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Abstract. In recent years, Japan experienced frequent and intense heavy rainfalls, resulting in serious flood
disasters in many areas. It is also necessary to control floods in tributaries and basins of these tributaries in
addition to flood control of the main river. This will be accomplished by understanding flood formation process
in the basins of tributaries as well as the main river. Integrated flood flow analysis for the main river and tributaries
was conducted by the use of observed temporal changes in the water surface profiles of the 2016 flood in the
Ishikari River, Hokkaido, Japan. Temporal and spatial water storage volume distributions in the Chitose River
and Ishikari River basins give a new graphical representative method to visualize that when, where, how much
volume of rainfall are stored in each basin, and make it possible to verify effects of flood control measures.

1 Introduction

In recent years, Japan experienced frequent and intense
heavy rainfalls, resulting in serious flood disasters. To have
an integrated flood control plan of the entire basin includ-
ing the main river and tributaries is important for reducing
effectively flood disasters. For this purpose, it is essential to
estimate the flood flow dynamics in the main river and trib-
utaries. There are two analysis methods for such studies: hy-
drological rainfall-runoff analysis and hydraulic flood flow
analysis.

The former is a method for mainly representing the runoff
mechanism of rainfall and estimating the discharge. The stor-
age function method (Kimura, 1961; Hoshi and Yamaoka,
1982), tank models (Sugawara, 1972; Gotoh et al., 2019),
and distributed models (Tachikawa et al., 2004) considering
rainfall distribution and topographical and geological char-
acteristics are used to estimate runoff discharge.

On the latter method, Fukuoka et al. (2004) proposed 2D
flood flow analysis method to obtain flow velocity distribu-
tions and flood flow discharge hydrographs at any point in
rives. Fukuoka (2017) also estimated the temporal and spatial
distributions of water storage volume in the upstream basin,

dams, rivers, and inundation area in the September 2015
flooding of the Kinu River basin and visualized water storage
volumes in the basin. Mikami et al. (2021) evaluated effects
of the discharge hydrographs of the primary and secondary
tributaries on the flood discharge of the main river in the up-
per Tone River basin by 2D flood flow analysis.

In this study, analysis of flood flow of the 2016 typhoon
was conducted to obtain the water surface profiles over time
for the main river and tributaries in the lower Ishikari River
basin shown in Figs. 1 and 2. The discharges from most of
secondary tributaries are estimated by using the storage func-
tion method by Hoshi and Yamaoka (1982). We first exam-
ined characteristics of the three flood flows of 2016 typhoon
and the effects of the discharge hydrographs in the Chitose
River basin on the Ishikari River. Then, the temporal and spa-
tial water storage volume distributions in each tributary and
entire basin are discussed.

2 Characteristics of river basin and rainfall

The Ishikari River has the second largest basin in Japan
and consist of a large number of tributaries. The Ikusyun-
betsu River, Yubari River, and Chitose River are primary
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Figure 1. Basin map of the Ishikari River and the Chitose River and the rainfall hyetographs at the main stations in the upper Ishikari River

basin and the Chitose River basin.
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Figure 2. Basin map of the lower Ishikari River.

tributaries and confluent in the lower Ishikari River reach
between Ishikariohashi (25 km from the river mouth, here-
inafter shown as KP25) and Iwamizawaohashi (KP45). There
are 83 rainfall observation stations in the lower Ishikari River
basin as shown in Fig. 1. The hyetographs at the main stations
in the upper Ishikari River basin and the Chitose River basin
are also shown in Fig. 1. STS Chanthu, TS Kompasu, and
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during 17-23 August 2016, and brought successively exten-
sive disasters in the Ishikari River basin. The three typhoons
took different paths, resulting in different rainfall distribu-
tions. STS Chanthu brought the rain exceeding 20 mmh~! in
the Chitose River basin and TS Kompasu and TY Mindulle
did the peak rain about 25 mmh~! in the upper basin of the
Ishikari River basin.
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Figure 3. Flood surface profile of the Ishikari River in STS Chanthu.

15
Shimamatsu Riv. Izari Riv. Kenuhuchi Riv.
10
Nishikoshi
Uranosawa N o ——
5 A = i _,_—W:

A :observed water level
[ : observed water level by risk
management water level gauge

Water Level (T.P.m)

0 W‘
5 r = : maximum depth of river bed height
msmmmm : Average river bed height for the low water channel

cal. Angust 17 5:00
cal. Angust 18 1:00
cal. August 18 21:00

-10

0 2 4 6 8 0 12 14 16 18 20

22 24 26 28 30 32 34 36 338 40 42 44

Longitudinal distance from the confluence of the Ishikari River (km)

Figure 4. Flood surface profile of the Chitose River in STS Chanthu.

3 Analysis method
3.1 Flood flow analysis in the main river and primary
tributaries

Parts of red line shown in Fig. 2 are river reaches analysed in
the 2D flood flow analysis so as to match the observed wa-
ter surface profiles. The upstream boundary condition for the
analysis was given by observed water level. Velocity profiles
were then calculated at each cross-section. The discharge hy-
drograph was obtained from calculated velocity distributions
and channel area during flood.

3.2 Calculation method of runoff discharge in secondary
tributaries

Flood flows of the secondary tributaries coloured by red in
Fig. 2 were analysed in the same way as the flood calcula-
tion of the main and primary rivers. However, for the sec-
ondary tributaries coloured by orange in Fig. 2, water level
data was not available because there were not water-level ob-
servation stations. Therefore, runoff volumes from such trib-
utaries were estimated by the storage function method (Hoshi
and Yamaoka, 1982) and added as lateral inflow to the 2D
flood flow analysis. The residual areas were not included in
the lateral inflow because their areas are very small.

https://doi.org/10.5194/piahs-386-47-2024

4 Analysis results

Figure 3 shows the temporal variations of the water surface
profiles of the Ishikari River floods due to STS Chanthu. Fig-
ure 4 also shows the temporal variations of the water surface
profiles of the Chitose River. The peak discharge of Ishikari
River occurred at 21:00 JST (Japan Standard Time), 18 Au-
gust. On the other hand, the Chitose River reached its peak at
01:00JST, 18 August. Backwaters from the Ishikari River to
the Chitose River are comparatively small at the peak time.

TS Kompasu brought more rainfall in the upper reach of
the Ishikari River than STS Chanthu. Figure 5 shows that
the peak water level of the Ishikari River of TS Kompasu
is higher than that of STS Chanthu. Figure 6 shows that the
water level of the Chitose River is also rising due to the rise
of water level of the Ishikari River (backwater). In particular,
at 19:00JST, 21 August, the backwater reaches up to 40 km
from the confluence of the Ishikari River.

The discharge hydrographs of the Ishikari River are shown
in Fig. 7. The calculated discharge hydrograph and the ob-
served discharge at two stations of the Chitose River are com-
pared in Fig. 8. STS Chanthu brought heavy rainfalls in the
Chitose River basin, and the peak of flood flows of the Chi-
tose River occurred about 1 h before of the Ishikari River. In
particular, the peak at 01:00 JST, 18 August was 491 m?s~!
at Uranosawa.

Proc. IAHS, 386, 47-53, 2024
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Figure 6. Flood surface profile of the Chitose River in TS Kompasu.
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Figure 9. Graphical representation of temporal and spatial water storage volume distributions in the Chitose River basin.
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Figure 10. Graphical representation of temporal and spatial water storage volume distributions in the Ishikari River basin.

In the second, the Chitose River are strongly influenced by
the backwater of the Ishikari River. At 19:00JST, 21 August,
the peak discharge time of the Ishikari River, the discharge at
0km from the confluence of the Ishikari River is nearly zero.
As the water level of the Ishikari River goes down, the dis-
charge from the Chitose River to the Ishikari River increases,
reaching 240 m> s~! at 07:00JST, 22 August.

5 Graphical representations of the distribution of
temporal and spatial water storage volume in the
basin

Let us discuss the method how to obtain the temporal and
spatial water storage distributions of the entire basin and
each tributary basin. Water storage distributions and volumes
are estimated by the 2D flood flow analysis determined to
coincide with the observed water level of each river. The
discharge hydrographs at each cross-section are determined
from the velocity distributions and water level change ob-
tained from the analysis. Then, the temporal and spatial river
water storage volume, Syjver, is calculated from Eq. (1).

dSiver/dt = Qin (x) — Qout (x + Ax) (D

https://doi.org/10.5194/piahs-386-47-2024

Oin (x) (m3s™1) is the discharge at the upstream section x
(m). Qout(x + Ax) (m3s~1) is the discharge at the down-
stream section x + Ax.

Then, the water storage volume of the river basin can be
obtained by Eq. (2), storage volume equation, which is based
on the rainfall volume in the basin, storage volumes by dams,
retarding basins, etc., and river channel storage volume cal-
culated by Eq. (1).

dSpasin/dt + dSdam/dt + dSpiver/d?

Z%A‘R_Qout (2)
A (km?) is the basin area, R (mmh™"') is the rainfall in the
basin, Sqam (m3) is the volume of water storage in dams, re-
tarding basins and lakes, Spasin (m3) is the volume of water
stored in the basin, and Q gyt (m3) is the river discharge out-
going from the downstream end of the basin.

Calculated distributions of temporal and spatial water stor-
age volume demonstrate when, where, how much rain wa-
ters are in the basin. In this study, the average rainfall for
the basin was calculated by the Thiessen method using the
observed rainfall data from the rainfall stations shown in
Fig. 1. The storage capacity of the dam is obtained from the
difference between the actual discharge and the inflow cal-
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culated from the water level change. The storage capacity
of Lake Shikotsu is obtained from the product of the wa-
ter level change and the surface area of Lake Shikotsu. Lake
Shikotsu stored 2.65 x 10’ m> at the peak. Izari River Dam
stored 9.00x 10* m? at the peak. Figure 9 shows the graphical
representation of distribution of water storage volume in the
Chitose River basin for three typhoons. In the lower basin
of the Chitose River, there was a station where small-scale
rainfall of 0.5 mmh~! was measured for 1 h at 00:00 JST on
17 August, so that the figure shows the basin storage from the
beginning of the graph. STS Chanthu brought a large amount
of rainfall in the basin, and the flood flow in the Ishikari River
was affected by inflow from the Chitose River flood. The
storage volume in the Chitose River increased significantly
due to the rising water level of the Ishikari River. This is ev-
ident by the water storage volume distributions described in
the red area of Fig. 9. This shows that the flood of the Chi-
tose River is markedly controlled by the water level of the
Ishikari River. Figure 10 also shows the integrated water stor-
age volume distributions in the Ishikari River basin for three
typhoons.

In this way, the graphical representation of storage water
volume distributions can clearly illustrate the characteristics
of the basin. Therefore, as shown in Fig. 11, the characteris-
tics of the basin can be represented according to each scale
by overlaying them on the basin map. In addition, creating
this map before and after the implementation of flood con-
trol measures in the basin makes it possible to verify effect
of measures to be adopted. This is an essential task in order to
know how flood control at each basin scale affects the entire
basin.

In this study, the amount of water storage volume in the
basin, Spasin, 1S not directly evacuated, but estimated from the
difference between the total rainfall volume and the summa-
tion of water volume stored into the dams, lakes, and rivers

Proc. IAHS, 386, 47-53, 2024
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storage volume distributions in each basin on the basin map.

and water volume outgoing from the basin. In the future, the
analysis using the observation of water surface profile in the
tributaries will be extended upstream to calculate properly
the amount of runoff volume from upstream small basins.
Then, we will investigate the runoff mechanism and storage
conditions by using distributed tank model so as to fit the
flow discharge hydrographs obtained in the tributary.

6 Conclusion

The flood flow analysis was conducted in the lower Ishikari
River basin for three typhoons in 2016. Based on the analy-
sis results, we investigated the flood formation process of the
Chitose River and its effects on the flood flow of the Ishikari
River. The temporal and spatial water storage volume dis-
tributions in the Ishikari River basin and the Chitose River
basin were analysed. The graphical representation of storage
water volume distributions presents a new way to visualize
when, where, how much volume of rainfall exist in the basin.

Graphical representation of storage water volume distri-
butions before and after the implementation of flood control
measures provides important means for making a choice of
the proper flood control in the river basin.

Code availability. The program was developed by Research and
Development Initiative, Chuo University Fukuoka Unit. It is not
open to the public.

Data availability. The data is provided by the Hokkaido Regional
Development Bureau of the Ministry of Land, Infrastructure, Trans-
port and Tourism. It is not open to the public.

https://doi.org/10.5194/piahs-386-47-2024



S. Fukuoka and Y. Ishii: Temporal and spatial distributions of flood water storage volume of the main river 53

Author contributions. SF: Conceptualization, Funding acquisi-
tion, Methodology, Project administration, Supervision, Validation,
Writing-review & editing. YI: Formal analysis, Writing-original
draft preparation, Investigation, Software, Data curation, Visualiza-
tion.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“ICFM9 - River Basin Disaster Resilience and Sustainability by
All”. It is a result of The 9th International Conference on Flood
Management, Tsukuba, Japan, 18-22 February 2023.

Acknowledgements. We would like to thank the Hokkaido Re-
gional Development Bureau of the Ministry of Land, Infrastructure,
Transport and Tourism and the River and Erosion Control Division
of the Construction Department of the Hokkaido Government pro-
viding the data of the Ishikari River Basin for us.

Review statement. This paper was edited by Mohamed Rasmy
and reviewed by three anonymous referees.

https://doi.org/10.5194/piahs-386-47-2024

References

Fukuoka, S.: Creating an idea of integrated river plan due to the
use of widespread water surface profiles of floods in river basins,
Adv. River Eng., 23, 251-256, 2017.

Fukuoka, S., Watanabe, A., Hara, T., and Akiyama, M.: Highly ac-
curate estimation of hydrograph of flood discharge and water
storage in rivers by using an unsteady two-dimensional flow anal-
ysis based on temporal change in observed water surface profiles,
Journal of Japan Society of Civil Engineers, 761/11-67, 45-56,
2004.

Gotoh, T., Fukuoka, S., and Oosaku, K.: Identification of the tank
model parameters by discharge hydrographs of a main river and
tributaries obtained from time series of observed water surface
profiles and flood forecasting using it, Journal of Japan Society
of Civil Engineers, Ser.B1, 75, 1_1291-1_1296, 2019.

Hoshi, K. and Yamaoka, I.: A relationship between kinematic wave
and storage routing models, Annual Journal of Hydraulic Engi-
neering, JSCE, 26, 273-278, 1982.

Kimura, T.: Flood runoff tracking by storage function method, Pub-
lic Works Research Institute, Ministry of Construction, Japan,
Public Works Research Institute of the Ministry of Construction,
1961.

Mikami, T., Mizukusa, K., Nishizawa, Y., Adachi, T., and Fukuoka,
S.: The integrated flood flow analysis for the Tone River and its
tributaries using observed water surface profiles, Journal of Japan
Society of Civil Engineers, Ser.B1, 77, 1_427-1_432, 2021.

Sugawara, M.: Runoff analysis method, Kyoritsu Shuppan CO.,
LTD., 1972.

Tachikawa, Y., Nagatani, G., and Takara, K.: Development of
stage-discharge relationship equation incorporating saturated-
unsaturated flow mechanism, Annual Journal of Hydraulic En-
gineering, JSCE, 48, 7-12, 2004.

Proc. IAHS, 386, 47-53, 2024




	Abstract
	Introduction
	Characteristics of river basin and rainfall
	Analysis method
	Flood flow analysis in the main river and primary tributaries
	Calculation method of runoff discharge in secondary tributaries

	Analysis results
	Graphical representations of the distribution of temporal and spatial water storage volume in the basin
	Conclusion
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Review statement
	References

