range usually used, 
respectively. Precipitation on the site during the calculation period was ignored 
because it enough weak (Figure 3).  

The 1D open channel model includes Hachikenbori-gawa Channel, Old Ha-
chikenbori-gawa Channel and two small drainage canals attached to the flood 
plain. Distributed discharge and point sink at the pump station were considered 
as a boundary condition as shown in Figure 4(d). Initial flow rate and water lev-
el were determined to adjust to the condition before the flood water flowing into 
the channel. The pumping status was decided according to the official report. All 
the end of the branches was closed, which the mass interaction to 2D region oc-
curred only via the lateral links. The geometry of the 1D branch was based on 
the observations with RTK-GNSS shown as in Figure 4(e). Manning’s n of the 
channels and drainage canals was uniformly set at 0.05 considering its vegeta-
tion. 

4. Results and Discussions 
4.1. Model Validation 

For model validation, we show results obtained by the 1D/2D coupled model in 
Figure 5 and Figure 6. Figure 5 shows a comparison between maximum depth 
in calculation and high water depth obtained by flood mark investigation. The 
data were stratified into upper, middle and lower areas, shown in Figure 4(a). 

 

 
Figure 5. Model validations with comparing water depth. The colored marks correspond 
to the areas displayed in Figure 3. 
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Figure 6. Time series of observed (marks) and calculated (lines) water level including da-
ta analyzed from photos taken under the flood. 

 
The root-mean square of error for the depth estimation was 0.531 m. As a result, 
the developed model was generally reasonable in whole area. Figure 6 shows a 
comparison of observation and calculation of water level on the Hachikenbori- 
gawa Channel. The figure shows time series water levels at Mitsusaka-shinden 
(blue, 6.9 km from downstream end), the downstream pumping station (red) 
and Kinugawa River (black, at the Kinugawa-Mitsukaido gauge station, see also 
Figure 1(c)). The lines indicate calculated values, and marks represent observed 
values. The yellow hatched marks show the flood-plain water level, gleaned by 
analysis of pictures and field investigation. Grey hatches show period not in-
cluding calculations. In upper part of Figure 6, we also display whether pump-
ing was underway. These results confirm that the model provided reasonable 
output also on 1D region. 

4.2. Flooding Process 

Figure 7 indicates estimations of water depth and velocity distribution at each 
time and in maximum given by the 1D/2D coupled model (Figure 7(a)) and the 
model using 2D instead of 1D part (2D-only) (Figure 7(b)). From the figure, we 
see that the flooding gradually propagated southward along the Hachikenbo-
ri-gawa Channel. Figure 7(a) shows that on September 10 at 11:00, overtopping 
flow from Wakamiyado reached the right bank of Hachikenbori-gawa Channel 
and went south along the height bank. At 15:00 after the bank failure, shown in 
the top middle image of Figure 7(a), the flow from the bank breach point also 
reached to the Hachikenbori-gawa Channel. The flood entered the channel and 
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Figure 7. Distributions of depth and velocity in calculation. (a) Results of 1D/2D coupled model and (b) 2D-only model. 
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partially re-overtopped the left bank. At the same time, we see that small initial 
flooding happened in the downstream Mitsukaido area and the main flood did 
not arrive. However, that type of initial inundation could not be identified in the 
2D-only model results shown in Figure 7(b). 

At 17:00, we found that the main flood moved along the right bank of the 
channel, and the water depth was higher than that on the left bank. It indicated 
that the Hachikenbori-gawa Channel bank significantly affected the flood beha-
vior. At 19:00, the flood reached the Mitsukaido area and completely inundated 
it. On the west side of the Hachikenbori-gawa Channel, where the deepest inun-
dation was observed concequently, the flood had not yet arrived. However, the 
waters went not only northward upstream, but they also travelled downstream. 
Between 23:00 and midnight, nearly the entire flood plain was partially sub-
merged, except at the natural levee. Comparing the simulated maximum depth 
produced by the two models, we did not find any significant difference; however, 
the existence of a small channel lying on the flood plain changed the flood 
propagation pattern. 

Figure 8 shows time series changes of flood water depth at certain grids in the 
1D/2D coupled model (Figure 8(a)) and the 2D-only model (Figure 8(b)) ex-
tracted at several meshes shown in Figure 8(c). Here we also found a difference 
in the initial inundation in the Mitsukaido area, indicated by blue line C and 
purple line D in Figure 7(a) and Figure 7(b). The 1D/2D coupled model pro-
duced a stepwise rising pattern, but the 2D-only model produced a simple gra-
dation. The coupled model showed the start time of the Mitsukaido area flood to 
be around 14:00, with moderate rises in water depth from 15:00 to 18:00. The 
2D-only model, however, does not indicate this. After that, the water depth ra-
pidly increased due to the arrival of the main flood wave at 19:00. In the area on 
the left side of Hachikenbori-gawa Channel (point E, depicted by the green line) 
at which maximum inundation depth was observed, the arrival of the flood was 

 

 
Figure 8. Time series of calculated water depth at certain points on flooded area (a) results of obtained by 
results of (a) 1D/2D coupled model, (b) 2D-only model and (c) location at which data were extracted. 
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compared to that of the Mitsukaido area because of blocking by the Hachiken-
bori-gawa Channel banks. The water depth exceeded 2.0 m in the midnight in 
calculation, and that coincides with the observations of area residents. 

4.3. Flood Diffusion on Channel 

As formerly mentioned in Figure 6, the water level at the upstream and down-
stream stations on the Hachikenbori-gawa Channel rose almost simultaneously 
at 12:00 indicates the flood wave along the channel quickly diffused downstream. 
After 15:00, the water-level increase became moderate. At that point, overtop-
ping occurred through the Old-Hachikenbori-gawa Channel and its drainage 
canals. In fact, the bank height along the Old-Hachikenbori-gawa Channel was 
lower than the water level then. We were able to reproduce this water level 
change well with our model.  

Photo analysis, shown as yellow-hatched marks in Figure 6, pinpointed the 
start of inundation in this stage. At that time, flood mark levels on the flood 
plain were lower than those in the Hachikenbori-gawa Channel, meaning that 
inflow from the channel to the flood plain actually occurred. After the initial in-
undation, the flood water level drastically increased at 19:00 due to the arrival of 
the main flood wave. At this stage, the flood plain was also completely inundated 
(see also Figure 7). Careful examination showed that the water level on the flood 
plain was slightly higher than the Hachikenbori-gawa Channel’s water level. This 
proves that flood water should move from the flood plain to the channels. 
Moreover, it can be assumed that the Hachikenbori-gawa Channel bank worked 
to prevent flood waters from flowing into the channel. 

4.4. Water Balance Analysis 

Mass balance in each channel in the calculation is shown in Figure 9. In this 
figure, inflow from flood plain to channels is defined as plus. The fluctuating 
values indicate net volume-per-unit time through each channel in m3/sec unit. 

 

 
Figure 9. Time series of calculated mass balance across the 1D and 2D connection. Grey 
hatch indicates out of calculation. 
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According to the result, about 60 m3/sec inflow into the Hachikenbori-gawa 
Channel occurred from 11:00 to 15:00. The inflow amount includes the effect of 
the pumping (30 m3/sec). Thus it can be assumed that the Hachikenbori-gawa 
Channel actually received about 90 m3/sec of inflow. In the next stage, after 
15:00, the total volume gain suddenly decreased because outflow from the Old 
Hachikenbori-gawa Channel and two small drainage canals began. After the ar-
rival of the main flood wave at 19:00, both inflow into the Hachikenbori-gawa 
Channel and outflow to the flood plain rapidly increased. The amount of the in-
teraction reached more than 200 m3/sec. 

5. Conclusions 

In this study, we focused on enhancing of flood diffusion speed by small channel 
in large floods, and examined the characteristics of disasters occurring in Kinu-
gawa River in Japan in 2015 as a case study. The spatiotemporal change of the 
flood flooding was investigated by immediate and detailed field survey. We con-
firmed the initial flooding in the downstream part of the flood zone, which 
caused by the effect of a small channel. Introducing a handy and highly accurate 
positioning system, we obtained the spatial distribution of the flooded level from 
the field survey. 

In order to investigate the behaviour of flood waves along small channels, 
combination of 1D channel flow and 2D flood flow model was applied to the 
field. The validity of the coupling model was confirmed by inundation depth 
data and observed water level data. The model estimation provided information 
that a large amount of floods flowing from the river flow into the small channel 
in the process of flowing down to lowlands, resulting in a rapid rise in water 
depth and we also found that a small flood which confused citizens occurred. 
Comparing the results of the 1D/2D coupled and 2D-only model, it was sug-
gested that the arrival time of the flood is different about 4 hours depending on 
the considering of the channel even though the 2D-only model provided almost 
same result in terms of the maximum flooding depth. 

The calculation model used in this research is somewhat lower in resolution 
from the viewpoint of pursuit of reproducibility of flood flow and there are still 
many unknown points as to the inflow rate at bank breach and overtopping 
point, which are important condition set. Therefore, this calculation was just a 
realistic assumption, however, we think that it gives important suggestions for 
countermeasures against future flood risks as follows; first, it cannot be negligi-
ble that influence on the flood diffusion by the existence of a small channel that 
we usually do not take enough care, and it actually happened. Currently, in our 
country, as a lesson of such a catastrophe, simulations assuming hyper large 
floods which its return period is several hundred years or occurring severe bank 
failure were conducted. This research gives a way of thinking about how much 
resolution is necessary and what needs to be modelled so that the estimation be-
comes practically more useful. Secondly, a slight but irregular flooding, as noted 
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in this research, can have a significant influence on the evacuation behaviour of 
citizens. In fact, since the targeted disaster was an unprecedented scale that had 
not been experienced before, it is inevitable that the final damage will be enor-
mous to some extent. However, when we take deepen consideration to minimize 
substantial damage, it is important to organize the direction with a broader per-
spective on how to deal with the risks associated with the existence of small 
channels or pipes and how to put them into concrete evacuation strategy.  

The problem dealt with in this research is thought to be important in consi-
dering the risk of water damage of small aqueducts in two points: phenomenon 
was relatively simple and it appeared as a real phenomenon rather than simula-
tion. As we could imagine, the risk that we faced on supposed to increase under 
the more complex urban area in our country [11]. To the increase in the risk of 
floods due to global warming that is unavoidable in the future much attention 
should be paid to linear structures such as urban and lowland channel, em-
bankments, and roads. 
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Notations 

A = flow area (m2) 
B = weir width (m) 
C = weir coefficient 
E = an eddy viscosity coefficient (m2∙s−1) 
Q = discharge (m3∙sec−1) 
R = hydraulic or resistance radius (m) 
S = source or sink term respective to direct inflow (m3∙s−1) 
h = water depth (m) 
h1 = depth of water above weir level upstream (m) 
h2 = depth of water above weir level downstream (m) 
n = Manning’s roughness coefficient (m−1/3∙s−1) 
q = lateral inflow per unit width (m2∙s−1) 
t = time (s) 
u, v = depth averaged velocities in x and y directions (m∙s−1) 
x, y, z = space coordinate (m) 
α = momentum distribution coefficient (-, = 1.0) 
ζ  = free surface elevation (m) 
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