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Outline 

  A two-week training course on integrated basin management strategies including aspects of water 
resources, water related disasters under climate change is programmed for participants from 
Asia-Pacific regions as a part of Japanese contribution to the International Hydrological Program 
(IHP). The course composed of a series of lectures, model practices, field exercise and technical visits 
will be held at Disaster Prevention Research Institute (DPRI), Kyoto University during the two weeks 
from 4th to 15th December 2017.  
	
 

Objectives 
  Development of resilient society has become an inevitable issue under the recent climate change 
increasing the frequency of extreme phenomena such as unprecedented flood and severe drought. In 
order to make our society more resilient, social adaptation to the hazards and countermeasure for 
disasters are required based on technologies for prediction and assessment on the future conditions of 
water resources.  
  In light of the Focal Area 1.1 “Risk management as adaptation to global change” and 1.2 
“Understanding coupled human and natural processes” under the Theme 1 “Water related disasters 
under hydrological change” of the IHP-VIII, the 27th IHP training course is focused on following three 
objectives: 1) to acquire the latest knowledge on climate change impacts on water resources, water 
related disasters and ecosystem services, 2) to make practice on rainfall-runoff-inundation estimation 
at river basin scale, and 3) to discuss strategies of integrated basin management to realize resilient 
society under climate change. 
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Venue    DPRI, Kyoto University, Uji, Kyoto, Japan 
 
Conveners  
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Lectures’ contents at the Lecture Room (HW401) of DPRI, Kyoto University  
 
Keynote 1  Resilient society development under changing climate K. Takara 
Keynote 2  Climate change impact assessment on disaster environments E. Nakakita 
Lecture 1  Fundamentals of basin-scale hydrological analysis Y. Tachikawa  
Lecture 2  Fundamentals in flood frequency analysis S. Tanaka 
Lecture 3  Fundamentals in rainfall-runoff-inundation modelling T. Sayama 
Lecture 4  Fundamentals in land-surface processes K. Tanaka 
Lecture 5  Fundamentals in optimum operation of reservoir systems T. Hori 
Lecture 6  Optimum operation of reservoir systems D. Nohara 
Lecture 7  Integrated sediment management for reservoir sustainability T. Sumi 
Lecture 8  Sustainable management of river basin ecosystem services S. Kobayashi 

 
Indoor practices at the Seminar Room (S217D) of DPRI, Kyoto University 
 

Exercise 1 & 4  Rainfall-runoff-inundation modelling T. Sayama  
Exercise 2 & 3  Processing method of geographical and meteorological data K. Tanaka 

 
Field exercises 

Exercise 5  Evaluation procedure of river-bed geomorphology  S. Kobayashi & Y. Takemon 
Exercise 6  Riverbed habitat evaluation procedure  Y. Takemon & S. Kobayashi 

 
Model experiment 

Exercise 7  Dam operation experiment using a laboratory model  T. Sumi  
 
Technical visit  Lake Biwa, Seta River Weir, Amagase Dam and Uji River 
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Keynote 1: Resilient society development under changing climate 

Kaoru TAKARA (Professor, Disaster Prevention Research Institute, Kyoto University; Dean, 

Graduate School of Advanced Integrated Studies in Human Survivability) 

Abstract: 

This keynote presents some aspects of global agendas relating to disaster risk reduction (DRR) and 

resilient society such as the Sendai Framework for DRR 2015-2030, the Sustainable Development 

Goals (SDGs) and the Paris Agreement agreed in international conferences in 2015. 

   It also describes how to recognize disaster risk, interpreting situations in Sendai and Hiroshima, 

Japan. Disaster risk is composed of three factors: H, E, and V. Hazard (H) is a natural phenomenon 

causing disasters. Exposure (E) is defined as something (people and properties) to be affected by 

natural disasters. Vulnerability (V) is defined as a condition resulting from physical, environmental, 

social or economic factors or processes, which increases the susceptibility of people. There was a 

tsunami hazard map in Sendai City area, which shows the areas where tsunami waves had been 

assumed to come up. Caused by the Great East Japan Earthquake on 11 March 2011, actual tsunami 

waves came up to the areas beyond the border assumed in the tsunami hazard map and killed 

hundreds of people. Then Sendai City has revised the tsunami hazard map. In this case, H was too 

big to evacuate and survive. Not only vulnerable areas but also safer places were much damaged; E 

was increased. Hiroshima City was much damaged by landslides and debris flows on 19-20 August 

2014, which killed 74 people and destroyed 133 houses. Geological and meteorological conditions in 

this area are characterized as: weathered granite that can easily be landslides and flowed down as 

debris, and more than 200 mm rainfall during three hours. Almost all exposures (people and 

properties) were living in vulnerable places, which ware indicated in the flood hazard map provided 

by Hiroshima City. In this Hiroshima case, H was big and hit vulnerable places where many 

exposures (E) were there.  

   Disaster risk depends on the physiographical conditions: location, geology, meteorology and 

hydrology, as well as the time of the day or of the week and the season of the year. 

The discussion here has denoted vulnerability mainly in terms of vulnerable place; however, 

vulnerability also can be applied to people and societies. People and societies who are well educated 

regarding hazards and disasters are less vulnerable and can adapt to emergency situations in their 

daily life. Climate change impacts certainly affect people with serious losses and damages, which 

means the importance of efforts for establishment of resilient society. 
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Keynote 1 at the 27th UNESCO-IHP Training Course 
Disaster Prevention Research Institute, Kyoto University, 

Uji Campus, Kyoto, Japan, 4-15 December  2017�

Kaoru TAKARA�

Disaster Prevention Research Institute, 
Kyoto University 

Resilient society development under 
changing climate 

2017/12/04 

Today’s talk�
Introduces two episodes,  
- Sendai earthquake and tsunami in 2011 
- Hiroshima storm and landslide in 2014 
•  Disaster risk interpretation  
•  Tsunami hazard risk map revised in Sendai 
•  Flood and landslide hazard map indicated disaster 

risk in Hiroshima    
AS well as  
+ Global agenda for DRR 
+Sendai Framework for DRR 2015-2030 
+ SDGs 
+ How to build resilient society 
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2015-2030�

History of global DRR agenda�

MDGs� SDGs�

Sendai Framework for DRR (SFDRR) 2015-2030 

The Seven Global Targets 
(a) Substantially reduce global disaster mortality by 2030, aiming to lower average per 
100,000 global mortality rate in the decade 2020-2030 compared to the period 
2005-2015.  
(b) Substantially reduce the number of affected people globally by 2030, aiming to 
lower average global figure per 100,000 in the decade 2020 -2030 compared to the 
period 2005-2015.  
(c) Reduce direct disaster economic loss in relation to global gross domestic product 
(GDP) by 2030.  
(d) Substantially reduce disaster damage to critical infrastructure and disruption of 
basic services, among them health and educational facilities, including through 
developing their resilience by 2030.  
(e) Substantially increase the number of countries with national and local disaster risk 
reduction strategies by 2020.  
(f) Substantially enhance international cooperation to developing countries through 
adequate and sustainable support to complement their national actions for 
implementation of this Framework by 2030.  
(g) Substantially increase the availability of and access to multi-hazard early warning 
systems and disaster risk information and assessments to the people by 2030. 
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Sendai Framework for DRR 2015-2030 

5 

Four priorities for Action 
1.  Understanding disaster risk 
2.  Strengthening disaster risk governance to 

manage disaster risk 
3.  Investing in disaster risk reduction for 

resilience 
4.  Enhancing preparedness for effective 

response, and to “Build back Better” in 
recovery, rehabilitation and reconstruction 

Disaster Risk�

DR = [H]×[E]×[V]/[C] 
 
 

DR: disaster risk 
H: hazard 
    (magnitude, frequency, severity, BBB) 

E: exposure 
    (population, assets, landscape, BBB) 

V: vulnerability 
    (age, gender, health; knowledge, awareness and preparedness; BBB) 

C: countermeasure 
    (infrastructure, early warning systems, hazard risk maps, BBB)�

��



Living land�

A conceptual explanation about disaster risk, hazard, exposure, and 
vulnerability.�

Safer place�

Vulnerable 
place�

Exposure 
(people, 
property)�

Hazard�

Safer place�

Living land�

A conceptual explanation about disaster risk, hazard, exposure, and 
vulnerability.�

Vulnerable 
place�

Exposure 
(people, 
property)�

Hazard�

A conceptual explanation about disaster risk, hazard, exposure, and 
vulnerability.�

Safer place�

Vulnerable 
place�

Living land�

Exposure 
(people, 
property)�

Hazard�

(a)�
(c)�(b)�

(d)�

(e)�

(a) Serious disaster damage is possible because people and properties are exposed by the hazard in the vulnerable place.�
(b) People and properties are affected by the hazard but there is no damage because they are located in the safer place.�
(c) The hazard hits the vulnerable place but there is no damage because there are no people and properties there.�
(d) No damage because there is no exposures in safer place. 
(e) Risky but no damage; exposures in the vulnerable place are about to be hit by the hazard, but it does not reach them.�

Based on Disaster Risk concept�
This talk  
shows interpretation of two episodes in Japan: 
• Earthquake and tsunami in Sendai

(11 March 2011)
• Heavy rain and landsides in Hiroshima

(20 August 2015)
and  

considers how to decrease disaster risk. 

Hiroshima

SendaiKyoto

Tokyo

Fukushima

Nagasaki

�Locations of two episodes� Ryoishi, Kamaishi, Iwate Prefecture
Population:650
Tsunami Height：17.7m（11.6m：Meiji-Sanriku �
���������������� tsunami in 1896 ）
The dead:43
Death rate：6.7%
�



Minami-Sanriku Town �
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Comparison Among 1923 The Great Kanto Earthquake, 1995 Hanshin-Awaji 
Earthquake, and 2011 Great East Japan Earthquake and Tsunami 

October 18, 2011�

Comparison of Inundated Area by Tsunami with Tsunami Hazard Map  �

Sendai City:   
Comparison of inundated area by the tsunami of the 2011 off 

the Pacific Coast of Tohoku Earthquake with Tsunami Hazard Map  �

Ishinomaki City:   
Comparison of inundated area by the tsunami of the 2011 off 

the Pacific Coast of Tohoku Earthquake with Tsunami Hazard Map  �

Inundated area by tsunami 
 

     Tsunami hazard map�

Inundated area by 
tsunami 
Tsunami hazard map 

���

Figure 2: Tsunami hazard map in Sendai before 3.11  
(courtesy: Geographical Survey Institute of Japan)�

Inundated area  
by tsunami 

 
Tsunami hazard map�

Sendai City:   
Comparison of inundated area by the tsunami of the 2011 Off 

the Pacific Coast of Tohoku Earthquake with Tsunami Hazard Map  �

Comparison of Inundated Area by Tsunami with Tsunami Hazard Map  �

Tsunami hazard map had 
shown vulnerable place. 
 
But other places that had 
been assumed as safer  
were also vulnerable to  
huge tsunami.�

Sendai  
Airport�

Huge Tsunami  
(Hazard)�

A conceptual explanation about disaster risk, hazard, exposure, 
and vulnerability (Interpretations for huge tsunami in Sendai).�

(a) almost all exposures (people and properties) in vulnerable place were completely damaged;�
(b) exposures were assumed to be safe from the tsunami because they were in safer places;�
(c) vulnerable places were damaged by liquefaction or land subsidence, which affected agricultural lands (mainly rice paddy fields)  
      through salt water from the sea;�
(d) safer places were also damaged because the tsunami run-up height at some locations in the middle and upstream of rivers was  
     40 m high.�
�

Safer place�

Vulnerable 
place�

Sendai�

Exposure 
(people, 
property)�

(a)�

(c)�(b)�

(d)�



Figure 2: Tsunami hazard map in Sendai after 3.11  
(from Sendai city home page)�

Tsunami hazard map  
revised to show 
more vulnerable 
places. 

Hiroshima

SendaiKyoto

Tokyo

Fukushima

Nagasaki

�Locations of two episodes�

Two landslide and debris flow events 
in Hiroshima in 1999 and 2014�

 
On 29 June 1999, a severe storm event (50 to 200 mm 
during five days before the event)  
caused a landslide and debris flow disaster and killed 32 
people and destroyed 101 houses mainly in Hiroshima 
Prefecture.  
 
Japanese government established the Act on Promotion of 
Sediment Disaster Countermeasures for Sediment Disaster 
Prone Areas, which encouraged local governments to 
disseminate information (hazard maps) about possible 
sediment disaster caused by heavy rainfall-induced 
landslides and debris flows. �

Critical Line estimated by combination of effective cumulative  
rainfall (X-axis) and  hourly rainfall that triggered landslide (Y-axis)  
at raingauges around Hiroshima City in June 1999;  
black circles:  landslide occurred, white circles: no landslide  
(Ushiyama, Ohido and Takara, 2001). �
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 次に，調査対象とした観測所の，土砂災害発生時刻の

１時間雨量およびその1時間前の実効雨量(非発生観測所

の場合は6月29日の最大1時間雨量とその1時間前の実効

雨量)の関係を図-3に示す．土砂災害発生観測所のプロッ

トをすべて含むように土石流発生危険基準線(CL)を引く

と，図中の点線のようになり，一次式で示すと 

463375.0 �� xy   (3) 

 y:1時間雨量(mm) 
 x:1時間前の実効雨量(mm) 

となる．設定したCLを大きく越えた非発生観測所は，湯

来観測所(実効雨量135mm,1時間雨量33mm)，大林観測所

(同87mm,46mm)の２点あるが，このうち湯来は，航空写

真からの判読範囲の境界部付近にあり，崩壊地が判読さ

れていない可能性もある．その他のCLを大きく越えた観

測所付近ではすべて土砂災害が発生しており，今回の事

例は降水量の多寡と土砂災害の発生が密接に関係した事

例と言えよう． 
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図-3 実効雨量と1時間雨量による土石流発生危険基準

線(CL:点線)の設定 
●: 土砂災害発生観測所，災害発生時1時間雨量と災害発

生1時間前の実効雨量．○:土砂災害非発生観測所，29日
の最大1時間雨量とその1時間前の実効雨量 
 
(3)過去の災害時における検証 
 このようにして求めたCLの妥当性を検証するため，広

島市周辺で過去にこのCLを超過した際に，土砂災害が発

生しているかどうかを調べた． 
調査対象としたのは，データの整備されている気象庁

AMeDAS観測所のうち，広島市周辺の可部，広島，呉，

佐伯の4観測所(図-4)で，対象期間は1978～1998年(広島の

み1989～1998年)の21年間とした．対象期間の各時間の1
時間降水量と，その1時間前の実効雨量を調べ，(3)式で

設定されたCLを超過した場合を抽出した．この間の詳細

な土砂災害の資料は得られなかったため，広島県県民生

活部発行の各年版「災害状況」に収録されている，事例

別･市町村別の被害総括表をもとに，上記4観測所の所在

市町において，死者・行方不明者もしくは家屋の全半壊

の被害が生じた場合を，「対象観測所の近傍で(土砂)災害

が発生した事例」として抽出することとした．抽出結果

を表-1に示す． 
 

図-4 観測所･市町村位置図 
 

表-1 CLの超過・非超過と災害の発生･非発生 
   可部   広島   佐伯   呉   
  発 非 発 非 発 非 発 非  
    発   発   発   発  
  生 生 生 生 生 生 生 生  

CL超過 16  10   8   3  20  11   9   5   

CL非超過 15  --   8  --   2  --  14  --   

※広島のデータ期間は1989～1998年 
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図-5 CL超過時の災害発生状況 
●:災害発生，○:災害非発生 

 
 表-1において，CL超過・災害発生の場合が，このCL
による(土砂)災害発生予測が「的中」した場合であり，

CL超過・災害非発生の場合が「空振り」，CL非超過・災

害発生の場合が「見逃し」である．これらの予測精度を

総合的に評価するため，次式によりスレットスコアを計

算した． 
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A part of flood hazard map for Yagi District in Asa-Minami-Ku,  
Hiroshima City; red allow shows the disaster area given in Photo 3  
(from Hiroshima City home page).�

 
The flood hazard map indicates sediment disaster prone areas delineated by 
brown coloured lines. Note also that the areas include many houses. 
Residential areas have been developed even in such vulnerable places.  

Two landslide and debris flow events 
in Hiroshima in 1999 and 2014�

On 19-20 August 2014, a similar event took place again in 
Hiroshima, killing 74 people and destroying 133 houses.  
 
Geological and meteorological conditions in this area are 
characterized as weathered granite that can easily become 
landslides and flowed down as debris, and more than 200 
mm rainfall during three hours.  
 
Photos 1 to 3 are typical snapshots of sediment disasters in 
Asa-Minami-Ku, Hiroshima city. They show that residential 
areas were still in vulnerable places and many houses were 
seriously damaged. The flood hazard map indicates the 
danger of sediment disaster. �
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A conceptual explanation about disaster risk, hazard, exposure, 
and vulnerability 
 (Interpretation for landslide and debris flow in Hiroshima).�

(a)�

Safer place�

Almost all exposures (people and properties) were in vulnerable places.  
Thus, two circles (exposures and vulnerable place) are very much overlapped as shown in (a). �

SUMMARY�
•  Two Japanese episodes are interpreted in terms of 

disaster disk (hazard, exposure, vulnerability).
•  Safer places would be vulnerable places if huge hazard 

comes.
•  Hazard maps give us useful information of disaster risk 

in our society; but we should also be careful of the 
conditions in which hazard maps are made. 

•  Exposures should be located in safer places to reduce 
disaster risk. But such relocation is often very difficult for 
many reasons.

•  �and/city conservation and disaster mitigation can relate 
infrastructure to hazard risk map information.



CONCLUSIONS�
•  Disaster risk also depends on the physiographical 

conditions: location, geology, meteorology and hydrology, 
as well as the time of the day or of the week and the 
season of the year.�

•  The discussion here has denoted vulnerability mainly in 
terms of vulnerable place; however, vulnerability also can 
be applied to people and societies. People and societies 
who are well educated regarding hazards and disasters 
are less vulnerable and can adapt to emergency 
situations in their daily life ! disaster mitigation.

•  Climate change impacts certainly affect people with 
serious losses and damages, which means the 
importance of efforts for establishment of resilient society. �
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Keynote 2: Climate change impact assessment on disaster environments 
 

First-name EIICHI-NAKAKAIT (Professor, Disaster Prevention Research Institute, Kyoto 

University) 

 

Abstract: 

Not long ago, there was a great deal of careful discussion on whether global warming is related to 

extreme weather phenomena such as the large typhoons and localized heavy rainfall that have been 

increasing recently. However, Japan experienced any number of close brushes with, and direct hits 

from, large typhoons and frequent occurrence of strong winds, floods, overflowing rivers, high tides, 

high waves, and landslides. Concern has spread that these disasters may intensify as global warming 

progresses.  

Theme D, precise impact assessments on climate change, under the program for risk 

information climate change (SOUSEI program) supported by MEXT, aimed to scientifically 

demonstrate the connection between the aforementioned increase in natural hazards and global 

warming and to look 100 years into the future to see how serious it may become. The research 

results are to be presented as “actual figures” and are expected to be used as data for the government 

and municipalities to consider how to protect the lives of people in urban and rural areas, coastal 

areas, and river areas.	
 A “100 year impact assessment” was proposed by this program’s 

antecedent, KAKUSHIN, but this is the first attempt to produce an actual figure for ”the maximum 

predicted amount of future rainfall.” To generate this kind of specific figure, detailed data with a 

high degree of precision is required. Even with all the data that we can collect, the sample size and 

precision are still inadequate. So, in Theme D, we take on the challenge of developing an assessment 

model that can produce predictions even given the data limitations, and we endeavor to assess 

extreme phenomena Broadly speaking, there are three specific research sub-themes. They are 

“climate change impacts on natural hazards,” “climate change impacts on water resources,” and 

“climate change impacts on ecosystems and biodiversity. 

The first sub-theme, climate change impacts on natural hazards, was handled by DPRI-KU, 

together with Global Centre of Excellence for Water Hazard and Risk Management 

(ICHARM/PWRI). We aimed to produce predictions for scenarios including worst-case particularly 

in the case of typhoons, which cause the most serious weather-related damage in Japan, concerning 

the frequency, scale, accompanying precipitation, strong winds, high tides, and high waves, 

including during the Baiu season. 

The second sub-theme, climate change impacts on water resources, was handled by DPRI-KU 

and IIS in the University of Tokyo. When the climate changes due to global warming, the rain 

amount and rain patterns change significantly. It is also possible that what formerly fell as snow will 



change into rain. In Japan which has many mountainous regions, it is anticipated that this would 

cause a great change in the“pattern of water flowing into rivers.” So, Kyoto University team of this 

group predicts and assesses the changes in the flow and supply of water in the main rivers in Japan, 

the impact on rice farming, etc., and the need for flood control such as dams, etc. Similar prediction 

and assessment are pursued for the world’s major rivers, including in Asia. The University of Tokyo 

team will predict and assess how the actual water cycle will change on a global scale with the 

addition of artificial modifications. This team will also study the effectiveness of adaptation 

strategies.	
  

A new five-years program on “Integrated Research Program for Advancing Climate Models” 

supported by MEXT started in 2017. In the team D named “Integrated hazard prediction”, 

“Non-regret adaptation strategies” and “Seamless hazard prediction until the end of the 21st century” 

will be further focued on. 
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Warming of the climate system is 
unequivocal.�

Human influence on the climate 
system is clear. �

Limiting climate change will require 
substantial and sustained reductions 
of greenhouse gas emissions. �

(IPCC/AR5) 

Observations�

Understandings�

Future�
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Warming of the climate system is 
unequivocal.��

Warming of the climate system is 
unequivocal, and since the 1950s, many of 
the observed changes are unprecedented 
over decades to millennia. The atmosphere 
and ocean have warmed, the amounts of 
snow and ice have diminished, sea level has 
risen, and the concentrations of greenhouse 
gases have increased. 

(IPCC/AR5) 

Observed change in surface temperature 1901–2012  

Confidence in precipitation change averaged over global land areas since 
1901 is low prior to 1951 and medium afterwards. Averaged over the mid-
latitude land areas of the Northern Hemisphere, precipitation has increased 
since 1901 (medium confidence before and high confidence after 1951). �

Precipitation�

(IPCC/AR5) 

Extreme events�
•  Changes in many extreme weather and climate events

have been observed since about 1950.
•  It is very likely that the number of cold days and nights

has decreased and the number of warm days and nights
has increased on the global scale.

•  It is likely that the frequency of heat waves has increased 
in large parts of Europe, Asia and Australia.

•  There are likely more land regions where the number of
heavy precipitation events has increased than where it
has decreased. The frequency or intensity of heavy
precipitation events has likely increased in North
America and Europe. In other continents, confidence in
changes in heavy precipitation events is at most
medium. �
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Ocean warming dominates 
the increase in energy 
stored in the climate 
system, accounting for 
more than 90% of the 
energy accumulated 
between 1971 and 2010 
(high confidence). It is 
virtually certain that the 
upper ocean (0−700 m) 
warmed from 1971 to 2010 
(see Figure SPM.3), and it 
likely warmed between the 
1870s and 1971.  

Box 3.1, Fig. 1 © IPCC 2013 

Upper ocean: above 700m 
Deep ocean: below 700 m; including 
     below2000 m estimates starting 
     from 1992 

Observations�

Understandings�

Future�
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�  It is extremely likely that more than half of the observed increase in global average 
surface temperature from 1951 to 2010 was caused by the anthropogenic increase 
in greenhouse gas concentrations and other anthropogenic forcings together. 

�  It is very likely that anthropogenic forcings have made a substantial contribution to 
increases in global upper ocean heat content (0–700 m) observed since the 1970s. 

�  It is likely that anthropogenic influences have affected the global water cycle since 
1960. Anthropogenic influences have contributed to observed increases in 
atmospheric moisture content in the atmosphere (medium confidence), to global-
scale changes in precipitation patterns over land (medium confidence), to 
intensification of heavy precipitation over land regions where data are sufficient 
(medium confidence), and to changes in surface and sub-surface ocean salinity 
(very likely). n�

(IPCC/AR5) 

Detection and Attribution of Climate Change ��
(IPCC/AR5) 

Observations�

Understandings�

Future�
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Changes in Extremes 
Annual Precipitation 

Extreme change in precipitation�

Extreme precipitation events over 
most of the mid-latitude land masses 
and over wet tropical regions will 
very likely become more intense and 
more frequent by the end of this 
century, as global mean surface 
temperature increases. Intensity 
duration of drought will likely to 
increase fro global to regional 

�

(IPCC/AR5) 
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Limiting climate 
change will require 
substantial and 
sustained reductions 
of greenhouse gas 
emissions. �
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Supported by MEXT  
(2012-2017)�

�o�

Prof. Nakakita  

A� B� C� D�

Dr. Takayabu�Prof. Kimoto Dr. Kawamiya 

Sousei Program, Theme D 
Precise impact assessments on climate change 
PI: Prof. E. Nakakita (Kyoto U) 
Secretary: Prof. Mori, Takemi, Tachikawa, Tanaka 
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�  i Climate change impacts on natural hazards (Eiichi Nakakita. Kyoto U) 
�  i-a Metrological risk (Takemi, Kyoto U) 12
�  i-b River basin risk (Tachikawa, Kyoto U)  25 
�  i-c Coastal risk (Mori, Kyoto U) 18 
�  i-d Risk management (Tatano, Kyoto U)  6 
�  i-e River risk in global scale (Miyake, PWRI)  15�

�  ii Climate change impacts on water resources (Tanaka, Kyoto U) 
�  ii-a Social-economic risk (Tanaka, Kyoto U)  18 
�  ii-b Anthropogenic effects (Oki, U Tokyo)  8 

�  iii Change impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U) 
�  iii-a Forest and lakes (Nakashizuka, Tohoku U)   4 
�  iii-b Social-economic impact (Nakashizuka, Tohoku U)   4 
�  iii-c Impact in East and East-South Asia (Kumagai, Nagoya U)  10 
�  iii-d Coastal ecosystem (Yamanaka, Hokkaido)  10�

Sub-groups in Group D 
updated 2013/8/1�

 Launching of Sousei Program�

�  Kyousei(��)Program:2002-2007 
�  20kmRCM (daily rainfall) 

�  Kakushin(��)Program:2007-2012 
�  20kmGCM, 5,2,1kmRCM (hourly rainfall) 

�  Natural hazards (Inc. water resources) 

�  Sousei(��)Program:2012-2017 
�  Impact assessment and producing adaptation methodologies 

�  Worst case scenario 

�  for Natural Disaster, Water resources, Ecosystem and Eco 
service 

�  Tougou(�	)Program:2017-2022 
�  Non-regret adaptation strategies 

�  Seamless hazard prediction until the end of the 21st century 
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Features of Japanese River(1)��
•  Short length and steep slope.

The Seine river�
Mekong  R.�

The Rhine R.�

Colorado R.�

Distance from river mouth (km)�

Height from sea level (m)�

Tone River�

Shinano R.�
Jyoganji R.�

Kitakami R.�

Features of Japanese River(2)��
•  Large peak discharge, short duration
�

Tone River�

Shinano R.�

The Rhine R.�

Mississippi R.�

Tennessee R.�Chikugo  R.�

Duration (day)�

Projected typhoon by GCM20 

It is the typhoon resolving output from GCM20 that 
has realized the impact assessment on Japanese 
river regime 
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 Shower��
Rangeq10 km 

Durationqabout half an hour 

 Typhoon 
Rangeq1000km
Durationq�day to a few days 

 Localized heavy rainfall (Baiu season) 
Rangeq100km 

Durationq3 to 6 hours 
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Spacio-temporal scale 
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Projected by AGCM20�

Impossible?�Projected by RCM�

Single Model Ensemble 
(MRI-AGCM3.2 20/60-km model) 

Source: SOUSEI program Theme C 

Sousei (創生) Program (2012-2017) 

Ultimate Goal�

Kakushin(2007-2011)�

Post Sousei�

Sousei (2012-2016)�
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Generating PDF of extreme 
values with higher accuracy 

Generating of PDF using 
60km ensemble 

Converting extreme values in 
60km-scale into values in 
regional-scale using 
GCM20, and RCM5 and 
RCM2 dynamically 
downscaled from GCM20. 

PPPPPPPPPP

Proposing adaptation philosophy 
consistent with mitigation 
philosophy 

Developing decision making 
methodology under high 
uncertainty of risk 

Developing decision making 
methodology under no 
information on probability of 
a worst case 

Worst case senario  
Worst case typhoon 
Multi-hazard 
Social Scenario 

Nakakita (2012, 2015)�

�  i Climate change impacts on natural hazards (Eiichi Nakakita. Kyoto U) 
�  i-a Metrological risk (Takemi, Kyoto U) 12
�  i-b River basin risk (Tachikawa, Kyoto U)  25 
�  i-c Coastal risk (Mori, Kyoto U) 18
�  i-d Risk management (Tatano, Kyoto U)  6 
�  i-e River risk in global scale (Miyake, PWRI)  15�

�  ii Climate change impacts on water resources (Tanaka, Kyoto U) 
�  ii-a Social-economic risk (Tanaka, Kyoto U)  18 
�  ii-b Anthropogenic effects (Oki, U Tokyo)  8 

�  iii Change impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U) 
�  iii-a Forest and lakes (Nakashizuka, Tohoku U)   4 
�  iii-b Social-economic impact (Nakashizuka, Tohoku U)   4 
�  iii-c Impact in East and East-South Asia (Kumagai, Nagoya U)  10 
�  iii-d Coastal ecosystem (Yamanaka, Hokkaido)  10�

Sub-groups in Group D 
updated 2016/4/1
PI: Eiichi Nakakita�

Contents�

� Back ground 

� On the SOISEI Program 

� Some products from direct use of GCM and RCM 
output  

� O(5000yrs) Mega Ensemble Experiments "d4PDF“ 

� Worst case class scenarios 

� Towards building adaptation strategy 
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�  i Climate change impacts on natural hazards (Eiichi Nakakita. Kyoto U) 
�  i-a Metrological risk (Takemi, Kyoto U) 12
�  i-b River basin risk (Tachikawa, Kyoto U)  25 
�  i-c Coastal risk (Mori, Kyoto U) 18 
�  i-d Risk management (Tatano, Kyoto U)  6 
�  i-e River risk in global scale (Miyake, PWRI)  15�

�  ii Climate change impacts on water resources (Tanaka, Kyoto U) 
�  ii-a Social-economic risk (Tanaka, Kyoto U)  18 
�  ii-b Anthropogenic effects (Oki, U Tokyo)  8 

�  iii Change impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U) 
�  iii-a Forest and lakes (Nakashizuka, Tohoku U)   4 
�  iii-b Social-economic impact (Nakashizuka, Tohoku U)   4 
�  iii-c Impact in East and East-South Asia (Kumagai, Nagoya U)  10 
�  iii-d Coastal ecosystem (Yamanaka, Hokkaido)  10�

Sub-groups in Group D 
updated 2016/4/1
PI: Eiichi Nakakita�

Downscaling of MRI-GCM/CMIP5 for impact 
assessment of natural disaster �

i-a: Metrological Disasters (Takemi, KU) �

Dynamic downscaling and 
perturbation of tracks of 

historical typhoon to estimate 
worst class typhoon for natural 

hazards 

Downscaling of GCM 
for river discharge, 
storm surge, waves 
land side to evaluate 
regional scale impact�

Statistical downscaling of 
typhoon �

+ 95��cofidence �
+ 90��conf�
No change �

Participation by 
RCM �

Projection of 
heavy rain falls �

Pseudo-
experiments for 
Ise Bay 
Typhoon �

Probability of typhoon attack for 100yrs 
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Increase in Number of localized heavy rainfall 
during Baiu season in 25 years 

Lager Increase in western Japan 
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Schematic from PWRI Report No.4129 (2009) 
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Top 20 data of total rainfall and 
maximum hourly rainfall from 
Takeda City, Oita, Japan  

Oku et al (2011)�

-Total rainfall versus maximum hourly rainfall-  

Taiwan (2009)�

Japan (2011)�
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i-c Storm surge 

i-b: River Disasters (Tachikawa, KU)�
River discharge 

Flood flow change 
(Q1: Annual Maximum discharge) 

100yrs return period 

Draught flow change 
(Q355 discharge) 

10yrs return period 
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Sensitivity of Future SST on Annual 
Precipitation�
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in Mekong Delta �
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i-c: Coastal Disasters (Mori, KU) �

Socio-Economic Impact�

LCC � Economic Loss �

Impact Assessment�
Beach/

Tidal Flat�
Coastal 

Structures� Flooding �

External Forces�
Storm 
Surge �

Wind 
Waves �

Sea Level 
Rise �
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Future change of 100yrs return value of storm surge 
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Measuring socio-economic impacts of climate 
change and effectiveness of adaptation strategies 

 (Tatano, KyotoU) 
1. Developing integrated water hazard risk assessment
2. Socio-economic impact of inundation
3. Cost-benefit of adaptation

Disaster�
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�  i Climate change impacts on natural hazards (Eiichi Nakakita. Kyoto U) 
�  i-a Metrological risk (Takemi, Kyoto U) 12
�  i-b River basin risk (Tachikawa, Kyoto U)  25 
�  i-c Coastal risk (Mori, Kyoto U) 18 
�  i-d Risk management (Tatano, Kyoto U)  6 
�  i-e River risk in global scale (Miyake, PWRI)  15�

�  ii Climate change impacts on water resources (Tanaka, Kyoto U) 
�  ii-a Social-economic risk (Tanaka, Kyoto U)  18 
�  ii-b Anthropogenic effects (Oki, U Tokyo)  8 

�  iii Change impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U) 
�  iii-a Forest and lakes (Nakashizuka, Tohoku U)   4 
�  iii-b Social-economic impact (Managi, Tohoku U)  4 
�  iii-c Impact in East and East-South Asia (Kumagai, Nagoya U)  10 
�  iii-d Coastal ecosystem (Yamanaka, Hokkaido)  10�
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updated 2013/8/1�

�*�0�	�2""		
�-"0�'�	�*� 1�	"0&��'�	# 	+�'�!	!��#/!���	
�
,�.��&!!�!!������/�!��������������������!����*�������!� ���!��
���������+��2���� ��������(�!� �+����2����������������
���������! %����+��?���� H"	�� �D�	6�,#'#	� ")�!�"',C	����7	
�
����������2�!�����������'����+������+��!!�!!��2���2����!�����2��! ���'��/�*������
�������������2����@�����#��!����8����)��2�����������������/������)�2'+����*��)�������
�
,%.�&!!�!!������/����������2�����������!�����2��!�����������������
������!'!���!��/�*�������!� ���!���+�2'+�����������'���!��
������������! %����+��?���"D� 	�D"	6� ")�!�"',	#$	�#D,#C	���7	
�
����������2�!���������+������+��!!�!!�2�*��2����� ���*������'������+��#����%���*�����
�����������!� ���!�*�����2�������������%���!�����*��2����� !�����/�2 �������������

�0&#!'� '	�#--�
#!�(# 	
�'+�� 	�/
2�!#/&�

�,#'#	� ")�!�"',	���0�

�������	
��
��

���
	����
���

�
������
���

.�

��	����	�����	��������� ���!���
�

������������

��������	
�

��������
�

�C�D� ���E���	
��F� �C�D� ���E���	
��F�

GCEH
�IC�����H

�
�	��
�
����

����	
� � ���	
�

�����������������

��
������

����	
��������

��
����	��������

���	�

�	
�

����
������
�

JH�����H�H�K�H�

��
����
���

�����L��KMCH	N����

���������������������

���
���������	�����	��
�����
�

�	
��
���

��
��
���

A"O������#���

��
��
���

�	
��
���

�A0�,���!�+������!��!������2����.�


�
	���

���
�
	���

:�1 ��������+��������(�����+���������+ �(���

&���������+�2'+�����������'���)���+ �(����/�!��*/����
������:��!������/��2��������!������#����%���*�������!� ���!)��
������*�����!���!!�*����������!�������2�- ��������

�2������/���#����������

&#����%���A�����
��!� ���!�

A�����!���!!��

Courtesy of Kenji Tanaka (DPRI, Kyoto U.)�

－21－



�����������

����������
������������
�
��� �
�

,&!! ��(��.�
���;?��������'��/�����������

,&P9.�?�*2�������;O������<!�
,&P�.�?�*2�������;O�
����<!���

0����+��������2��!2�����/�50�)��2�������� +���
�/�Q&R)�Q9R)���+�Q�R������2����+��

�-"0�'�	�*� 1�	
	

�-#+	./!�(# 	�/!)�	�*� 1�	
	

��'�!	�)�"-�
"-"',	�*� 1��
9'��2����������;)�*������#����%����'�
����%����;���S�+��
,&+����(������! ������50���2����.�

"���(��!2���%��*����50�,1�*�+ ��(���� �#�.��
��+��#����%����'�/���2'+����*���������(���

Courtesy of Tetsuya Sumi (DPRI, Kyoto U.)�
Ç��

8G9<28GGG	)�	�<9<2�<GG�

�*� 1�	6�/'/!�	2	�"�'#!"��-7�

�*� 1��	#$	.!#/1*'	.�,�	/ .�!	���9:%	

�  � �!�����	" 	E<	F	#$	-� .	�/!$���	� .	.��!�����	" 	�;	F:	
�  � �!����B	
�  &!��"&"'�(# 	.��!�����	" 	��!"

�� 	!�1"# C	�� '!�-	� .	�#/'*�! 	�#/'*	�0�!"��C	

	�."'�!!� �� 	!�1"# 	� .	���'�! 	��"�	
�  � �!����	#$	I�)�&#'!� �&"!�(# 	A	&!��"&"'�(# J	" 	�0�K# 	� .	�# 1#	
��" 	� .	0".2

-�('/.�C	�/�*	��	" 	���'�! 	� .	���'�! 	���C	�/!#&�C	�� '!�-	��"�	� .		���'�! 	��"�:	
�  � #+0�-'	!�1"0�	+"--	�*� 1�C	��	+�--:	�	�/'# #0#/�	�.�&'�(# 	" 	!��-"',L	

�  ���!����B	
�  �/
2��*�!�C	���'�! 	�$!"��C		"..-�	���'C	� ."�	� .	�#0�	&�!'�	" 	*"1*	-�('/.�:	

�*� 1�	��(#	6�*� 1�	M	�"�'#!"��-7�

IFJ���,��

� �1!��0� '�	�0# 1	��		��(0�'��	6����7	" 	.!#/1*'2" �!���" 1	
�!���	�!�	*"1*C	
/'	'*#��	" 	.!#/1*'2.��!���" 1	�!���	�!�	-#+:	

� ��1"# �	+"'*	.��!���" 1	'!� .�	*�)�	-�!1�	/ ��!'�" ',:	
� ���	6�����7	" 	�0�K# 	� .	�/
2��*�!�	"�	��&��"�--,	-�!1�:	
� ���&"'�	1##.	�1!��0� 'C	0� ,	.!#/1*'2" �!���" 1	�!���	�*#+	
-�!1�!	���	'*� 	# �	0# '*:	

�  � �!����	" 	�� '!�-	��"�	"�	!�-�()�-,	!#
/�':	

� �1!��0� '�	�0# 1	��		��
�!��� �!� *"1* 
/' '*#�� " .!#/1*'2.

����7	" 	.!#/1*'2" �!���" 1
.��!���" 1 �!��� �!� -#+

(0�'��	6�
.!#/1*'2.

ÈÈÈÈÈ� ÈÈÈÈÉ� ÈÈÈÉÉ� ÈÈÉÉÉ� ÈÉÉÉÉ� ÉÉÉÉÉ�

�"1 	�1!��0� '	�0# 1	��	�� �'� .�!.	.�)"�(# 	�0# 1	��	��

� ��!'�" ',	#$	.!#/1*'	�*� 1��	

ÇD

��,��

Projection of dry spell length 
──with and without human activities── 
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Red:  w/ Human activities  
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Water resources management reduces the variability and long term changes of 
dry spell length under climate change 

�  Smaller inter annual variability Ê�Model spread is also smaller 
�  Smaller increasing trend����������Ê��Dry spell length can be overestimated  

if human activities are not considered�

line   　： GCM ensemble mean 
shade：  Model spread (５GCMs) 
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Courtesy of Taikan Oki  
(U of TokyoP�
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Uncertainty inherent to GCM projection�

1.  Uncertainty in cumulus parameterization�
2.  We only use single 25-years time-series of output for 

present, near future and end of the 21st century 
–  Is this enough number of years as statistical sample?�ÌÍRe-

sampling or ensemble projection will be needed. 
–  Quite extreme event may not occur within single 25-years time series 
      ÌÍWorst scenario experiment is required! 

3.  Uncertainty in CO2 release scenarios
–  We are using most likelihood A1B scenario 

Random Uncertainty ��
Model’s uncertainty�

CO2 Scenario's uncertainty�

Projected value�

Time�

There is high uncertainty in 
projected design value 

•  We may be almost sure that average of extreme
design value would increase.

•  However, projected increase in the design value is
merely rough estimation,

•  because, for example,  the worst case typhoon for a
specific river basin may not be realized (computed)
in a single projected time series.

•  Therefore, it is very important to
–  1) increase ensemble member 
–  2) estimate river discharge when a worst case typhoon 

would pass through, even though we cannot estimate return 
period. pe

There is high uncertainty in 
projected design value 

•  We may be almost sure that average of extreme
design value would increase.

•  However, projected increase in the design value is
merely rough estimation,

•  because, for example,  the worst case typhoon for a
specific river basin may not be realized (computed)
in a single projected time series.

•  Therefore, it is very important to
–  1) increase ensemble member 
–  2) estimate river discharge when a worst case typhoon 

would pass through, even though we cannot estimate return 
period. pe

Sousei (創生) Program (2012-2017) 

Ultimate Goal�

Kakushin(2007-2011)�

Post Sousei�

Sousei (2012-2016)�
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Generating PDF of extreme 
values with higher accuracy 

Generating of PDF using a 
lot of 60km ensemble 

Converting extreme values 
in 60km-scale into values 
in regional-scale using 
RCM5 and RCM2 
dynamically downscaled 
from GCM20. 

PPPPPPPPPP

Proposing adaptation philosophy 
consistent with mitigation 
philosophy 

Developing decision making 
methodology under high 
uncertainty of risk 

Developing decision making 
methodology under no 
information on probability of 
a worst case 

Worst case senario  
Worst case typhoon 
Multi-hazard 
Social Scenario 

Nakakita (2012, 2015)�

Disaster Prevention Research Institute, Kyoto University Reseaarch Irch Ich Ichch Ih IIrch I tnstitnstitstnstitnstitnstituutute, Ky

Experimental design of d4PDF�
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Disaster Prevention Research Institute, Kyoto University Reseaarch Irch Ich Ichch Ih IIrch I tnstitnstitstitnstitnstitnstituutute, Ky

Number of TC is insufficient 

Mean landfall on Japan: 2.7/yr (MRI) 

25 years climate run d4PDF (5400 yrs) 
9'��2�� ��� Disaster Prevention Research Institute, Kyoto University 
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Extreme storm surge: Osaka �
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Future change of  100 yrs Storm Surge�
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There is high uncertainty in 
projected design value 

•  We may be almost sure that average of extreme
design value would increase.

•  However, projected increase in the design value is
merely rough estimation,

•  because, for example,  the worst case typhoon for a
specific river basin may not be realized (computed)
in a single projected time series.

•  Therefore, it is very important to
–  1) increase ensemble member 
–  2) estimate river discharge when a worst case typhoon 

would pass through, even though we cannot estimate return 
period. pep

Sousei (創生) Program (2012-2017) 

Ultimate Goal�

Kakushin(2007-2011)�

Post Sousei�

Sousei (2012-2016)�
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Generating PDF of extreme 
values with higher accuracy 

Generating of PDF using a lot 
of 60km ensemble 

Converting extreme values in 
60km-scale into values in 
regional-scale using RCM5 
and RCM2 dynamically 
downscaled from GCM20. 

PPPPPPPPPP

Proposing adaptation philosophy 
consistent with mitigation 
philosophy 

Developing decision making 
methodology under high 
uncertainty of risk 

Developing decision making 
methodology under no 
information on probability of 
a worst case 

Worst case scenario  
Worst case typhoon 
Multi-hazard 
Social Scenario 

Nakakita (2012, 2015)�
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Disasters and Infrastructure Design 
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Range for disaster Prevention 

Range for disaster Mitigation 
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value 
(Return  
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Nakakita (2010,2011)�
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Disasters and Infrastructure Design 
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Range for disaster Prevention 

Range for disaster Mitigation 
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value 
(Return  
period) 
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R

Projection of design value 
•  How much change?
•  Where is severe location?
•  When does it become severe? 
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 sssssu cu

DDesDesDesDesDesD iigigigigiggggngngngngng
lvalvalvalvalvalueueueueueueeeeee 

Uncertainty of projection 
(Probability) 

Survivability Critical, Edge of Survivability (The worst case)   

Nakakita (2010,2011)�
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Storm surge 
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(river and storm surge flooding) 
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What is Pseud-Global 
Warming (PGM) ? 

Re-analyzed past typhoon is 
numerically simulated by 
physically based atmospheric 
model under the GCM 
projected future SST and 
ambient atmospheric 
conditions. 

Ise-bay Typhoon psuedo-global warming experiment 

NNakano, JAMSTEC)�

PGW of Ise-bay Typhoon (1959) 

���/.#21-#
�-	+�!0" 1	6���7	�5&�!"0� ' �

&�� ������+�(��?�/��������'!�!�=��+!�/�������!���#����

"���������������'!�!�+���!��?�8"&����,�#����%���/�����
�	.�

#��%���*����������������?�

5 � ����2����!������������ ��)����!! ��)�!���! �/����
�������� ���/����#��������������+��(���+����

:���������O�,#���/ � ����������.�X�,#������!�����������.�

&++����%���*����������������������!������'!�!�=��+!�

,�!� +�����%���*��������������.�

���O�,"�����'!�!�/������ �����!�.�P�,����2�'������#A�
���������.��

���	P	��'/�-	�# ."(# 	Q	��	� �!�0� '�

Virtual Shifting of typhoon’s initial position 
- for making a worst scenario - ��

Virtual Shifting of typhoons 
initial position by keeping 
potential vorticity same  
(a vorgas method)�

Dynamic downscale 
by RCM�

Worst  case impact assessment 
on �
•  Landq�extreme wind and rainfall�
• Oceanq�storm surge and wave height�

NHM-5km�

AGCM20�

Ishikawa et al (2009)�

Virtual Shifting of typhoon’s initial position 
for Ise-bay typhoon (a Worst Case Scenario)�

Actual condition � PGW condition�

Max. wind � Reproduced� PGW diffrence �

Ise Bay � 35.7(m/s)� 41.1(m/s)� +5.4(m/s)�

Osaka Bay� 32.3� 36.3� +4.0�

(DPRI>Oku, Takemi, Ishikawa) �

Simulated Inundation 
PGW with sewage system in 1959 � PGW with sewage system in 2009 �

Kobayashi (2014)�
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Worst Case Scenario of River 
Flooding
Yodo River basin��
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Total precipitation and peak discharge 
LYodo River basin, HirakataM�

(Y.Sato, Ehime Univ.P�

Peak discharge (Future)�
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Total Precipitation 
(Present)�

Peak discharge (Present)�

8,014  
(m3/s)�

9,901  
(m3/s)�

Peak discharge (Present) 
default parameter settings�

Projected maximum storm surge height  
with inundation  

–typhoon Vera at Ise Bay-�

Shibutani et al, 2014 �

Typhoon Vera 
 (historical run)�

Extreme typhoon Vera 
  (future climate)�

Multiple flooding disaster (river and storm surge flooding) 
•  Worst scenario is different between storm surge and river flooding 
•  Storm surge 

•  Key factors: central pressure and track of the typhoon, 
astronomical tide 

•  River flooding 
•  Key factors: intensity and duration of precipitation 

Extreme  and shifted typhoon Vera  
  ( future climate+ worst course)�

•  Isewan Typoon Class senarios 
•  Inundation depth caused by the storm surge 
•  Damage ratio corresponds to inundation depth 
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Economic Loss 

>��������	�
� 

Õª�µ±�Ä¢ Property Losses �

Toward Economic Impact Assessment 
LEstimating Property lossesM�

LDPRI KU>Tatano, HatayamaM�

Focused area�

Buildings�

Households �

Capital gouged in enterprises 

Farmer’s inventories�

Inventories in enterprises�
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Property Loss Estimation in 
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Sousei (創生) Program (2012-2017) 

Ultimate Goal�

Kakushin(2007-2011)�

Post Sousei�

Sousei (2012-2016)�
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Generating PDF of extreme 
values with higher accuracy 

Generating of PDF using a lot 
of 60km ensemble 

Converting extreme values in 
60km-scale into values in 
regional-scale using RCM5 
and RCM2 dynamically 
downscaled from GCM20. 

PPPPPPPP

Proposing adaptation 
philosophy consistent with 
mitigation philosophy 

Developing decision making 
methodology under high 
uncertainty of risk 

Developing decision making 
methodology under no 
information on probability 
of a worst case 

Worst case senario  
Worst case typhoon 
Multi-hazard 
Social Scenario 

Nakakita (2012, 2015)�

Introducing scientific uncertainty 
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MLIT issued a guideline on strategy oí adaptation for water related disaster such 
 as flood, storm surge, land slide and so on under the climate change in July. in 2015.  �

Summary (1)�

1.   The AGCM and RCM with super-high spatio-temporal
resolutions (20 km-1 hour) made it possible to
evaluate extreme hazard (ex. Max. discharge) in Japan.  

3.   We can get approximate projection on changes of
return values of extreme events.

4.   However, there is a risk that the return period does not 
have enough accuracy because there is no guarantee
that quite extreme events could be properly projected
within the limited number of ensembles. (Single time
series output from the AGCM20 and RCM)

5.   In this sense, it may be difficult to project correct
design hazard for water management and flood
control so on.�
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Summary (2)��

6. On the other hand, the risk management deal with
phenomena beyond design hazards. In this sense, it is
very important to take into account the result from�a
worst class scenarios as one of the forcing hazard for
disaster risk management under climate change.

7.  Taking into consideration above items, I think, it is very
important for climate change adaptation to discriminate 
more between planning with an uncertain design level
and risk management with a worst case scenario.

8.  Of cause, making the number of ensembles increase is
essentially important. In this sense, d4PDF is very
important and valuable data set.�

Summary (3)�

9. Ministry of Land, Infrastructure Transportation and
Tourism (MLIT),  in Japan have decided to introduce 
the concept of “the risk management with a worst case 
scenario” into “its official adaptation strategy” partly 
based on our activity under Kakushin and Sousei 
programs. The Ministry is waiting for an establishment 
of methodology of estimating the worst case class 
scenario, which could be uniformly applied nationwide.�
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MRI-AGCM3.2 
(Mizuta et al., 2012) �
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Lecture 2: Fundamentals in Flood Frequency Analysis 

Shigenobu TANAKA (Professor, WRRC, DPRI, Kyoto University) 

In the risk management or the risk assessment of water-related disasters, the relationship 

between the frequency of hazard and its consequence is indispensable. The probability 

of rare events is important. The aim of this lecture is to introduce fundamental 

knowledge of flood frequency analysis. There are, in general, two ways of preparing 

sample for flood frequency analysis based on Extreme Value Theory, that is, Annual 

Maximum Series(AMS) and Peaks Over Threshold(POT). The method using AMS is 

popular for flood frequency analysis. Generalized Extreme Value distribution(GEV) 

including Gumbel distribution as its special case is used corresponding to the analysis 

of AMS. It is easy to understand that larger hazards cause disasters. Since AMS consists 

of larger events in the regions where many independent flood events occur in a year, 

AMS is useful. But there are different regions where very small floods or no flood occur 

in some years such as semi-arid area. In this case, AMS is no longer applicable and 

POT is useful. Generalized Pareto distribution(GP or GPD) including Exponential 

distribution as its special case is corresponding to POT. Further, when both AMS and 

POT extracted from a time series are available, it is interesting whether the result of 

each analysis almost coincides or not. 

This lecture provides sampling method and corresponding analyses for both sampling 

method, AMS and POT. When we use POT, we have to extract independent peaks and 

then there is an issue of selecting threshold. A selection method of threshold based on 

Exponential distribution is introduced. 

Through this lecture, it is introduced that AMS, POT, probability density function(PDF), 

cumulative distribution function(CDF), return period, return level, Gumbel distribution, 

Generalized Extreme Value distribution(GEV), Exponential distribution, Generalized 

Pareto distribution(GP), method of moment, L-moment, probability paper, plotting 

positions.  
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FLOOD FREQUENCY 

ANALYSIS

Shigenobu Tanaka
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CHAPTER 1
∏

FREQUENCY 
ANALYSIS OF 
EXTREMES

In order to plan or design the disaster 
countermeasures, future extreme is 
one of the important issues. When the 
maximum record or smaller event is 
used for design, we don’t need 
frequency analysis. However, if we 
use extrapolated extreme for design of 
infrastructure, we need frequency 
analysis of extremes. Generally, when 
the asset in the flood prone area 
become large, we need more insurance 
or safety. Countermeasures against 
such extreme event should be 
implemented before the occurrence. 
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SECTION 1

 Flood frequency shows relationship between the magnitude of flood and how often the 
flood occurs. The magnitude of flood generally depends on rainfall characteristics. In a steep 
river basin, peak discharge is the most important. On the contrary, in a very flat flood plain, 
flood inundation water volume is the most important. 
The former depends on mostly rainfall intensity and 
its pattern in time and space but the latter on total 
rainfall in some period. Further, like in Japan, most 
rivers are installed with continuous embankments on 
both sides. Once embankment breach occurs, flood 
water spreads to the flood plain. Because soil 
embankment is very vulnerable for over topping, 
whether overtopping occur or not is critical. Water 
level can be determined by the peak discharge. Then, 
peak discharge can be one of the most important 
factors. So, the peak discharge is used for assessing 
flood magnitude in practice. However, discharge 
observation period is usually not so long and 
discharge and/or water level at a station has been 
influenced by upstream flooding condition. On the 
other hand, rainfall observation has been carried out 
for rather long period compared to discharge 
observation and not affected by alteration of 
upstream basin and river channel. Furthermore, the 
conventional hydrological frequency analysis is 
based on stationary condition. 

Concurrently with the application of probabilistic 

2

Explanatory Hazard Variable for Flood Damages
What is the key variable for representing flood magnitude?

REPRESENTATIVE HAZARD

• With what kind of variable can we express flood
frequency or flood magnitude?

• In Japan, since one of the most probable cause of
dike breech is overtopping of flood water, peak
water level is important but the level is easily
affected by river morphological change. Peak
discharge is an alternative but the observation
period is rather short. Then, rainfall during design
rainfall duration is used as the variable for flood
frequency analysis.

• In the earlier stage of modernization of Japan, the
floods once in several years or ten years were used
for design of flood control facilities such as
embankments.

• Later, the maximum flood record was used for the
design.

• After the World War II, the method using
historical maximum flood has been replaced by
probabilistic flood. Further,  not only flood control
but also water resources development by reservoir
have become popular, which needs hydrograph of
discharge.

• Nowadays, assessment of flood risk through
planning of flood control facilities have been
carried out with rainfall data.

• Because rivers without sufficient embankment
such as the Chao Phraya will cause inundation
with moderate flood, inundation volume is
appropriate to the representative hazard variable
for flood damages. It is found that the inundation
volume of the Chao Phraya can be estimated by 5-
month rainfall depth of the basin.

 Flooding at midstream attenuate down-
stream flood.     (photo from Kyoto Pref.)

Even attenuated flood water overtopped 
embankment. Flood fighters are building up 
sand bags (photo from Kinki R.B.,MLIT )
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flood and quick development of urbanization, water resources in many river basins had 
become short and flood control by dam had become necessary to protect existing urbanized 
area in flood plain. In this context, the peak discharge of hydrograph and catchment 
averaged rainfall during design rainfall duration have been key variables for the flood risk 
assessment in Japan. 

If there exists no sufficient embankment along the river channel such as Chao Phraya 
river in Thailand, even moderate floods cause inundation and then flood damage. Generally, 
flood damage depends on water depth and inundation extent. The water depth and 
inundation extent can be explained by the inundation volume. In such case, the inundation 
volume should be used for assessing flood frequency. It is investigated that the total amount 
of five month rainfall explains the inundation volume in the Chao Phraya river basin well.

Explanatory hazard variable depends on dominant factors of flood damage in considering 
flood plain. Once we know the relationship between frequency of explanatory hazard and 
flood damage in money, we can know expected annual flood damage.

3

Catchment average rainfall 
during design rainfall duration

Peak discharge

Inundation volume

Flood frequency can be 
expressed in terms of Good relationship Flood Damage $

Expected Annual Flood Damage

Inundation frequency in Chao Phraya basin

Discharge and water level of the Mekong River in 
Campong Cham, in Cambodia.

Discharge

Water Level 

Relationship between Annual Maximum 5-month 
rainfall and calculated Inundation volume in the 
Chao Phraya basin

4

2011

5-month basin average rainfall  (mm)
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TERMINOLOGY

• Histogram

• Random variable : usually expressed by
X, lower case x a possible value of X

• PDF : Probability Density Function,
usually expressed f(x)

• CDF : Cumulative Distribution Function,
usually expressed by F(x)

• Non-exceedance probability : usually
expressed by F or p

• Exceedance probability : 1-F or q

• Quantile : xp is expressed inverse form of
F(xp)=p

• Return period : 

T = 1
1 − p

•

SECTION 2
∏

 When you have a set of observations (X1, X2,  .    .   .  , Xi,  .   .   .  ,  Xn), select arbitrary bin 
width, for example, 20 mm in the following example and count the number of Xi  which falls in 
each bin such as 6 for from 40 to 60 mm and 30 for 60-80 mm. Histogram plots these numbers 

against bin specifications. Histogram 
shows relative frequencies of variables. 
Total of the number of each bin is equal 
to sample size n. It is seen that the 
frequency of big rainfall becomes 
small, that is, extreme event occurs 
seldom. 

     Next, if we consider total area of the 
histogram as 1, the height of each bin 
will be relative frequency(height of 
each bin divided by sample size) 
divided bin width. So, the dimension of 
y axes will be 1/(dimension of 
variables). In this sample, there are no 
data between 280-360 mm. It is 
expected when the sample size become 
very big and the width of bin become 
very small, the envelope will be rather 
smooth. 

5

Relationship between how much rainfall 
and how often
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Fig. 2.1 Histogram and PDF fitting

• Mean of a random variable X 

� μx = E[X ]

• V a r i a n c e : V a r ( X ) o r σ2
x        

σ2
x = Var(X ) = E[(X − μx)2

]
• S a m p l e : a s e t o f o b s e r v a t i o n s

(X1, X2,  .    .   .  , Xi,  .   .   .  ,  Xn)
• Sample size : n

• S a m p l e e s t i m a t o r s μ̂x =
_
X = 1

n

n

∑
i=1

Xi         

σ̂2
x = S2 = 1

n − 1

n

∑
i=1

(Xi −
_
X )

2

            (unbiased estimator)

Here, we’d like to see several important definitions. PDF(probability density function) is 
defined as derivative of CDF(cumulative distribution function). 

When we take annual maximum series as variate, Return Period T is defined as 1/(1-p), the 
reciprocal of the exceedance probability. When p=0.95, 1-p=0.05, for example, then T=20. 
Confirm the relationship between PDF and CDF in the pictures below. 

6
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－77－



EXTREME VALUE

 THEORY

• Block Maximum : Annual Maximum
Series(AMS)

� Generalized Extreme Value(GEV) 
distribution

F(x) = exp[−(1 − k
x − ξ

α )
1/k

]
Gumbel distribution

F[x] = exp [−exp{− x − ξ
α }]

SECTION 3
∏

We know from experience that the severer natural hazard is, the more infrequent. And also, 
larger hazard causes extensive damage. Since usual hazard event does not cause significant 
disaster, our concern is that how large (or small) event will occur how frequent, that is, 
probability of such unusual event. The extreme value theory deal with this problem.

AMS(Annual Maximum Series) and POT(Peaks Over 
Threshold)

In this process, mean value such as the mean of the daily precipitations in a year is not 
useful. Such rainfall does not cause disaster. Our concern is big events which cause disaster. 
There are several definition of “big events”.The “block maximum” is usually used to investigate 
the behavior of extreme value. Annual maximum daily precipitation, annual maximum 
temperature, annual maximum peak discharge, annual maximum inundation area and so on are 
the examples of block maxima. In this theory, the probability distribution of block maxima is 
discussed not probability of whole data. This means you don’t need to collect whole data but just 
annual maximum series(AMS). The other popular definition of “big events” is peaks over 
threshold(POT). In this course, distributions for analyzing AMS and POT will be explained, 
respectively.

Generalized Extreme Value Distribution(GEV)
It has been proved that there are just three types of extreme value distribution, that is, 

Gumbel-type distribution, Fréchet-type distribution and Weibull-type distribution. These three 
types of extreme value distribution can be combined into a single form

7

Extremes and Extreme Value Theory 

POT

• Peaks Over Threshold

� Generalized Pareto (GP) distribution

 �G(x) = 1 − (1 − k
x − ξ

α )
1/k

� Exponential distribution

� G(x) = 1 − exp{− x − ξ
α }

Threshold Selection : SMEF(Sample Mean 
Excess Function)

Relationship between AMS and POT

� F(x) = exp{−λ(1 − G(x))}

F(x) = exp[−(1 − k
x − ξ

α )
1/k

] (3-1)

which is called Generalized Extreme Value(GEV) distribution, and where ξ:location parameter, α: 
scale parameter, k : shape parameter. When k < 0, GEV is Fréchet-type distribution and has a 
finite lower bound x > ξ + α /k, on the other hand, when k > 0, GEV is Weibull-type distribution 
and has a finite upper bound  x < ξ + α /k.Please note there are two forms of definition of GEV  
with different sign of shape parameter. Handbook of Hydrology uses the form of Eq.(3-1).

In the special case k=0, this equation becomes Gumbel distribution. 

F(x) = exp {−exp(− x − ξ
α )} (3-2)

where −∞ < x < ∞.

In order to estimate the risk of large disaster, the probability F(x) is indispensable. The risk is 
generally defined as expected annual flood damage and in order to estimate it, we need the 
probability distribution function F(x) of concerning hazard and damages as its consequence.

Generalized Pareto distribution(GP)
In hydrological frequency analysis, AMS is widely used. However, there are cases that they 

don’t record every year’s maximum event but all events that they operate their barrages for the 
flood mitigation and no record in dry years. Every flood with barrage operation is significantly 
large and usually independent and we can regard them as POT. In this case, we cannot apply 
GEV distribution including Gumbel distribution any more. Generalized Pareto distribution(GP or 
GPD) including Exponential distribution is used for denoting probability of POT.

Eq.(3-3) shows the CDF of GP.

  G(x) = 1 − (1 − k
x − ξ

α )
1/k

(3-3)

8
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where ξ:location parameter, α: scale parameter, k : shape parameter. 
Please note there are two forms of definition of GP with different sign 
of shape parameter. Handbook of Hydrology uses the form of Eq.(3-3). 

In the special case k = 0, this equation becomes Exponential 
distribution. The CDF and PDF of Exponential distribution(Exp) are 
shown by Eq.(3-4) and (3-5).

G(x) = 1 − exp{− x − ξ
α } (3-4)

g(x) =
exp{− x − ξ

α }
α

(3-5)

The mean of the PDF of Exp becomes α in case of ξ=0. Using this 
characteristics, we can select effective threshold(see sample mean 
excess function(SMEF)). 

Figure 3.1 shows an example of time series of two day rainfall in 
62 years and includes AMS and POT. Red points connected with red 
lines are AMS and blue points with vertical fine lines are POT. The 
threshold of POT is 85mm in the top figure and 105mm in the botom 

Fig. 3.1 Example of AMS and POT

9
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one. Histograms of AMS and POT are shown in Fig. 3.2 with fitting 
curves. AMS is fitted with Gumbel distribution and POT with 
Exponential distribution.

There is an equation (3-6) which connects AMS and POT.

F(x) = exp{−λ(1 − G(x))} (3-6)

where F(x):distribution function corresponding AMS which shows the 
probability that the annual maximum in a year will not exceed x, 
G(x):distribution function of POT which shows the probability of less 
than x, λ:arrival rate of POT. Eq.(3-6) can be also useful in probability 
plot of AMS samples with POT’s.

Selection of Threshold
As mentioned previously, an interesting characteristics of Exp is 

used in selecting threshold. Sample mean excess function(SMEF) 
shown Eq.(3-7) calculate the mean of variable x more than u. 

en(u) =
∑n

i=1 (xi − u)I(u < xi)
∑n

i=1 I(u < xi)
(3-7)

where, I(u < x) : 1, if u < x and 0 otherwise. When x more than c are 
data from Exponential distribution, then Eq.(3-7) is constant in the 
range u>c. See Statistical Analysis of Extreme Values (Reiss and  
Thomas, 1997). An example of SMEF is shown in Fig. 3.3(bottom 
right). In this example, it seems that candidate thresholds are 108 and 
98 mm.
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Fig. 3.3 Example of AMS and POT comparison with time series and SMEF

PRODUCT MOMENT

• Mean μ

� � μ = ∫
∞

−∞
xf(x)ⅆx

•Variance σ2

� � σ2 = ∫
∞

−∞
(x − μ)2f(x)ⅆx

•Gumbel Distribution’s mean μ and
variance σ2

� � μ = 0.5772 α + ξ

� � σ2 = π2α2

6

SECTION 4
∏

Product Moment

When PDF of variable x is denoted as f(x), Mean μ and Variance σ2 of x are expressed as,  

  μ = ∫
∞

−∞
xf(x)ⅆx (4-1)

σ2 = ∫
∞

−∞
(x − μ)2f(x)ⅆx (4-2)

These values are called Product Moments.  f(x) of two parameter distribution includes parameters 
such as location and scale parameter. GEV is a three parameter distribution and has additional 
parameter, shape parameter.

In practice, nobody knows the population characteristics such as the parameters of f(x). In 
order to fit a distribution to given sample, theoretical moments should be same as unbiased 
sample moments. From this relation, parameters are determined. For example, in Gumbel 
distribution’s case, f(x) is expressed as follows.

f(x) =
exp{− x − ξ

α }
α

exp [−exp{− x − ξ
α }] (4-3)

Then, by substituting Eq.(4-3) into Eq.(4-1) and (4-2) and conducting integration, we can obtain 
μ and σ2 for Gumbel distribution as follows.

μ = 0.5772 α + ξ (4-4)

  σ2 = π2α2

6
(4-5)

12

Product Moment and L-Moment
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PWM & L-MOMENT

• Basic idea is integration in probability
space.

� E(X ) = ∫
1

0
x(u)ⅆu

• Order Statistics 

� X = {X(1) ≥ · · · ≥ X(n)}

L-MOMENT

• L-Moment (4-11)

� λ1 = β0

� λ2 = 2β1 − β0

� λ3 = 6β2 − 6β1 + β0

� λ4 = 20β3 − 30β2 + 12β1 − β0

� L-skewness  τ3 = λ3/λ2

� L-kurtosis    τ4 = λ4 /λ2

When we replace product moments μ and σ2 with sample mean  and variance, respectively, we get  
the simultaneous equations for two parameters, α and ξ.

∑n
i=1 Xi

n
= 0.5772 α + ξ (4-6)

∑n
i=1 (Xi −

_
X )

2

n − 1
= π2α2

6
(4-7)

For the other distributions, the solutions are shown in Table 18.2.1 of Handbook of 
Hydrology(David Maidment, 1993).

PWM and L-Moment

There may be cases that a sample includes outliers. The product moment method is known to 
be affected by the outliers excessively since r-th order product moment includes xr. In order to 
improve this situation, PWM(Probability Weighted Moment) or L-moment method were 
developed. 

 The expectation of the random variable X is defined as follows.

  E(X ) = ∫
∞

−∞
xⅆF(x) = ∫

∞

−∞
xf(x)ⅆx (4-8)

With the transformation of u = F(x), then, du/dx = f(x), we can write as follows. 

  E(X ) = ∫
1

0
x(u)ⅆu (4-9)

For higher r-th order moment, 

  br = ∫
1

0
x(u)ur ⅆu (4-10)

13

•Unbiased PWM Estimators (4-12)

� b0 =
_
X

� b1 =
n−1

∑
j=1

(n − j)X(j)
n(n − 1)

� b2 =
n−2

∑
j=1

(n − j)(n − j − 1)X(j)
n(n − 1)(n − 2)

� b3 =
n−3

∑
j=1

(n − j)(n − j − 1)(n − j − 2)X(j)
n(n − 1)(n − 2)(n − 3)

 general formula (4-13)� � � � �

� br = 1
n

n−r

∑
j=1

(n − j
r )X(j)

(n − 1
r )

and it includes just first order x. This difference is the advantage of PWM or L-Moment against 
Product Moment. The r-th order L-moments are easily calculated using PWM. The solution of L-
moment is shown in Table 18.1.2 in Handbook of Hydrology. For more detailed information of L-
moments, see Regional Frequency Analysis(Hosking and Wallis, 1997) 

  λ1 = β0

  λ2 = 2β1 − β0

  λ3 = 6β2 − 6β1 + β0 (4-11)

  λ4 = 20β3 − 30β2 + 12β1 − β0

  τ3 = λ3/λ2,       τ4 = λ4 /λ2

 The r-th order unbiased PWM estimators are shown in Eq.(4-12).

  b0 =
_
X

  b1 =
n−1

∑
j=1

(n − j)X(j)
n(n − 1)

  b2 =
n−2

∑
j=1

(n − j)(n − j − 1)X(j)
n(n − 1)(n − 2)

(4-12)

  b3 =
n−3

∑
j=1

(n − j)(n − j − 1)(n − j − 2)X(j)
n(n − 1)(n − 2)(n − 3)

And Eq.(4-13) is the general formula of Eq.(4-12).

br = 1
n

n−r

∑
j=1

(n − j
r )X(j)

(n − 1
r )

(4-13)

 Sample estimators λi are obtained by replacing βr by sample estimators br from Eq.(4-12).
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Fig.  Outlier and its effect
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PARAMETER ESTIMA-
TION BY L-MOMENT 
FOR AMS

• Gumbel Distribution

� λ1 = 0.5772 α + ξ
� λ2 = α  ln  2
• GEV Distribution

�  c = 2
3 + τ3

− ln2
ln3

=
2λ2

3λ2 + λ3
− ln2

ln3
� k ≈ 7.859c + 2.9554c2

� ξ = λ1 − α{1 − Γ(1 + k)}/k

� α =
λ2k

(1 − 2−k)Γ(1 + k)

•Quantile Estimator
•Gumbel Distribution

� x = ξ − α  ln(−lnF)
•GEV Distribution

� x = ξ + α
k {1 − (−lnF)k

}     (k ≠ 0)

Parameter Estimation by L-Moment for AMS

 For Gumbel distribution, the parameters can be given by the combination of L-moment as 
shown below. 

{
λ1 = 0.5772 α + ξ

λ2 = α  ln  2  (4-14)

The quantile x of Gumble distribution is obtained by following equation,

x = ξ − α  ln(−lnF) (4-15)

where F is non-exceedance probability.

For GEV distribution, the relationship between three parameters and L-moment estimators is 
expressed as below. 

λ1 = ξ + α{1 − Γ(1 + k)}/k

λ2 = α(1 − 2−k)Γ(1 + k)/k
τ3 = 2(1 − 3−k)/(1 − 2−k) − 3

(4-16)

The relationship between τ3 and k is not easy to solve but is in 
simple decreasing function as Fig. 4.1. By defining c with τ3 as 
Eq.(4-17), we can get the approximation of shape parameter k.

c = 2
3 + τ3

− ln2
ln3

=
2λ2

3λ2 + λ3
− ln2

ln3
,

 k ≈ 7.859c + 2.9554c2 (4-17)

After obtaining k, we can easily get scale and location parameters α and ξ by Eq.(4-16).
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Fig. 4.1 relationship between  
k and τ3

α =
λ2k

(1 − 2−k)Γ(1 + k)
,   ξ = λ1 − α{1 − Γ(1 + k)}/k (4-18)

Note that Eq.18.2.22c in Handbook of Hydrology is not correct and above Eq.(4-18) is correct.

The quantile x of GEV distribution is obtained by following equation,

x = ξ + α
k {1 − (−lnF)k

}     (k ≠ 0) (4-19)

where F is non-exceedance probability.

[Note]:approximation of gamma function

Γ(w + 1) = wΓ(w)

Parameter Estimation by L-Moment for POT

In the process of POT, we must realize that G(x) is different from F(x). After parameter 
estimation of G(x), in order to know annual exceedance probability, it is necessary to transform G(x) 
to F(x) by Eq.(3-6) with arrival rate λ which is equal to number of events per observation period. 
Exponential distribution and Generalized Pareto(GP) distribution are generally used for G(x), and 
parameter estimation by L-Moment is as follows. For Exponential distribution,

λ1 = ξ + α (4-20)

λ2 = 1
2

α (4-21)

and for GP distribution, we need following three equations,

16

PARAMETER ESTIMA-
TION BY L-MOMENT 
FOR POT(1)

• Exponential Distribution

� λ1 = ξ + α,   λ2 = 1
2

α

• GP Distribution

� when ξ is known

� k = (λ1 − ξ)
λ2

− 2

� α = (1 + k)(λ1 − ξ)
� when ξ is unknown

� k =
1 − 3τ3
1 + τ3

� α = (1 + k)(2 + k)λ2

� ξ = λ1 − (2 + k)λ2
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PARAMETER ESTIMA-
TION BY L-MOMENT 
FOR POT(2)

• Quantile Estimator

• GP Distribution

� x = ξ + α{1 − (1 − G)k}/k

•Exponential Distribution

� x = ξ − αln(1 − G)

•POT to AMS transformation

� F(x) = exp{−λ(1 − G(x))}
•AMS to POT transformation

� G(x) = 1 + lnF(x)
λ

  λ1 = ξ + α /(1 + k) (4-22)

  λ2 = α

(1 + k)(2 + k)
(4-23)

τ3 = 1 − k
3 + k

(4-24)

The solution of L-Moment for  k  is, when ξ is known, 

k = (λ1 − ξ)
λ2

− 2,   α = (1 + k)(λ1 − ξ) (4-25)

when ξ is unknown,

k =
1 − 3τ3
1 + τ3

,   α = (1 + k)(2 + k)λ2,   ξ = λ1 − (2 + k)λ2 (4-26)

Quantile estimator for GP and Exponential distribution are as Eq.(4-17) and (4-18), respectively;

 GP

  x = ξ + α{1 − (1 − G)k}/k (4-27)

 Exponential Distribution

x = ξ − αln(1 − G)           (4-28)

In order to obtain return level, it is necessary to get G corresponding F using inverse form of  Eq.
(3-6).

G = 1 + lnF
λ

(4-29)
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In practice, there used to be a probability paper. Normal Probability Paper and Log-Normal 
Probability Paper are popular. Concerning to annual extreme value, i.e. AMS, Gumbel probability 
paper is recommendable. On Gumbel probability paper, the data of exceedance probability qi is 
plotted at yi in probability axis. And also Gumbel distribution function F(x) is expressed in a straight 
line.

yi = −ln[−ln(1 − qi)]           (5-1)

In Japan, generally, probability paper has variable on horizontal axis and cumulative probability 

18

How to use a probability paper

PROBABILITY PAPER 
& PLOTTING POSI-
TION

• AMS :Gumbel probability paper

� yi = −ln[−ln(1 − qi)]
• Plott ing Posi t ion (exceedance

probability)

� qi = i − a
n + 1 − 2a

� where n : sample size, i : order of the 
order statistics, α : plotting-position 
parameter

•Cunnane Plot : α=0.40

•Weibull Plot : α=0

•Gringorten Plot : α=0.44

•Hazen Plot : α=0.50

SECTION 5
∏

Table 5.1 Plotting Positions

Name Formula a T1 Motivation

Weibull i/(n+1) 0 n+1 Unbiased exceedance probabilities for all distributions

Median (i-0.3175)/(n+0.365) 0.3175 1.47n+0.5 Median exceedance probabilities for all distributions

APL (i-0.35)/n ~0.35 1.54n Used with PWMs

Blom (i-3/8)/(n+1/4) 0.375 1.60n+0.4 Unbiased normal quantiles

Cunnane (i-0.40)/(n+0.2) 0.40 1.67n+0.3 Approximately quantile-unbiased

Gringorten (i-0.44)/(n+0.12) 0.44 1.79n+0.2 Optimized for Gumbel Distribution

Hazen (i-0.5)/n 0.5 2n A traditional choice

T1 is the returrn period each plotting poosition assings too the largest obbservation in a sample of size n.
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on vertical axis(Fig. 5.1). In U.S., probability lies on horizontal axis. 

When you plot a sample on a probability paper, you have to know the 
exceedance or non-exceedance probability for each data of the sample. 
Plotting position shows them. Several plotting position formulas(Table 5.1) 
have been proposed to show exceedance probability qi and they are 
expressed in an equation with different α. 

qi = i − a
n + 1 − 2a

　(5-2)

You have to decide which plotting position you use. Cunnane plotting 
position is recommended for wide range of distribution. After plotting your 
sample data, you can overlay fitted probability distribution function on it. If 
you do so, you can easily find any return level corresponding return period 
and vice versa. And you can also check the goodness of fit and reason of less 
performance(Fig. 5.1).

Table 5.2 shows plotting positions for sample size 30 with Cunnane 
plot(a:0.40). Figure 5.2 shows example plots of sample size 30 using 
Cunnane plot. It is seen the maximum data is plotted about return period 50 
years. Generally, a sample including outliers is fitted by GEV with negative 
shape parameter k in case of the definition as Eq.(3-1). 
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Fig. 5.2 Examples of Probability Plot and Gumbel/GEV fitting 
on Gumbel Probability Paper

Table 5.2 Plotting Positions ��
� for sample size 30
� � (Cunnane plot)   
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TIPS FOR FREQ. ANAL.

• Examine extremes in both AMS and
POT

• While similar results are expected,
different results come out in general.

• Let’s have an experience

• Probability paper is useful for checking
the goodness of fit of distributions

• Do not directly compare AMS and POT,
use Eq.(3-6)

• The maximum of AMS and that of POT
from a time series should show almost
identical exceedance probabilities. 

• GEV is apt to have long tail than GP in
hydrological frequency analysis.

SECTION 6
∏

The followings are general procedure of frequency analysis for a time series.

1) Checking trend

2) Pick up extremes AMS and POT

3) assess with AMS

1) probability plot on a Gumbel probability paper using plotting position

2) estimate parameters of distributions

3) plot the distributions onto 1)

4) estimate quantile

4) assess with POT

1) probability plot on a Gumbel probability paper

2) plot sample mean excess function and determine the suitable threshold

3) re-select POT more than the threshold

4) estimate parameters of distributions, if necessary, probability plot

5) plot the distributions onto 4-1)

6) estimate quantile

5) compare results of AMS with that of POT

6) judge

21

Frequency Analysis Procedure of a Time 
Series

EXERCISE (AMS)

• Draw Histgram

• Draw Probability Plot

• Obtain Plotting Position qi

• Fit Gumbel and GEV to the sample

• Obtain L-moments estimator

• Obtain Gumbel & GEV distribution
parameters

• Draw both lines onto the Probability 
Plot

• Obtain 1/30, 1/50 and 1/100 Quantiles by
Gumbel and GEV, respectively

• Obtain return periods for the record
maximum, 1.1 and 2.0 times  of it.

SECTION 6
∏
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Exercise
Group1 Group2 Group3 Group4 Group5 Group6

1 56.3 56.9 62.3 55.3 43. 54.
2 56.9 62.3 67. 60. 54. 56.
3 64.5 66.3 69.9 61.9 55.3 65.5
4 66.3 69.9 70.5 70.1 56. 66.
5 72.2 73.2 74.8 70.6 61.9 70.
6 73.2 74. 77.6 71.5 65.5 73.
7 74. 74.1 88.8 74.8 70.1 74.5
8 76.2 80.5 92.9 77.2 73. 93.5
9 77.8 88.8 93.6 77.6 73. 94.

10 78.9 89.2 94.2 83.9 74.5 96.
11 79.9 96. 97.9 92.2 75.5 97.5
12 80.5 97.9 101.7 93.6 77.2 98.5
13 84.5 106.8 107.6 103.5 83.9 104.5
14 86.4 107.6 113.8 106.2 87.5 107.5
15 99.8 110.1 115.7 116.1 93. 115.
16 106.8 111.7 116.1 118. 96. 119.
17 109. 113.8 122.2 118.5 96.5 122.5
18 109.7 115.7 126.2 119. 97.5 123.5
19 110.1 126.1 138.2 126.2 103. 130.5
20 116.7 129.2 139.7 139.7 104.5 141.
21 123.8 133.5 141.5 141. 118. 151.
22 125.6 138.2 147. 147. 119. 167.5
23 126.1 141.5 150.4 151.3 122.5 185.
24 132.8 146.6 152.8 152.8 154.5 186.
25 133. 158.7 163.6 154.5 161.2 195.
26 149.5 159.4 164.7 157.5 167.5 215.
27 150.9 164.8 168.5 161.2 169.5 220.5
28 159.4 165.9 175.9 164.7 215. 222.5
29 162. 171.5 193.7 278.3 225.5 234.5
30 164.8 193.7 278.3 371.9 371.9 259.5
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L-moments estimators
Group1 Group2 Group3 Group4 Group5 Group6

Λ1 103.587 114.13 123.57 123.87 112.183 131.283
Λ2 19.1547 21.6617 25.3174 32.0489 32.8746 33.573
Λ3 2.31475 1.66655 4.3902 9.74123 12.9197 6.14245
Λ4 0.153344 0.723629 3.436 7.59988 8.65103 1.68383

Λ2�Λ1 0.184915 0.189799 0.204883 0.25873 0.293044 0.255729
Λ3�Λ2 0.120845 0.0769353 0.173407 0.303949 0.393001 0.182958
Λ4�Λ2 0.00800556 0.0334059 0.135717 0.237134 0.263153 0.0501542

Gumbel distribution

parameters:    

Group1 Group2 Group3 Group4 Group5 Group6

Α 27.6344 31.2513 36.5252 46.2367 47.428 48.4356
Ξ 87.6361 96.0918 102.488 97.1822 84.8079 103.326

quantiles: 

Group1 Group2 Group3 Group4 Group5 Group6

1�30 181 202 226 254 245 267
1�50 195 218 245 278 270 292
1�100 215 240 271 310 303 326

GEV distribution

parameters: 

Group1 Group2 Group3 Group4 Group5 Group6

Α 29.559 35.2881 36.3413 37.0641 31.7826 47.5198
Κ 0.078271 0.150927 �0.00543864 �0.199204 �0.320914 �0.0202833
Ξ 88.6616 98.4029 102.397 93.4794 79.2591 102.883

quantiles: 

Group1 Group2 Group3 Group4 Group5 Group6

1�30 177 192 227 273 274 269
1�50 188 202 246 312 327 296
1�100 203 215 272 373 414 332

 Hosking, J.R.M. and J.R. Wallis：Regional Frequency Analysis ‒An 

Approach Based on L-Moments‒, Cambridge Univ. Press., p.207, 
1997.

 Reiss, R.-D. and M. Thomas: Statistical Analysis of Extreme Values, 
Birkhäuser, p.316, 1997.

 Stedinger, J.R., R.M. Vogel, and E. Foufoula-Georgiou: Frequency 
Analysis of Extreme Events, Chap. 18, Handbook of Hydrology, (Ed.) 
D. R. Maidment, McGraw-Hill, New York, pp.18.1-18.66, 1993．
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Lecture 3: Fundamentals in rainfall-runoff-inundation modelling 

Takahiro SAYAMA (Associate Professor, Disaster Prevention Research Institute, Kyoto University) 

Abstract: 

Flood hazard modelling is an essential process for flood predictions and risk assessment. The goal of 

this lecture is to provide fundamental knowledge on the flood modeling. The lecture starts with why 

real-time flood forecasting requires such modeling technique in some situations, followed by the 

explanation of Japanese flood warning system. Four kinds of models related to flood forecasting will 

be introduced; namely numerical weather prediction models, rainfall-runoff models, river routing 

models and flood inundation models. This lecture particularly focuses on rainfall-runoff models and 

their background concepts in represented hydrologic processes by the model. Among various 

modeling steps in hydrology, the importance of “perceptual modeling” will be highlighted for 

adequate representations of the natural processes by models. In addition, we discuss the difference 

between lumped and distributed rainfall-runoff models as well as their pros and cons of them. 

   Based upon the above understandings, this lecture will further introduce the concept of the 

Rainfall-Runoff-Inundation (RRI) model. The model is a two-dimensional model capable of 

simulating rainfall-runoff and flood inundation simultaneously. The trainees will learn in what 

circumstances; typical distributed rainfall-runoff models may fail in simulating actual flooding 

situations and how the RRI model may overcome the issue. By showing some recent applications 

including the one in Northern Kyushu flooding in July 2017, the lecture will provide basic 

knowledge on the application of the RRI model also.  
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Bank  

Flood Watch Water Level 

Evacuation Alert Water Level  

Usual water level  Riverbed  

For residents…  For residents … 

When Flood advisory information is issued,  

For basin residents, make yourself prepared 
and protection items available for sudden 
evacuation. Also, don’t forget to check river 
information at any given time.  

When Flood warning information is issued,  

Pay attention to evacuation information 
issued by your top local officer.  
When an evacuation order is issued, quickly 
evacuate under instructions given by flood 
fighting corps.  

Flood Danger Water Level 

Description of the drawing
Observed water level

gggggggg Forecasted water level

 Flood advisory 

(N
o announcem

ent)

 Flood w
arning

 Flood w
arning

 Flood w
arning

 Flood w
arning

 Flood advisory

Flood danger inform
ation

Flood notification 

Flood advisory

Flood advisory rem
oved

Title of the forecast

Flood Watch 
Water Level 

Evacuation Alert 
Water Level  

Flood Danger 
Water Level  

(MLIT) 

 Flood w
arning

Flood advisory : when water level reaches Flood Watch Water Level and is expected to increase

Flood warning : when water level reaches to Evacuation Alert Water Level and is expected to 
reach Flood Danger Water Level

• 

• 

• 

• 

Rainfall-Runoff Model

River Routing Model

Flood Inundation Model

Numerical Weather Prediction Model

Precipitation

Discharge

Water Level

Inundation

Flood Forecasting 

• 
–

–

– 

• 
–

Danish Hydraulic Institute (DHI) 
http://mikebydhi.com/

• 
 
 
 
 

• 
– 

– 
– 
– 
– 
– 

US Army Corps of Engineers 
Hydrologic Engineering Centers (HEC) 
http://www.hec.usace.army.mil/
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“Rainfall-Runoff Modelling, The Primer”, by Keith Beven   

 

200 mm/h
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Peter Kienzler, ETH Zurich  
Bloschl et al., Runoff Prediction in Ungauged Basins, Cambridge Press

 

Petra Fackle, ETH Zurich 

Courtesy J.J. McDonnell

Hewlett and Hibbert (1967) 
Hewlett and Troendle (1975)

Variable Source Area (VSA) Concept

 

Chris Graham PhD thesis 

 

Surface

Subsurface

Deep G.W.

Storage Function Model
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Example of finite difference schemere: effective rainfall (mm/h) 
q: specific discharge (mm/h) 
Q : q x A / 3.6: discharge (m3/s)  
A: catchment area (km) 

Catchment is represented as a single storage tank
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Continuous Equation

KINEROS

Kinematic wave model

3/5h
n
iq =

r
x
q

t
h

=
∂

∂
+

∂

∂

q : discharge 
h : water depth 
r : rainfall 
i : slope 
n : Manning’s roughness
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Continuous Equation

Kinematic wave model 
for saturated subsurface and surface flow
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Lumped Model vs. Distributed Model

What are the limitation of lumped models? 
- cannot reflect the spatial distributions of 

 - rainfall, topography, state variables 
- cannot obtain stream flow at various points in a basin 

Distributed Flood Forecasting System

(Hyogo Prefecture)

Flood Forecasting with a Distributed 
Model using Quantitative Precipitation 
Forecasting: 3 hours read-time, every 10 
minutes,  
at every a few kilometer 
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1.  Rainfall-runoff and inundation cannot be separated with large inundation 
2.  Kinematic wave is not suitable for flat topography 
3.  Important for representing inundation process for better river predictions 
4.  Inundation itself may be of interest in flood forecasting or risk assessment 

Motivations of using Rainfall-Runoff-Inundation Model

2D Diffusion 
on Land 

Subsurface + Surface 
Vertical Infiltration 

1D Diffusion 
in River 

• 

• 

• 

Sayama, T. et al.: Rainfall-Runoff-Inundation Analysis of Pakistan Flood 2010 at the Kabul River Basin,  
Hydrological Sciences Journal, 57(2), pp. 298-312, 2012.
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Rectangular 
↓ 

 
Kinematic Wave 

Distributed RR Model  
 
Diffusion Wave 

Arbitrary 
Cross  
Sec. 
↓ 

RRI Model  
Diffusion Wave Kinematic Wave

One-dimensional Saint-Venant Equation 

03/7
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Basic Equations
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Mass balance equation

Momentum equations
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Cell storage based model 
with diffusion wave approx. 
(e.g. Hunter et al. 2007,) 

Shallow water equations  
for typical 2D inundation

Mass balance equation

Momentum equations
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(A) Only overland flow 

(no infiltration loss, no 
subsurface flow) 

Surface / subsurface flow conditions 

(B) Vertical infiltration  
+ Infiltration excess 

overland flow 
(C) Saturated subsurface 

+ Saturation excess 
overland flow 
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http://www.icharm.pwri.go.jp/news/news_j/111024_thai_flood_j.html

 

 

 

Nakhon Sawan

Bangkok

Ayutthaya

W. Depth

21 

Real-time flood runoff and inundation forecasting system 
for the Chao Phraya River Basin based on RRI Model 
(developed by JICA/FRICS and operated under RID, Thailand) 

http://floodinfo.rid.go.th/index_en.html 

JICA Project on 
Comprehensive Flood 
Management Plan for 
the Chao Phraya River 
Basin in Thailand  

Example of RRI Model Application (1)

Example of RRI Model Application (2)

32 

Our pilot study confirmed the RRI 
model applied at a river basin with 
about 750 km2 with 100 m 
resolution can be operated every 1 
min on the real-time basis on DIAS 
server. 

37 people were killed + 4 people were missing 
Housing damage: collapse: 173, half collapse: 577,  

inundated above floor 389, under floor: 1430 
Estimated damage: 140 Bill. Yen
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Terauchi 
Gauge 302 mm 
CX : 280 mm

Hashidate 
Gauge 394 mm 
CX: 376 mm

Ooshiro 
Gauge 461 mm 
CX: 432 mm

Asakura 
Gauge(AMEDAS) 516 mm 
CX: 474 mm

Tsunoeda 
Gauge(MLIT) 303 mm 
CX: 279 mm

Maximum: 698.1 mm 

Rainfall [mm] 

10 km

• 

• 

• 

190.4 km2 (incl Terauchi Dam: 51 km2) 
Input Rainfall: CX composite, RRI model (50 m resolution) 

7/15 GPS observation point 
River width, depth and  
max. inundation level were measured

Terauchi Dam

Yoake Dam

Merging point of Sata and Chikugo Rivers

10 km

With CX Radar Rainfall Composite

This simulation suggests 
no significant inundation 
along the tributaries, 
Something wrong! 

Shirakitani RB: 
3.45 km2 

Maximum 
Inundation 
Depth [m] 
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Maximum 
Inundation 
Depth [m] 

With Original Topography Background 

Maximum 
Inundation 
Depth [m] 

With Original Topography With Altered Topography Background 

Maximum 
Inundation 
Depth [m] 

With Original Topography With Altered Topography Background 

With Altered Topography 

River Discharge Inundation Depths 

Topography Rainfall

RRI Control File 

RRI Execute 

Hydrograph Inundation 

dem, dir, acc rain

RRI_Input.txt

hs, hr, qr

hydro hpeak

Key Steps in RRI Modeling

25  

4500 
 
 
0 

(m) 
500 
0 

Digital Elevation Model Flow Accumulation Flow Direction

These three datasets can be obtained from HydroSHEDS  
(SRTM based topography and flow direction dataset) 

－93－



 

Thiessen polygon 
(output)

Prepare rainfall data with time and location information (e.g. above excel file) 
and execute rainThiessen.exe program to create rainfall input file 

Rainfall Data 
(input)

 

Prepare RRI control file (RRI_Input.txt), which includes parameter settings, 
 and execute 0_rri_1_4_1.exe to run RRI model 

RRI_Input_Format_Ver1_4_1 
./rain.txt 

./adem.txt 

./acc.txt 

./adir.txt 

0   # utm(1) or latlon(0) 
1   # 4-direction (0), 8-direction(1) 

2568   # lasth 

600   # dt 

60   # dt_riv 

104   # outnum 
66.0d0   # xllcorner_rain 

23.0d0   # yllcorner_rain 

0.1 0.1   # cellsize_rain 
… 
… 
(continue) 

 

 

hs hr qr

water depth on ground [m] river depth [m] river discharge [m3/s]

t = 1
t = 2

t = 3

Inundation Hydrograph

• 
– 

• 
– 

• 
– 

• 
– 

• 
– 

From “Rainfall-Runoff-Modelling, The Primer” by Keith Beven  
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Exercise 1 & 4: Rainfall-runoff-inundation modelling 
 

Takahiro SAYAMA (Associate Professor, Disaster Prevention Research Institute, Kyoto University) 

 

Abstract: 

 

This is a hand-on exercise of the Rainfall-Runoff-Inundation (RRI) modeling. Based upon the basic 

understandings of the general concept of distributed rainfall-runoff models and the RRI model, 

introduced in Lecture 3, this exercise will provide step-by-step model application. The RRI model 

can be freely downloaded from the webpage of ICHARM, and the package includes Graphical User 

Interface (GUI) and the original Fortran source codes as well as related tools for supporting the 

model applications (http://www.icharm.pwri.go.jp/research/rri/rri_top.html). During the seminar, the 

trainees will learn how to operate the GUI for delineating a catchment, and more importantly you 

will learn how data from digital elevation model (DEM) is processed to be used in such distributed 

rainfall-runoff modeling. Furthermore, by introducing the meanings of model equations and their 

parameters, the trainees will learn the behavior of the model by different settings. The trainees are 

expected to learn not only the operations of the model but understand the characteristics of flooding 

at the basin scale during flooding. Hence the exercise provides essential knowledge and techniques 

for the application of the RRI model and eventually the trainee’s will be able to apply the model for 

any interested catchment in flood predictions and risk assessment. 

－95－



 
 
 
 
 
 
 
 
 
 

Rainfall-Runoff-Inundation (RRI) Model 
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International Center for Water Hazard and Risk Management (ICHARM) 
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1. Outline of Rainfall-Runoff-Inundation (RRI) Model 
 

1.1 Model Structure Overview 
 
Rainfall-Runoff-Inundation (RRI) model is a two-dimensional model capable of simulating 
rainfall-runoff and flood inundation simultaneously (Sayama et al., 2012, Sayama et al., 
2015a, Sayama et al., 2015b). The model deals with slopes and river channels separately. At 
a grid cell in which a river channel is located, the model assumes that both slope and river 
are positioned within the same grid cell. The channel is discretized as a single line along its 
centerline of the overlying slope grid cell. The flow on the slope grid cells is calculated with 
the 2D diffusive wave model, while the channel flow is calculated with the 1D diffusive wave 
model. For better representations of rainfall-runoff-inundation processes, the RRI model 
simulates also lateral subsurface flow, vertical infiltration flow and surface flow. The lateral 
subsurface flow, which is typically more important in mountainous regions, is treated in 
terms of the discharge-hydraulic gradient relationship, which takes into account both 
saturated subsurface and surface flows. On the other hand, the vertical infiltration flow is 
estimated by using the Green-Ampt model. The flow interaction between the river channel 
and slope is estimated based on different overflowing formulae, depending on water-level 
and levee-height conditions. 
 

 
Schematic diagram of Rainfall-Runoff-Inundation (RRI) Model 
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Model Features
1) RRI is a 2D model simulating for rainfall-runoff and flood inundation simultaneously. 
2) It simulates flows on land and in river and their interactions at a river basin scale. 
3) It simulates lateral subsurface flow in mountainous areas and infiltration in flat areas. 

 
 
1.2 Governing Equations of RRI Model 
 
A method to calculate lateral flows on slope grid-cells is characterized as “a storage 
cell-based inundation model" (e.g. Hunter et al. 2007). The model equations are derived 
based on the following mass balance equation (1) and momentum equation (2) for gradually 
varied unsteady flow. 
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where h is the height of water from the local surface, qx and qy are the unit width discharges 
in x and y directions, u and v are the flow velocities in x and y directions, r is the rainfall 
intensity, f is the infiltration rate, H is the height of water from the datum, �w
is the density 
of water, g is the gravitational acceleration, and 	x and 	y are the shear stresses in x and y 
directions. The second terms of the right side of (2) and (3) are calculated with the Manning’s 
equation. 
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where n is the Manning’s roughness parameter.  
 
Under the diffusion wave approximation, inertia terms (the left side terms of (2) and (3)) are 
neglected. Moreover, by separating x and y directions (i.e. ignoring v and u terms in 
equations (2) and (3) respectively), the following equations are derived: 
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where sgn is the signum function. 
 
The RRI model spatially discretizes mass balance equation (1) as follows: 
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where qxi,j, qyi,j are x and y direction discharges from a grid cell at (i, j). 
 
By combining the equations of (6), (7) and (8), water depths and discharges are calculated at 
each grid cell for each time step. One important difference between the RRI model and other 
inundation models is that the former uses different forms of the discharge-hydraulic 
gradient relationship, so that it can simulate both surface and subsurface flows with the 
same algorithm. The RRI model replaces the equations (6) and (7) with the following 
equations of (9) and (10), which were originally conceptualized by Ishihara and Takasao  
(1962) and formulated with a single variable by Takasao and Shiiba (1976, 1988) based on 
kinematic wave approximations. The first equations in (9) and (10) (h � da) describe the 
saturated subsurface flow based on the Darcy law, while the second equations (da � h) 
describe the combination of the saturated subsurface flow and the surface flow. Note that for 
the kinematic wave model, the hydraulic gradient is assumed to be equal to the topographic 
slope, whereas the RRI model assumes the water surface slope as the hydraulic gradient. 
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 (10) 

where ka is the lateral saturated hydraulic conductivity and da is the soil depth times the 
effective porosity. 
 
Equations (11) and (12) can be also used to simulate the effect of unsaturated, saturated 
subsurface flow and surface flow with the single variable of h (Tachikawa et al. 2004, 
Sayama and McDonnell 2009 for English). 
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Note that to assure the continuity of the discharge change when h = dm, the lateral hydraulic 
conductivity in unsaturated zone (km) can be computed by km = ka / �, so that km is no longer 
the model parameter. 
 
These stage-discharge relationship equations were originally developed to be applied to 
humid forest areas with a high permeable soil layer, where a lateral subsurface flow is the 
dominant runoff generation mechanism. On the other hand, for relatively flat areas, the 
vertical infiltration process during the first period of rainfall has more impact on large-scale 
flooding; therefore, the vertical infiltration can be treated as loss for event-based simulation. 
Here we calculate infiltration loss f with the Green-Ampt infiltration model (Raws et al., 
1992). 
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where kv is the vertical saturated hydraulic conductivity, # is the soil porosity, "i is the initial 
water volume content, Sf is the suction at the vertical wetting front and F is the cumulative 
infiltration depth.  
 
Typically for mountainous areas where lateral subsurface flow and saturated excess 
overland flow dominate, the equations (9) and (10) (or (11) and (12)) can be used with setting 
f equals to be zero. (Note that the equations (9) and (10) (or (11) and (12)) implicitly assume 
that the vertical infiltration rate within the soil is infinity.) On the other hand, for plain 
areas where infiltration excess overland flow dominates, the surface flow equations (6) and 
(7) can be used with the consideration of vertical infiltration by equation (13). If the vertical 
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infiltration f is set to be non-zero and the lateral subsurface equations are used instead of the 
surface flow equation, the lateral subsurface water is infiltrated to bedrock by the rate of f. 
 
As one can see from the equations, the parameter values of ka, km and kv decide which 
equations to be used; i.e. (6) and (7) are used when ka and km are zero, (9) and (10) are used 
when km is zero, and (13) is inactivated when kv is zero. 

 
1.3 One-dimensional River Routing Model 
 
A one-dimensional diffusive wave model is applied to river grid cells. The geometry is 
assumed to be rectangle, whose shapes are defined by width W, depth D and embankment 
height He. When detailed geometry information is not available, the width and depth are 
approximated by the following function of upstream contributing area A [km2]. 

WS
W ACW � (14) 

DS
D ACD � (15) 

where CW, SW, CD and SD are geometry parameters. Here the units of W and D are meters. 
 
 
1.4 River and Slope Water Exchange 

 
Water exchange between a slope grid cell and an overlying river grid cell is calculated at 
each time step depending on the relationship among the levels of slope water, river water, 
levee crown and ground. The figure below shows four different conditions. For each 
condition, different overtopping formulae are applied to calculate the unit length discharge 
from slope to river (qsr) or from river to slope (qrs), which are then multiplied by the length of 
the river vector at each grid cell to calculate the total exchange flow rate (Iwasa and Inoue, 
1982). 
 

－103－



1-6

(a) When the river water level is lower than the ground level, qsr is calculated by the 
following step fall formula. 

sssr ghhq 1$�  (16) 

where $1 is the constant coefficient (=(2/3)3/2), and hs is the water depth on a slope cell. As far
as the river water level is lower than the ground level, the same equation is used even for 
the case with levees so that the slope water can flow into the river. 

(b) When the river water level is higher than the ground level and both the river and slope 
water levels are lower than the levee height, no water exchange is assumed between the 
slope and river. 

(c) When the river water level is higher than the levee crown and the slope water level, the 
following formula is used to calculate overtopping flow qrs from river to slope. 
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 (17) 

where $2 and $3 are the constant coefficients (=0.35, 0.91), and h1 is the difference between
the river water level and the levee crown. 

(d) When the slope water level is higher than the levee height and the river water level, the 
same formula as (17) is used to calculate overtopping flow qsr from slope to river. In this case, 
h1 is the elevation difference between the slope and the river, and h2 is the elevation 
difference between the river and the levee crown. 

1.5 Numerical Scheme 

To solve equations (8), (9) and (10), the fifth-order Runge-Kutta method with adaptive 
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time-step control is applied. This method solves an ordinary differential equation by the 
general fifth-order Runge-Kutta formula and estimates its error by an embedded forth-order 
formula to control the time-step (Cash and Karp 1990, Press et al. 1992). 
The general form of the fifth-order Runge-Kutta formula is 
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while the embedded forth-order formula (Cash and Karp 1990) is  
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By subtracting ht+1 minus h*t+1, the error can be estimated by using k1 to k6 as follows, 
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The constant values (ai, bij, ci, ci*) used in this study are the ones introduced by Cash and Karp 
(1990). If (
exceeds a desired accuracy (d, ht+1 is recalculated with a smaller time step (�tpost). 
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As described above, the RRI model calculates slopes, rivers and slope-river interactions. 
Model users specify the time step for slope-river interaction �t, which is also used as an initial 
time step for slope calculations. Since river calculations usually require smaller time steps 
because of higher water velocities and depths, the model allows river calculations to proceed 
independently with different time steps until the next river-slope calculation time step. The 
initial time step for river calculation (�tr) can be also specified by model users as the common 
divisor of �t. In this study, (d = 0.01, �t = 600 sec. and �tr = 60 sec. were used. 
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2. Getting Started 
 

RRI model and related tools were originally developed with Fortran 90 computer language. 
The model has been operated on Command User Interface (CUI) such as Command 
Prompt on Windows. Since 2014, RRI-Graphical User Interface (GUI) has been also 
developed to support users for efficient model building and result visualization. 
   For non-experts in hydrologic modeling, it is recommended to use RRI-GUI to begin 
with by referring to Section 9 to learn the basic steps with RRI-GUI.  

Refer to Section 2 (i.e. this following chapter) on the tutorial of RRI-CUI, followed by 
more detail descriptions in Sections 3 to 7. Section 8 shows an application example 
including some advanced model settings. 
If you use RRI-GUI not RRI-CUI, you can skip the following steps. Go directly to Section 9. 

 

 

 
There are essentially five steps to conduct RRI Model simulation. 
1. Preparing topography data (Section 3) 
2. Preparing input rainfall data (Section 4) 
3. Preparing model condition files with parameter settings (Section 5) 
4. Executing RRI Model. (Section 6) 
5. Plotting output data (Section 7) 
 
Among the five steps, only the essence of step 4 and 5 are described here with sample data of 
the Solo River Basin (in 30 sec resolution) in Indonesia. 

Use GUI 

Result Viewing 

Getting Started

Topographic Data

Input Rainfall 

Condition Settings

Running RRI 

Result Viewing

No 

Section 9 

Section 2 

Section 3 

Section 4 

Section 5 

Section 6 

Section 7 

Model Building 

Yes
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2.1 Preparation for the use of RRI-CUI 
 
1) Unzip “RRI_1.4.2.zip” and move it under a working directory (e.g. C:\). 
 
2) Add a path to RRI-CUI folder with the following steps (e.g. for Windows 7) 

1. Select Computer from the Start menu 
2. Choose System Properties from the context menu 
3. Click Advanced system settings 
 Advanced tab 
4. Click on Environment Variables, under User’s Variables, find PPATH, and click to 

edit it. If you do not have the item PATH, you may select to add a new variable 
and add PATH as the name. 

5. In the Edit windows, modify PPATH by adding “;C:/RRI/RRI-CUI/bin/” (for 64 bit) 
or “;C:/RRI/RRI-CUI/bin32/” (for 32 bit) at the end of line. 
Note: do not delete existing PATH settings. Only add the above item to the 
existing line. Also do not forget to add “;” to separate it from the existing path 
folders. 

6. Click OK and close Command Prompt windows if opened. 
 
3) If your computer has no Intel Fortran installed, run 
RRI/RRI-CUI/etc/w-fcompxe/w_fcompxe_redist_intel64_2013.5.198.msi (for 64 bit) or  
RRI/RRI-CUI/etc/w-fcompxe/w_fcompxe_redist_ia32_2013.5.198.msi (for 32 bit),  
which installs necessary library files to execute RRI programs compiled by Intel Fortran. 
 
4) Open Command Prompt by Start 
 All Programs 
 Accessories 
 Command Prompt 

(If your computer has Intel Fortran installed, you may also operate it from 
Start 
 All Programs 
 Intel(R) Software Development Tools 
 Intel(R) Fortran 
Compiler ** 
 Fortran Build Environment for Applications running on …) 
 

2.2 Run RRI Model 
 
Open “RRI_Input.txt” under “RRI-CUI/Project/solo30s” with a text editor and look inside the 
file. This is a control file used by RRI Model. By editing the RRI_Input.txt file, you change the 
simulation settings. 
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For example, L3 specifies the path to an input rainfall file and L4 – L6 specify the paths to 
input topography files (adem, acc, and adir). 
 
Open Command Prompt and type in “cd C:/RRI/RRI-GUI/Project/solo30s/” to change the 
current directly. 

 

Type in “0_rri_1_4_2.exe” and enter to execute RRI Model with RRI_Input.txt.  

 

 

RRI_Input_Format_Ver1_4_2 
 
./rain/rain.dat 
./topo/adem.txt 
./topo/acc.txt 
./topo/adir.txt 
 
0                # utm(1) or latlon(0) 
1                # 4-direction (0), 8-direction(1) 
360              # lasth [hour] 
600              # dt [sec] 

0_rri_1_4_2.exe 

RRI_Input.txt 

cd c:/RRI/RRI-CUI/Project/solo30s 
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Confirm the output files are successfully created inside the directory of 
“RRI/RRI-CUI/Project/solo30s/out/”. Note that “hhr_000001.out” represents the spatial 
distribution of rriver water depths [m] at the output time step 1. “hhs_000001.out” and 
“qqr_000001.out” represent those of sslope water depths [m] and rriver discharge [m3/s], 
respectively. 
 
2.3 Post Analysis 

 
2.3.1 Visualize Inundation Depth (./out/hs_***.out) with GNUPLOT 

 
Run a GNUPLOT installation program “RRI-CUI/etc/gp466-win32-setup.exe” and install it 
onto your PC. If the installation is successful, “gnuplot” folder is appeared under All Programs 
of windows. Choose “gnuplot 4.6” to run GNUPLOT. 
 
Open “RRI-CUI/Model/hs.plt” with a text editor. It is a GNUPLOT script file to convert from 
the simulation outputs (e.g. ./out/hs_***.out) to gif files to visualize inundation depth 
distributions. 

 

reset 
 
set terminal gif medium size 672, 408 crop 
 
set pm3d map 
set palette defined (0.0 "gray", 1.5 "blue", 3 "green") 
 
set xrange [0:] 
set yrange [:] reverse 
set zrange [0:] reverse 
 
#set xrange [180:200] 
#set yrange [435:455] reverse 
 
set cbrange[0.:3] 
set zrange[0.0:] 
 
set output "./hs/hs_000001.gif" 
splot "./out/hs_000001.out" matrix t "000001 / 000096" 
 
set output "./hs/hs_000002.gif" 
splot "./out/hs_000002.out" matrix t "000002 / 000096" 
 
set output "./hs/hs_000003.gif" 
splot "./out/hs_000003.out" matrix t "000003 / 000096" 

From RRI output (hs_***.out) to gif 

hs_plt.txt 
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Select “Open” on GNUPLOT Toolbar and open “RRI-CUI/Project/solo30s/hs.plt”, which is a 
script file to create gif files from the RRI output (see above figure). 
 
Look at “RRI-CUI/Project/solo30s/hs” directory, where gif files are newly created. Check the 
created gif files by preview. 
 

 
 
 
 

 
 
 
 

GNUPLOT 

Select “hs.plt” 

RRI/Model/hs 

Right click and preview 
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2.3.2 Compute hydrograph 
 
Look at “RRI/RRI-CUI/Project/solo30s/calcHydro.txt” (see “./etc/calcHydro/00_readme.txt” for 
more details) 

   L1 : [In] location file (e.g.  ./location.txt) 
   L2 : [In] RRI output file (e.g.  ./out/qr_***.txt) 
   L3 : [Out] hydrograph file (e.g.  ./disc_Cepu.txt) 
 

On Command Prompt with current folder at “./Project/solo30s/”, type in “calcHydro.exe” to 
compute time series data from RRI output files. 

 

 
Confirm that a hydrograph file named “disc_Cepu.txt” is created. 
 

 

    1      0.00789 
    2      0.04591 
    3      0.08256 
    4      0.10557 
    5      0.12529 
    6      0.14543 
    7      0.24838 
    8      0.56375 
    9     69.88281 
   10    967.36834 
   11   1322.37727 
   12   1429.53330 
   13   1518.85970 
   ….. …... 

calcHydro.exe 

disc_cepu.txt 
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Visualize the created hydrograph file (e.g. “./infile/solo30s/disc_Cepu.txt”) by GNUPLOT. 
 
From GNUPLOT screen, open and select “hydro.plt”, which is a GNUPLOT script file to 
plot hydrograph from the “disc_Cepu.txt”. 

 
 

2.3.3 Compute and visualize peak inundation depths 
 
Look at “./Project/solo30s/calcPeak.txt” (see “./etc/calcPeak/00_readme.txt” for more details) 
and edit the file if necessary. 

   L1 : [in] dem file (e.g. ./topo/adem.txt) 
   L2 : [in] output file without numbers or extension (e.g. ./out/hs_) 
   L3 : [in] the number of output files (e.g. 96) 
   L4 : [out] output peak inundation depth file (e.g. ./hpeak.txt) 
 

On Command Prompt with current folder at “RRI/Project/solo30s/”, type in  
“calcPeak.exe” to compute peak inundation depth. 
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Visualize created “hpeak.txt” on ArcGIS by converting it from ASCII to Raster. 

 
1) Start ArcGIS (Skip the following procedure if ArcGIS softwre is inaccessible. Consider 

the use of GRASS GIS by following the instruction in 3.3) 
2) From ArcToolbox 
 [Conversion Tools] 
 [To Raster] 
 [ASCII to Raster] 

 
 
3) For the input data, select “hpeak.txt”. For the output raster, a user may use 
“RRI/StudySite/solo30s/gis/hpeak_30s”. 
 

ncols         336  
nrows         204  
xllcorner     110.2  
yllcorner     -8.3  
cellsize      0.00833333333333 
NODATA_value  -9999  
 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 

hpeak.txt 

Input: C:\RRI\RRI-CUI\Project\solo30s\hpeak.txt 

e.g. Output: C:\RRI\RRI-CUI\Project\solo30s\gis\hpeak_30s 
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4) Right click “hpeak_30s” and select properties to change the layer color setting. 
 

 

 
5) On the layer property, change the stretch type to “Minimum-Maximum” and change 
Color Ramp if necessary. By checking “Edit High/Low Values”, you can change the max and 
min value range of the stretching. 
 

Right click here and select properties 
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3. Preparing Input Topography Data 
 
This section shows the method to prepare topography data input to the RRI Model. The 
topography data can be prepared by a user or downloaded from the website of USGS 
HydroSHEDS, which is a global scale dataset offered by the United States Geological Survey 
(USGS). The dataset includes elevation, flow direction and flow accumulation. 
 
From the downloaded topographic dataset, a user must clip out the target river basin and 
save them as ESRI/ASCII format files. Then using a program included in RRI Model package, 
one adjusts the original DEM and flow direction data to be suitable for the RRI simulation. 
The following chart shows the procedure descried in this section. In the previous section, the 
30 second resolution of the Solo River Basin data was used, whereas this section presents how 
to prepare the topographic data in 15 second.  
 

 
 
The flow of the procedure is as follows. 
 

 
 
 

Create a New Project Folder 
When you prepare a new input topographic data, create a new project folder: 
Copy “newProject” folder including all the files and folders inside and save it with a new 
project name under “RRI-CUI/Project/”. 
Note: In the package, “RRI-CUI /Project/solo15s” is prepared in advance for the tutorial. 

Download HydroSHEDS dataset 

Create a Point Shapefile to identify a catchment outlet 

Delineate a target catchment with the outlet and flow direction information 

Convert the dem, dir and acc to ASCII data 

Using the catchment raster, extract dem, dir and acc 

Adjust dem and dir for RRI simulation 
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3.1 Downloading HydroSHEDS Data 
 
The following three types of topography data must be downloaded from HydroSHEDS 
website for RRI simulation. 
 
1) Elevation data 

3 arc-second (about 90 m), 15 arc-second (about 500 m), and 30 arc-second (about 1,000 
m ) are available. 

2) Flow direction data  
3 arc-second, 15 arc-second, and 30 arc-second are available. 

3) Flow accumulation data  
Only 15 arc-second and 30 arc-second are available. For 3 arc-second resolution, a user 
must prepare a flow accumulation by using a GIS function [Spatial Analyst] 
 
[Hydrology] 
 [Flow Accumulation]. 

 
For detailed specifications of HydroSHEDS, refer to HydroSHEDS Technical 

Documentation packaged with the downloaded data.  
 

Access USGS HydroSHEDS website http://hydrosheds.cr.usgs.gov/index.php  from a 
web browser and then select and click the DATADOWNLOAD button on the lower left.  

 

 
Select “15sec GRID: Conditioned DEM” and download “as_dem_15s_grid.zip” (207 MB)
for Asian region with 15 sec grid-size. NOTE that for 3 sec, choose “Void-filled DEM”. For 
15 sec and 30 sec, only “Conditioned DEM” is available, but in fact they are the same as 
previously named as “Void-filled DEM” (i.e. DEM along rivers are  not deepened). 
 

Click 

－118－



     3-3

Select also “15 sec GRID: Flow Accumulation” and “15 sec Flow Direction” to download 
“as_acc_15s_grid.zip” (132 MB) and “as_dir_15s_grid.zip” (64 MB) as well. 

 
Unzip the three types of topography data downloaded. 

Folder naming rule 
“Continental range”  _ ”Data type” _  “resolution” 
e.g.) as_acc_15s Asia catchment area data 15 sec 

as_dem_15s  Asia digital elevation data 15 sec 
as_dir_15s Asia flow direction data 15 sec 
 

3.2 Delineating HydroSHEDS Data using ArcGIS 
(If ArcGIS is inaccessible, skip this section and go to 3.3 to use free GLASS GIS) 

 
Start ArcMap, and read in the unzipped files by selecting [File] [Add Data]. (Or use icon 
of “Add Data” on the standard tool bar). Perform the same operation for all the three types 
(dem, dir, acc) of topography data.  

 

 
 

Selecting the folder to connect 
If the folder you need to connect is not displayed in the window, click “Connect to Folder” to 
connect to the working folder. 
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Display the flow accumulation data (i.e. as_acc_15s) on top screen (change the color range 
to show river network clearly). Then find your target river and decide the rectangular 
range, which covers all upstream contributing area. (At this stage, the following rectangle 
range should be just written down on your notebook and no operation is necessary with 
GIS.) 
 

 

 

Solo River Basin

Refer to coordinate 
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(The range should be written down on your notebook.) 

 
Show arc catalog (from the main menu, [Windows] 
 [Catalog]). 

On the arc catalog, “Folder Connections” to a working folder (e.g. RRI/Project/solo15s/gis/) and 
right click to choose New 
 Shapefile to create a point Shapefile (e.g. Outlet). 

 

 
 

From the main menu [Customize] 
 [Toolbars] 
 [Editor] 
On the Editor, choose [Start Editing], then Choose “Outlet” (the new Shapefile) to start 
editting. 
 

110.2 

-6.6

113.0

-8.3

e.g.) Solo River 
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Clicking “Outlet”, so that you can bring a point to indicate the target outlet.  
After editting the outlet point, go to the editor menu to save and stop editing. 

 

 
 

Using [ArcToolbox] 
 [Spatial Analyst Tools] 
 [Hydrology] 
 [Watershed], delineate a 
watershed with the defined outlet. 
 

2. Choose “Outlet” to start 
editing the point coverage 

2. Click “Outlet” on right, 
then click the target outlet 

3. Editor 
 Save Edits 

 Stop Editing 

1. Start Editing 

1. Click “Create Features” 
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(IMPORTANT) To use [Spatial Analyst Tools] on ArcGIS, you must have the extension 
and activate it by choosing [Cusomize] 
 [Extentions] 
 add a check for [Spatial 
Analyst]. 
 

 

(IMPORTANT) Analysis range must be specified from the “environment” as below; 
 

 

 

Environments 

Processing Extent 
 As Specified Below 
 
Then type in the range you decided in  

as_dir_15s

Outlet (i.e. a created point Shape file

/RRI/Project/solo15s/gis/wsd_solo_15s 
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Right click the created watershed raster (e.g. wsd_solo_15s) and check layer properties. 
Under the “Source” tab, you can check “Columns and Rows”. This will be the number of 
columns and rows for the topographic data used by RRI Model. If it exceeds more than 1000, 
using coarser resolution data is recommended to use. 

 

[Spatial Analyst Tools] 
 [Extraction] 
 [Extract by Mask], prepare dem (elevation), acc 
(flow accumulation) and dir (flow direction) masked by the delineated watershed. 

right click 
wsd_solo_15 s to 
check layer 
properties 
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(IMPORTANT) Analysis range must be specified from the “environment” the same as above. 
 

Environments 

as_dem_15s

wsd_solo_15s

RRI/Project/solo15s/gis/dem_solo_15s

Environments 

as_dir_15s

wsd_solo_15s

RRI/Project/solo15s/gis/dir_solo_15s

Environments 

as_acc_15s

wsd_solo_15s

RRI/Project/solo15s/gis/acc_solo_15s
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The above figure is the example of dem. The dir and acc must be also extracted in a same way. 
 

Convert all the processed data (i.e. dem, dir, and acc) from ArcGIS Raster to ASCII, which 
are input data files for RRI Model. Using [Conversion tool] 
 [Conversion from Raster] 
 
[Raster to ASCII], perform conversion from raster to ASCII for all the three types of 
topography data.  
 
The output files should be named as “ddem.txt”, “ddir.txt” and “aacc.txt” to be saved under 
“topo” folder in your project folder (e.g. “./RRI-CUI/Project/solo15s/topo/”). 

l. 

The created ASCII data have the following format. Make sure once again all the three 
datasets have the same numbers in “ncols” and “nrows”. 
 

Make sure the 
same columns 
and rows for all 
the topo data 

./RRI-CUI/Project/solo15s/topo/ddem.txt

./RRI-CUI /Project/solo15s/topo/ddir.txt 

./RRI-CUI /Project/solo15s/topo/aacc.txt

./RRI-CUI/Project/solo15s/gis/dem_solo_15s 

./RRI-CUI /Project/solo15s/gis/dir_solo_15s 

./RRI-CUI /Project/solo15s/gis/acc_solo_15s 
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In the RRI model, the following three data must be prepared on the ASCII data format. 

DEM data (dem) 
Flow accumulation data (acc) 
Flow direction data (dir) 

 

ncols         673 
nrows         409 
xllcorner     110.2  
yllcorner     -8.3  
cellsize      0.004166666667 
NODATA_value  -9999  
 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 

dir.txt 
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3.3 Delineating HydroSHEDS Data using GLASS GIS (optional) 

(If the HydroSHEDS data delineation is completed with ArcGIS, skip this section.) 
 
Install the latest GRASS GIS (Latest GRASS in December 2013 is ver 6.4.3.) 
(GRASS website: http://grass.osgeo.org/ ). 
 
 Start GRASS GIS GUI, and click “Location wizard”.  

 
 

Input your location name (e.g. Solo) and Click next. 

 
 
Select “Select coordinate system parameters from a list” and “Latitude/longitude 
(Pseudo-projection)” as a projection. 

Click 

Input your project location.

Click Next 
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Check “Datum with associated ellipsoid” and click “NEXT“.  

 
 
 
 
 
 
 

Click Next 

Click Next 

Choose Latitude / Longitude 

Check 

Click Next 
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Select “WGS 1984” and as a geodetic datum and click “NEXT”. 
 

 
 
Click “OK” on “Select datum transformation” window and click “FINISH” on Summary 
window. (Select “Cancel” for default resolution setting). 

 
 
 
 
 

 
Click “Start GRASS” to start GRASS GIS. 

 

Click Next

Choose WGS 1984 

Click Finish

Click OK 

Click 
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Read in the unzipped files by selecting [File] [Import raster data]  [Common formats 
import].  

 
 
Select “Arc/Info ASCII Grid” from the “Format” list and select unzipped HydroSHEDS 
raster file name (e.g. w001001.adf for dem). Input “Name for GRASS map (editable)” as 
“as_dem_15s” for example and click Import. 

 
 

Perform the same operation for all the three types (dem, dir, acc) of topography data. 
 

Select unzipped “***.adf” file

Select Arc/Info ASCII Grid

Input raster file name

Click 
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After importing three types of topography data, check the layer and right click on it and 
“select zoom to selected map(s)”, then the raster file will be displayed in the window. (the 
following figure shows the example of “dem” display) 
 

 
 
To show the flow accumulation (acc) clearly, right-click the filename of “acc” and select “Set 
color table”. 
 

 
 
Check “Logarithmic scaling” on “Colors” tab and select “Type of color map”. User can 
select color table from several color tables. Following figure shows the example selecting 
“wave” as “Type of color table”. 

 

check 
select
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To set the delineation range, select [Settings] [Region] [Set Region]. 

 
 

Input values for edges of the target area (coordinates) and set a file for adjusting region 
cells to cleanly align with a raster map, then click “Run”. 
(To decide your target area, display the flow accumulation data (i.e. as_acc_15s) on top 
screen to find your target river. The set rectangle range must cover all upstream 
contributing area.) 

Click 

Set Type of color map
Check 

－133－



     3-18

 
 
 
 
 
 
 
 
 
 
 
 
 

Right-click the filename of “dir” file and select “Set computational region from selected 
map(s) (ignore NULLS)”. Perform the same operation for all the three types (dem, acc and 
dir) of topography data. 

 
 

 

 
Only for flow direction, change category values (definition of river flow direction in DIR 
file), from ESRI type (1, 2, 4, 8, 16, 32, 64, 128) to GRASS type (1, 2, 3, 4, 5, 6, 7, 8). 
Select [Raster] > [Change category values and labels] > [reclassify]: Select 
“DIR_ESRI2GRASS.txt”, prepared in package (/RRI/etc), as “File containing reclass rules” 

Right-Click and Set computational region 
from selected map(s) (ignore NULLS) 

Click

Adjust region cells to 
cleanly align with this 
raster map 
 choose 
one of the files 
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User needs to know the coordinates of the outlet (long./lat.) of target river basin to clip. 
Select “acc” file and perform 1, 2, 3 and 4 as shown in following figures. 

 

 
 

Select “DIR_ESRI2GRASS.txt”

Click

1. Select “acc”. 

2. Click

3. Click outlet 
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To create basin boundary, select the outlet of target river basin. 
[Raster]>[Hydrologic modeling]>[Watershed basin creation (r.water.outlet)] 
 

 
 

Select layer of “dir” file as “Name of input raster map” and input layer name of basin 
boundary data in “Name of raster map to contain results”. 
 

21  Input x-coordinate(long.) of the outlet in “The map E gird coordinates” and input 
y-coordinate(lat.) of the outlet in “The map N grid coordinates” and click “Run”. Then, 
basin boundary layer of target river basin will be shown. 

4. User can get coordinates of the 
outlet. 
(Long.|Lat.|Flow accumulation*) 
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22  Clip target river basin by using basin boundary layer. 

 [Raster]>[Mask(r.mask)] 
 

 

 
23  Select basin boundary layer as “Raster map to use as MASK” and input “1” in “Category 

values to use for MASK” on “Create” tab and click “Run”. Then, clipped target river basin 
will be shown. 

 

Click 

Basin boundary of Target 
river basin 
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24   Export the three layer data (dem, dir, acc). 

[File]>[Export raster map]> >[ESRI  ASCII grid export] 
 

 

25  Select three layer data (dem, dir, acc) and input output file name in “Name for output 
ARC-GRID map” and click “Run”. 
 

26  Perform the same operation for all the three layers (dem, dir, acc).             

Click 
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3.4 Upscaling the spatial resolutions of DEM, DIR and ACC (optional) 

 
If a user needs to upscale the resolutions of the topography files (dem, dir and acc), one can 
use a program called “scaleUp.exe”. By specifying a multiple factor for upscaling the 
resolution, the program outputs new dem, dir and acc based on the original topography files. 
For example, if the spatial resolutions of the topography files are 30 sec and the specified 
multiple factor is 3, the program creates the topography files having 90 sec (30s x 3). The 
following shows the procedure to use the program. 
 

Copy “scaleUp.txt” file from “RRI-CUI/etc/scaleUp/” and save it under your project folder 
(e.g. RRI-CUI/Project/solo30s/) 

 

 
 

Type in “scaleUp.exe” and return to execute scaleUp.exe program and find the created 
three sets of the topographic data indicated in L5, L6 and L7 in scaleUp.txt 

 
 
3.5 DEM Data Adjustment 

 
There are some hollows in the original HydroSHEDS elevation data. Some of them represent 
actual topographic features, while some of them are caused due to the intrinsic characteristics 
of DEM. For example, deep and narrow valley, in which a river flows, may be blocked by 
surrounding topography because of the DEM resolution. In that case, the simulated water 
depths and river discharges with the original DEM are unrealistic. 
 
Therefore, the following DEM adjustment is always recommended to avoid the unrealistic 
hollows in the original DEM. The provided program called demAdjust2 (demAdjust2.exe) 
follows the flow direction of HydroSHEDS and remove all the negative slope along the flow 
direction by carving and lifting the original DEM. 
 
The algorithm of demAdjust2 is as follows; 

./topo/dem.txt 

./topo/dir.txt 

./topo/acc.txt 
3 
./topo/dem_90s.txt 
./topo/dir_90s.txt 
./topo/acco_90s.txt 

scaleUp.txt 

multiple factor for upscaling 

input files 

output files
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1. Based on the flow direction, demAdjust2 finds upstream cells (i.e. cells with no inflow). 
2. Among the detected upstream cells, searching order is determined from the total length of 
the flow paths from each upstream cell to its most downstream cell. 
3. Following the above decided order, demAdjust2 adjusts elevations based on the following 
procedures. 
  1) The negative elevation is set to be zero. 
  2) Lifting: If a single cell is extremely low (likely as a noise error) compared to its upstream 
and downstream cells, the cell’s elevation will be replaced by the same elevation as the 
upstream cell. The parameter “lift” is used as the threshold to detect sudden drop and its 
default value is set to be 500 m. 
  3) Carving: If the elevation suddenly increases along the flow direction, the cell’s elevation 
will be replaced by the same elevation as the upstream cell. The parameter “carve” is used as 
the threshold to detect the sudden increase and its default value is 5 m. 
  4) Lifting and Carving: By searching from the most upstream, it finds a cell whose 
downstream elevation is higher than that cell (point L). By searching from point L toward 
downstream, it finds a cell whose downstream is lower than that cell (point H). The point L is 
lifted and point H is carved by the parameter “increment”, whose default is 0.01 m. 
 
The demAdjust2 program conducts each of the above procedure repeatedly for each flow path 
ways from all the detected upstream cells until all negative slopes are removed. Note that the 
above procedure does not change flow direction. 
 
Edit demAdjust2.txt if necessary and run demAdjustment2 program by typing in 
“demAdjustment2.exe” on Command Prompt under the project folder (e.g. solo15s or solo30s). 
 

The process is necessary even if a user would like to use original dem data. “demAdjust2” 
program modifies not only “dem” data but also flow direction data “dir”. The modified “dir” 
(named as “adir”) has flow direction equals to zero at outlet cells. This operation must be 
done and “adir” always must be used for RRI simulation. Also note that there is no 
correction for “acc”, so use the original “acc” regardless the demAdjust2 procedure. 

 
Read the adjusted dem and dir data to ArcGIS to visualize the data. 

Select [ArcToolBox] [Conversion tool] [Conversion from raster] [ASCII Raster].  

“adem”, “adir”, “acc” are the three important topography data for the RRI simulation. 
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4. Preparing Input Rainfall Data 
 
This section explains the method to prepare rainfall data for RRI Model. A user can prepare 
the data by any method as far as it follows a specified data format. Currently three program 
sets are prepared for processing: 
1) gauged rainfall with Thiessen polygon interpolation (/etc/rainThiessen),  
2) GSMaP satellite based rainfall (/etc/GSMaP) and  
3) 3B42RT (/etc/3B42RT) satellite based rainfall. 
 
4.1 Prepare Input Rainfall Data from Gauged Rainfall Records 

 
To use ground gauged data for creating input rainfall for the RRI simulation, one can use 
rainThiessen.exe (./RRI-CUI/etc/rainThiessen/rainThiessen.f90) program. 
 

First, prepare rain gauge data in Excel (e.g. /solo30s/rain/gauge_solo_1d.xlsx). 

 

 
Set any negative value (e.g. -999) for missing data, not to be used for the interpolation. 
 

Select all cells having values, and copy and paste on a text editor. Then save it as txt file 
(e.g. gauge_1d.txt) 
Edit the input file “rainThiessen.txt” as follows. 

 

Number of rain gauges 
i

Latitude and longitude of 
the rain gauges 

Time step of the data in second
(Note: start from zero) 
The data is not necessary to be 
in constant intervals

Rainfall data  
[mm/d] or [mm/h] 
regardless the time 
interval 

Number of rain gauges 
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On command prompt under the project file (e.g. RRI/Project/solo30s/), type in  
“rainThiessen.exe” to execute the program. 
Confirm an input rainfall file for RRI Model (e.g. “rain.dat”) is newly created. 

 
4.2 Prepare Input Rainfall Data from GSMaP 

 
GSMaP products were updated on September 2014. Now the products include GSMaP_NRT 
(realtime), GSMaP_MVK (standard ver.5 or ver.6) and GSMaP_Gauge (gauge composite). 
Refer to the following website for the latest information and the registration to download the 
data. (http://sharaku.eorc.jaxa.jp/GSMaP/index.htm) 
 
4.2.1 Download GSMaP Data 

 
First, create “gsmap” folder under your project folder (e.g. solo30s). 
Under “gsmap” folder, create “infile” and “cutfile” folders. 
Download all GSMaP rainfall data you would like to proceed and save them in “infile”. 

 
 
4.2.2 Calculate Rainfall Data Range for a Target Catchment 

 
To calculate the range for the data delineation, calc_area_gsmap.exe can be used. Before 
executing calc_area_gsmap.exe, copy /etc/GSMaP/calc_area_gsmap.txt and paste it under the 
created “gsmap” folder. 
 

./rain/gauge_1d.txt 
24 
./rain/rain.dat 
./rain/gauge_map.txt 
ncols  336 
nrows 204 
xll 110.2 
yll -8.3 
cellsize 0.0083333333333333 
 
 

1D rainfall data prepared above 

Divide parameter 
set 1 if the input rain data is in [mm/h],  
set 24 if it is in [mm/d] 

Output file names
L3 : output rainfall (i.e. input for RRI) [mm/h] 
L4 : output map file (to check the spatial 
distribution of rain gauges) 

Coordinate specifications of the output rainfall file. One can 
copy and paste the header of a topographic file (i.e. dem). 
 
However any coordinates values and cellsize can be specified 
as far as the same coordinate is set in “RRI_Input.txt” and the 
range covers an entire domain. See the detail in Section 8.2. 
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In the copied “calc_area.txt”, specify “horizontal_resolution [d]” and “temporal_resolution [h]” 
of original GSMaP product you will use. Also specify “ncols” to “cellsize” based on the target 
catchment, whose parameters can be obtained from the headers of topographic files of “dem”, 
“acc” or “dir”. 
 
Note: The holizontal resolution of GSMaP product is either 0.1 [deg] or 0.25 [deg], and the 
temporal resolution is either 1 [h] or 24 [h].  
(In case of 0.1 deg 
 xul = 0.05, yul = 59.95; 0.25 
 xul = 0.125, yul = 59.875). 
 
Running calc_area_gsmap.exe creates a file named “out_by_calc_area_gsmap.txt”. 
 

 
 
 
4.2.3 Delineating GSMaP Data for Target Area 

Unzip all the downloaded files (a linux user may use “gunzip *”, otherwise please find an 
appropriate program to unzip “.dat.gz” files) 
Copy “/etc/GSMaP/makeList.bat” under “gsmap” folder and execute it to list up all the 
unziped files as "list.txt” 
 

horizontal_resolution [d] :   0.1000000 
temporal_resolution [h]   :          1 
 
xll : 110.2000  
yll : -8.300000  
xur : 113.0000  
yur : -6.600000  
  
xll_rain  :    110.1250 
yll_rain  :   -8.375000 
xur_rain :    113.1250 
yur_rain :   -6.375000 
 
jleft : 440 
ibottom : 273 
jright : 452 
itop : 265 
 
xllcorner_rain (raster) :  110.0000 
yllcorner_rain (raster) :  -8.500000 
cellsize_rain   : 0.2500000 

Information that is necessary to 
delineate GSMaP 
(jleft, ibottom, iright, itop) 

Rainfall location information to 
be specified in the RRI_Input.txt 
(xllcorner, yllcorner, cellsize) 

out_by_calc_area_by_gsmap.txt 
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Type in “read_gsmap.exe” on command prompt at “gsmap”. 
 
 
 
 
 
 
 
 
 
 

 
4.3 Prepare Input Rainfall Data from 3B42RT 

 
4.3.1 Download 3B42RT Data 

Access the following FTP site for downloading 3B42RT data 
ftp://trmmopen.gsfc.nasa.gov/pub/merged 
Download "3B42RT.20*****.7R2.bin.gz" files from the FTP site and save them 
under ./etc/3B42RT/read/infile/ 

 
4.3.2 Calculate Rainfall Data Range for a Target Catchment 

 
To calculate the suitable range for the delineation, /etc/3B42RT/calc_area.f90 program can be 
used. See details in 4.2.2, the same process is used for GSMaP data extraction. 
 
4.3.3 Delineating 3B42RT Data for Target Area 

 
The following process uses “bash script”. Windows users may install “clink” program to 
run bash scripts (*.sh) on windows command prompt. The “clink” program can be 
downloaded from:  http://code.google.com/p/clink/ 
To calculate the suitable range for the delineation, /etc/3B42RT/calc_area.f90 program 

dir /b infile > list.bat 

Running the program creates 
“rain.data”, which is rainfall 
input file for RRI simulation 

Revise the pass, then 
save and execute.

When executed,
[list.txt] is created 
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can be used. See details in 4.2.2 because the same process is applied also to GSMaP data 
extraction. 
Execute "bash unzip.sh" in /etc/3B42RT/read/ to unzip the downloaded files 
under ./etc/3B42RT/read/infile. 
Edit "read_rt_file.sh" file to set extraction range in L4 to L7 (jleft, ibottom, jright, itop) 
suggested by calc_area.f90. 
Execute "bash read_rt_file.sh" to extract data 
Note: the extract does not run if the same output files already exist 
Edit "combine.sh" by setting the extraction range in L4 to L7 (jleft, ibottom, jright, itop) 
suggested by "out_by_calc_area.txt", and set output file name on L9. Also edit L14, L17 
and L20 to indicate which year, month and day of the data should be processed. 
Execute "bash ./combine.sh" to combine all rainfall files to create the RRI input, so that 
the rainfall file, which can be read by the RRI program, will be created. 

 
4.4 Format of Input Rainfall Data for RRI Model 
 
Here is the format of the input rainfall data used for RRI Model. By specifying the cell size, 
xll_corner and yll_corner of the rainfall data into a control file of RRI model (i.e. 
“RRI_Input.txt”), the model can overlay the rainfall distribution even if the ranges and the 
resolutions are different from topographic data as far as the rainfall data covers all the 
simulation extent. 
 

 
 

Number of X,Y grids

time stamp 

N
um

be
r 

of
 Y

 g
ri

ds
 

time stamp 

Number of X grids
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The input unit of rainfall must be always mm/hr regardless the data interval. 
The time interval is not necessary to be constant. 
Rainfall between 3600 and 7200 is written under the time stamp of 7200  
(just like rain gauge data). 

 
RRI_Input.txt Control file of the RRI Model 

 

 

 
4.5 Calculation of Catchment Average Rainfall 
 
To calculate catchment average rainfall from the input rainfall data, a user can use 
“rainBasin.exe” program. To run the program, “rainBasin.txt” must be prepared in the 
following way. 

 

 
 

   L1 : [in] rainfall file (RRI format) [mm/h] 

./rain/rain.dat 

./topo/adem.txt 
110.2d0 
-8.3d0 
0.00833333d0 0.00833333d0 
./rain/rain_hyeto.txt 
./rain/rain_dist.txt 
./rain/rain_cum.txt 

RRI_Input_Format_Ver1_4_2 
 
./rain/rain.dat 
./topo/adem.txt 
./topo/acc.txt 
./topo/adir.txt 
 
0                # utm(1) or latlon(0) 
1                # 4-direction (0), 8-direction(1) 
360              # lasth 
600              # dt 
60               # dt_riv 
96               # outnum 
110.2d0          # xllcorner_rain 
-8.3d0           # yllcorner_rain 
0.00833333d0 0.00833333d0   # cellsize_rain 

Coordinates and grid size of the 
south-west end of the rainfall data range 

RRI_Input.txt 

rainBasin.txt 
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   L2 : [in] catchment mask file (e.g. dem file) 
   L3 : [in] rainfall xll corner 
   L4 : [in] rainfall yll corner 
   L5 : [in] rainfall cellsize (x, y) 
   L6 : [out] hyetograph [mm/h] 

L7 : [out] total rainfall distribution map [mm] 
L8 : [out] cumulative rainfall [mm] 
 

On command prompt, type in “rainBasin.exe” to create three output files identified in L6, L7 
and L8 to show hyetograph, total rainfall distribution map and cumulative rainfall, 
respectively. 
 
Note: To calculate average rainfall over a sub-catchment, one can replace the file indicated in 
L2. First, one can use GIS to delineate the sub-catchment and convert the mask into ASCII 
GIS format. For areas having pixel values greater than -10 will be considered as a 
sub-catchment area. 
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5. Conditions Setting for RRI Simulation 
 

5.1 Folder Configuration 
 

The following shows the folder configuration inside ./RRI-CUI/Project/solo30s 

 

-      Folders- 
topo Stores following sets of topographic data 

Digital elevation model (dem.txt) 
Adjusted digital elevation model (adem.txt) 
Flow accumulation (acc.txt) 
Flow direction (dir.txt) 
Adjusted flow direction (adir.txt)  
(optional) Land use data (landuse.txt) 

rain Stores following sets of input rainfall data 
Rainfall data (rain.dat) 
(optional) Evapotranspiration data (PET.txt) 

out Stores simulation results for each output time step 
hr_ River water depth [m] 
hs_ Slope water depth [m] 
qr_ River discharge [m3/s] 
qu_ Slope discharge for x direction [m3/s] 
qv_ Slope discharge for y direction [m3/s] 
gampt_ff Green-Ampt cumulative water depth [m]
storage.dat water balance checking file 

hs : Stores figures of inundation depths (hs) by gnuplot 
gis : Stores GIS related data 
obs: Stores observation related data 
riv: Stores river section related data 

Control files  
RRI_Input.txt : RRI model control file for 0_rri_1_4_2.exe

demAdjust2.txt : demAdjustment program (demAdjust2.exe) [pre-processing] 

rainThiessen.txt : Rainfall processing program (rainThiessen.exe) [pre-processing] 

calcHydro.txt : Hydrograph calculation program (calcHydro.exe) [post-processing]

calcPeak.txt : Peak inundation depth calculation program (calcPeak.exe) [post-processing]

rainBasin.txt : Rainfall analysis program (rainBasin.exe) [post-processing] 

Input Files Other Programs and Files  
hydro.plt : gnuplot script to draw hydrograph 

hs.plt : gnuplot script to create inundation depths figures (prepared by /etc/prepHsPlt) 

ciirdubate.xlsx: excel file to covert from (i, j) to (x, y) or (x, y) to (i, j) 

location.txt : Location list to draw hydrographs 

[.///RRI-CUI/Project/solo30s] 
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5.2 RRI Model Control File (RRI_Input.txt) 

 

 
 
Note that #comment is allowed only for lines with numbers like L8 to L16, but it is not 
allowed for lines with characters like L3 to L6. 
 
L1 : Version of the control file format. 
This version has to be compatible with the RRI program version. When RRI Model version is 
updated, user may be requested to modify this control file to be suitable for the updated 
version. 
 
L3 – L6 : Paths of the input files (rainfall, dem, acc, dir) 
Note that adjusted direction file having zero at the outlet must be read in the flow direction 
column. This adjustment (for dem and dir) can be implemented through the process of 
demAdjust2. 
 
L8 : Topographic and rainfall data coordinate system (UTM (1) or Lat Lon(0)) 
L9 : Simulating with 4- (0) or 8-direction (1) by the two dimensional model [default : 1] 
L10 : Simulation period [hour] 
L11 : Simulation time step [sec], [default : 600 sec] 
L12 : Simulation time step for river [sec], [default : 60 sec] 
The above time steps are just initial setting. The adaptive Runge-Kutta algorithm used for 
RRI simulation may shorten the time steps if necessary. 

L1   RRI_Input_Format_Ver1_4_2 
L2   
L3   ./rain/rain.dat 
L4   ./topo/adem.txt 
L5   ./topo/acc.txt 
L6   ./topo/adir.txt 
L7  
L8   0   # utm(1) or latlon(0) 
L9   1   # 4-direction (0), 8-direction(1) 
L10  360  # lasth [hour] 
L11  600  # dt [sec] 
L12  60   # dt_riv [sec] 
L13  96   # outnum [-] 
L14  110.2d0  # xllcorner_rain 
L15  -8.3d0  # yllcorner_rain 
L16  0.00833333d0 0.00833333d0   # cellsize_rain 
L17 

RRI_Input.txt 
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L13 : Number of output files 
Simulation period specified above is equally divided for simulation output.  
L14 – L16 : South west coordinate and resolution of rainfall data 
Number of col and row are written in the rainfall data. 
 

 

 
L18 : Manning’s roughness in river channel 
 
L19 : Number of landuse 
Parameter sets specified below should correspond to the number of landuse specified here. 
For example, if there are three landuse types in a catchment, write three different parameter 
sets. Prepare also the landuse map which has numbers from one to three, so that the 
parameter sets described below will be assigned to each landuse grid cell. First column 
parameters are assigned to landuse type “1” in the landuse map. 
 
L20 : diffusion (1) or kinematic (0) [default : 1] 
The default mode of RRI model uses diffusion wave equations. However, by setting zero here, 
RRI model can use kinematic wave approximation. 
 
L21 : Manning’s roughness on slope cells 
L22 : Soil depths [m] 
L23 : Effective porosity [-] 
 
L25, L26 : Green-Ampt infiltration model parameters 
Set ksv = 0 for inactivating Green-Ampt infiltration model. 

L18  0.03d0  # ns_river 
L19  1   # num_of_landuse 
L20  1   # diffusion(1) or kinematic(0) 
L21  0.4d0  # ns_slope 
L22  1.0d0  # soildepth 
L23  0.475d0  # gammaa 
L24 
L25  0.d0  # kv (m/s) 
L26  0.3163d0  # Sf (m) 
L27 
L28  0.0d0  # ka (m/s) 
L29  0.0d0  # gammam (-) 
L30  0.0d0  # beta (-) 
L31 

RRI_Input.txt 
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“ksv” : vertical saturated hydraulic conductivity [m/s], ”faif” is the suction at the wetting front 
defined by Sf. 
 
Note: In the previous versions of RRI Model, “delta” and “infilt_limit” parameters were used. 
The parameter “delta” is now replaced by “gamma” to represent soil porosity minus initial 
water volume content (#

�
"*�. The “infilt_limit” parameter is computed within the RRI 
program by multiplying “soildepth” and “gamma” to estimate the maximum cumulative 
infiltration depths in meter. Once the cumulative infiltration depths reaches to this maximum 
depths, no more infiltration happens at the grid-cells.  
 
L28 – L30 : lateral subsurface and surface model parameters 
L28 and L30 are options to consider unsaturated and saturated subsurface flow and surface 
flow in lateral direction. “kv” is lateral saturated hydraulic conductivity (which is typically 
two or three orders high compared with the vertical hydraulic conductivity set for 
Green-Ampt model. To start with, set zero for “dm” to inactivate the option to consider 
unsaturated subsurface flow. Setting zero makes no saturated subsurface flow consideration. 
See 8.7 for the details of the parameter settings. 
 
Note: In the previous version of RRI Model, a parameter “da” was used to represent maximum 
water depth in saturated subsurface flow. Now this is calculated as “soil depth” times 
“gammaa” within the program.  
 
L32 – L36 
Set “ksg = 0.d0” to avoid deep groundwater component, whose algorithm is under 
development and not completed at RRI ver1.4.2. L33-L36 become inactive with ksg = 0.d0. 
 
L38 – L44 : River channel geometry setting by equations 

d

w

s
d

s
w

Acdepth

Acwidth

�

�
 

The above equations are used as default settings for river channel widths and depths.  
Note that A in the equations is the upstream catchment area [km2] for each river grid-cell. 
 
L46 – L49 : River channel geometry setting by files (optional) 
If one would like to set width, depth and embankment height from files instead of the above 
equations, set 1 in L46 and prepare the files in ESRI/ASCII format. 
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L51 – L55 : Initial water depth on slope, river, groundwater and GA Model cumulative by files 
(optional) 
If one would like to set initial water depths on slope and river for each grid cell, set 1 in L51 
and prepare the initial condition distribution files specified in L52, L53, L54 and L55. Note 
that the format of the files is the same as RRI model output. 

 

 

 
L57 – L59 : Water depths boundary conditions (optional) 
L57 : Slope water depths boundary conditions, L58 : River water depths boundary conditions 
See Section 8 for the format of the boundary condition files. Use flag 1 for one-dimensional 
data format (i.e. time series data at specific boundary condition locations). Use flag 2 in case 
the boundary condition files are prepared in two-dimensional data format, whose number of 
grid-cells must be the same as the topographic data including dem, dir, and acc. In both cases, 

L51  0 0 0 0 
L52  ./init/hs_init_dummy.out 
L53  ./init/hr_init_dummy.out 
L54  ./init/hg_init_dummy.out 
L55  ./init/gamptff_init_dummy.out 
L56   
L57  0 0 
L58  ./bound/hs_bound.txt 
L59  ./bound/hr_bound.txt 
L60   
L61  0 0 
L62  ./bound/qs_bound.txt 
L63  ./bound/qr_bound.txt 
L64 

L38  100              # riv_thresh 
L39  5.0d0            # width_param_c 
L40  0.35d0           # width_param_s 
L41  0.95d0           # depth_param_c 
L42  0.20d0           # depth_param_s 
L43  0.d0             # height_param 
L44  20               # height_limit_param 
L45   
L46  0 
L47  ./riv/width.txt 
L48  ./riv/depth.txt 
L49  ./riv/height.txt 
L50 

RRI_Input.txt 

RRI_Input.txt 
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time stamps in the boundary condition can vary within the file. 
 

L61 – L63 : Water discharge boundary conditions (optional) 
(Same as L57 – L59) 
 

 
 

L65 – L66 : Landuse setting (optional) 
If one would like to use multiple parameter sets for different grid-cells, set 1 in L65 and read 
landuse file specified in L66. 
 

L68 – L69 : Dam condition setting (optional) 
RRI model simulates the effect of dam reservoir operations based on simple rule. Refer to the 
source code “RRI_Dam.f90” for details. (See also 8.11) 
 
L71 – L72 : River diversion setting (optional) 
River channel diversion setting (See also 8.10) 
 

L74 – L78 : Evapotranspiration setting (optional) 

L65  0 
L66  ./topo/landuse.txt 
L67 
L68  0 
L69  ./dam.txt 
L70   
L71  0 
L72  ./div.txt 
L73   
L74  0 
L75  ./infile/PET.txt 
L76  110.2d0           # xllcorner_evp 
L77  -8.3d0            # yllcorner_evp 
L78  0.00833333d0 0.00833333d0   # cellsize_rain 
L79   
L80  0 
L81  ./riv/length.txt 
L82   
L83  0 
L84  ./riv/sec_map.txt 
L85  ./riv/section/sec_ 
L86   

RRI_Input.txt 
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Prepare ET file and specify the path on L75. The format of ET file is the same as rainfall. The 
resolution and xll and yll corners can be different from the rainfall file as far as it covers all 
the simulation domain. 
 
L80 – L81 : River length setting (optional) : newly added option to set arbitrary the length of 
river channel for each river grid cell (under preparation for more detail on this option). 
 
L83 – L85 : River cross section settings (optional) : newly added option to set arbitrary cross 
section information for each river grid cell (under preparation for more detail on this option). 
 

 

 
L87 – L97 : Output file settings 
Change the settings of L87 to “1” to output different sets of simulation results listed in the 
same order between L88 and L97 

 

L99 – L100 : Output hydrographs at specified locations (Optional) 
Set 1 in L99 to read the location file and output hydrographs at the specified locations. 

L87  1 1 0 1 0 0 0 0 0 1 
L88  ./out/hs_ 
L89  ./out/hr_ 
L90  ./out/hg_ 
L91  ./out/qr_ 
L92  ./out/qu_ 
L93  ./out/qv_ 
L94  ./out/gu_ 
L95  ./out/gv_ 
L96  ./out/gampt_ff_ 
L97  ./out/storage.dat 
L98   
L99  1 
L100  ./location.txt 

RRI_Input.txt 
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6. Running RRI Model 
 
Prepare “RRI_Input.txt” under your project folder (e.g. “./RRI-CUI/Project/solo30s)” 
Move current folder to your project folder and type in “0_rri_1_4_2.exe” and return. 

 

 
 

Calculation status is 
displayed 

Prepare “RRI_Input.txt” before 
executing 0_rri_1_4_2.exe 
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7. Visualize Output Data 
 
This section explains how to visualize RRI Model output. 
 

7.1 Format of the Output Files 
 
Each output file contains water depths on slope (hs_) and on river (hr_) and river discharges 
(qr_) on river at a particular time step. The units of the output are [m] for water depths and 
[m3/s] for discharge. 

 

 
. 

The numbers of rows and columns are the same as those of the topographic data. 
 
Note that for each type of model output, the number of the files is defined in RRI_Input.txt 
(L13 : outnum). The simulation period is equally divided by “outnum” and the number 
assigned to each output file represents the output time stamp. 
 
7.2 Visualize Inundation Depth with GNUPLOT 
 
GNUPLOT can be used to illustrate flood inundation depth distributions. Inside the project 
folder, the GNUPLOT script named “hs.plt” is included. To change the settings, one can edit 
“hs.plt” directly or create another “hs.plt” by using a Fortran program named 
“prepHsPlt.f90” saved in “RRI/etc/prepHsPlt”. 
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Number of grids in X direction (col) 

loc_i 

col 
 (1, 1) 

(row, 1) 

 (loc_i, loc_j) 

 (1, loc_j)

(loc_i, 1) 

 (1, loc_j) 

(row, col) 
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Edit “hs.plt” file to change the configurations. 

 
 

Start GNUPLOT program by clicking “/RRI-CUI/etc/gnuplot/binary/wgnuplot.exe” 
Then open and select “hs.plt” script file. 

 

reset 
 
set terminal gif medium size 672, 408 crop 
 
set pm3d map 
set palette defined (0.0 "gray", 1.5 "blue", 3 "green") 
 
set xrange [0:] 
set yrange [:] reverse 
set zrange [0:] reverse 
 
#set xrange [180:200] 
#set yrange [435:455] reverse 
 
set cbrange[0.:3] 
set zrange[0.0:] 
 
set output "./hs/hs_000001.gif" 
splot "./out/hs_000001.out" matrix t "000001 / 000096" 
 
set output "./hs/hs_000002.gif" 
splot "./out/hs_000002.out" matrix t "000002 / 000096" 
 
set output "./hs/hs_000003.gif" 
splot "./out/hs_000003.out" matrix t "000003 / 000096" 

The size of 
output GIF file, 
X and Y 
direction. 
Use the same X 
and Y ratio as 
DEM’s col and 
row. 

Color pattern settings

Color range

GNUPLOT

Select “hs.plt” 

From RRI output (hs_***.out) to gif 

hs_plt.txt 
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7.3 Hydrographs at Specific Locations 
 
A Fortran program named “calcHydro.exe” can be used to generate hydrographs by picking 
up values from “out/qr_***.txt” at specified locations. 

 
Edit “RRI/Model/calcHydro.txt” (see more details “RRI-CUI/etc/calcHydro/00_readme.txt”) 

   L1 : [In] location file (e.g.  ./infile/solo30s/location_solo_30s.txt) 
   L2 : [In] RRI output file (e.g.  ./out/qr_) 
   L3 : [Out] hydrograph file (e.g.  ./infile/solo30s/disc_) 
 

 

 

 
 

Run “calcHydro.exe”. (Execute “makePostProcess.bat” in advance to compile.) 
Check the created files specified in L3 of “calcHydro.txt”. (e.g. ./infile/solo30s/disc_) 
From GNUPLOT screen, open and select “hydrograph.plt”, which is a GNUPLOT script 
file to plot hydrographs. Any other plotting software, such as Excel, can be also used to 

Cepu 68 167 
(list all target locations) 

./infile/solo30s/location_solo_30s.txt 
out/qr_ 
./infile/solo30s/disc_ 

RRI/Model/hs Right click and preview 

calcHydro.txt 

location_30s_solo.txt 
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draw hydrographs from created files (e.g. ./infile/solo30s/disc_Cepu.txt). 
 
In the location file (e.g. ./infile/solo30s/location_solo_30s.txt), one can list all target points, 
which you want to calculate hydrographs. Write the “name of location” and “loc_i” 
(y-direction) and “loc_j” (x-direction) 
Note that “loc_i” is the row (y-direction from top) and “loc_j” is the col (x-direction from left). 
 
 
To identify the observation points in mesh coordinate (loc_i, loc_j), one can use 
“/RRI/etc/coordinate.xlsx” to calculate based on the coordinate in latitude(y) and longitude(x).  
 

Find the latitude (y) and longitude (x) of the observation point using ArcGIS. 

  
(Displaying “acc” on top to make sure the selected point is on a river grid cell.) 

 
Open one of the topographic data (i.e. dem, dir, or acc) 
 

 

 

ncols         336  
nrows         204  
xllcorner     110.2  
yllcorner     -8.3  
cellsize      0.00833333333333 
NODATA_value  -9999  
 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 
-9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 -9999 

2) Click identify “i” button 

1) Click target point 

3) Read the coordinate lon and lat 

acc_solo_30s.txt 
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Read the header part (red box in the above figure) of the topographic data and copy the 
same information in the Excel file (i.e. /RRI-CUI/etc/coordinate.xlsx). 

 

  

 
Type x and y (or lon and lat) coordinate of the target point, then the calculated mesh 
coordinate (loc_i, loc_j) appears in (E4, E5). 

 
(“coordinate.xlsx” can be used also to convert from (loc_i, loc_j) to (lon, lat). 

 
7.4 Visualize Peak Inundation Depths 
 
Fortran program named “calcPeak.exe” can be used to compute the maximum flood depths 
based on RRI Model output (“out/hs_*.out”). See 2.2.3 the procedure more in detail. 

 
Edit “RRI/Model/calcPeak.txt” file after RRI model execution. 
In “calcPeak.txt”, L1 sets the path of dem file, L2 sets the RRI model output file to 
calculate the peak, and L3 sets the number of output files. L4 defines the output file of 
calcPeak program. See details the readme file of “/etc/calcPeak”. 
Execute “calcPeak.exe”. (Execute “makePostProcess.bat” if the executable file does not 
exist.) 
Check the created files specified in L4 of “calcPeak.txt”. 
The obtained peak water data follows ESRI/ASCII format that can be visualized with 
ArcGIS. 
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7.5 Visualize Inundation Depths with Google Earth (Optional) 
 
7.5.1 Preparing KML File 

 
By using “RRI/etc/makeKML.f90”, a kml file (e.g. “runoff.kml”) can be prepared. 
User needs to edit “RRI/etc/Kml_input.txt”. 
 

 

 

 
 
 

<Folder> 
 <GroundOverlay> 
  <TimeSpan> 
   <begin>2007-12-24T00:00Z</begin> 
   <end>2007-12-24T03:45Z</end> 
  </TimeSpan> 
  <Icon> 
    <href>hs_kml/hs_000001.gif</href> 
  </Icon> 
  <LatLonBox> 
   <north>  -6.60000</north> 
   <south>  -8.30000</south> 
   <east> 113.00000</east> 
   <west> 110.20000</west> 
  </LatLonBox> 
 </GroundOverlay> 

 

2007   12   24    0    0  : Start time (Year Month Day Hour Min ( UTC )) 
  96                    : Number of gif files(  "outnum" of RRI_Input.txt ) 
 3.75                     : Timestep (hourly) (  "lasth / outnum" of RRI_Input.txt )
./infile/solo/adem_30s_solo.txt  : Dem file name (for lat,lon) 
./runoff.kml               : Output file name 

“Time step” needs to be input as “hourly” data.
This “Time step” should be “lasth” / ”outnum” input 
in ”RRI_Input.dat”. 

When it is executed, 
“runoff.kml” is output. 

The output of “runoff.kml” reads gif files created in the folder of “hs_kml”. 

Kml_input.txt 

runoff.kml 
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7.5.2 Preparing GIF Files with GNUPLOT 

 
The method of plotting “hs_kml.plt” using “gnuplot” is shown below.  

 
Prepare a gnuplot file (e.g. “RRI/Model/hs_kml.plt”), which can be essentially the 
same as hs.plt explained above. However, the gnuplot script file used here (i.e. 
hs_kml.plt) must have some additional statements in the blue box in the following 
figure. The statements delete unnecessary axis and legends to be appropriately 
overlay on Google Earth. 
 

 

reset 
 
set terminal gif medium size 672, 408 crop 
 
set lmargin 0 
set bmargin 0 
set rmargin 0 
set tmargin 0 
set notics 
set nokey 
unset colorbox 
 
set pm3d map 
set palette defined (0.0 "gray", 1.5 "blue", 3 "green") 
 
set xrange [0:] 
set yrange [:] reverse 
set zrange [0:] reverse 
 
#set xrange [180:200] 
#set yrange [435:455] reverse 
 
set cbrange[0.:3] 
set zrange[0.0:] 
 
set output "./hs_kml/hs_000001.gif" 
splot "./out/hs_000001.out" matrix t "000001 / 000096" 

 

This part must be added 
to the original hs.plt file. 

hs_kml.plt 

Designate size so that the aspect ratio of 
size and ratio of number of meshes match. 

The folder name, “hs_kml”
should be input here. 

modify 

modify 

add 
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Start “GNUPLOT” and run “RRI/Model/ hs_kml.plt”. 

 
An image file is prepared in the “RRI/Model/hs_kml” folder. (Note that a new folder 
hs_kml must be created in advance.) 

 
7.5.3 Visualize GIF files with Google Earth 

 
Start Google Earth and drag “/RRI/Model/runoff.kml”. 

   
 

Click Select hs_kml.plt 

Drag 
runoff.kml. 
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Designate the number of figures to display at once and their transparency. 

 
  
 
 
 
 
 
 
 
 
 
 

 
 
 

1. To reduce the number of 
figures, move the left marker to 
the right edge, and superimpose 
it on the right marker. 

2. Set the permeability with the 
permeability slider. 

  On time slider: The right marker represents the present time, while the left 
marker is used for the number of figures to overlay. Figures in the period between 
two markers are displayed. 
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Execute animation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Save the results with kmz file, so that it can be distributed to other users without gif files. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
7.6 Visualize Results with Tecplot (Optional) 

 
7.6.1 Preparing input File of Tecplot 

 
 
 

3. If user wants to change the speed 
of animation, click option button. 

Set the animation 
speed by this slider. 

Select “kmz” from types of file, 
designate the file name as 
“runoff.kmz”, and click the save 
button. 

Select “Save Place as …”
from the right click menu. 

1. Drag the right marker, and move 
it to the start time. 

2. Clicking starts animation display. 

<note>. During the animation, two markers should be moved at the same time. 
If user can’t move the left marker, stop the animation and fit the left marker to the 
position of right marker and restart the animation.
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 2007 12 24 00            # start time 
360               # lasth [hour] 
96   # outnum [-] 
 
./Model/infile/solo30s/rain_solo_30s_gauge.dat 
./Model/infile/solo30s/adem_30s_solo.txt 
 
110.2d0          # xllcorner_rain 
-8.3d0           # yllcorner_rain 
0.00833333d0 0.00833333d0   # cellsize_rain 
 
1 1 0 1 1 1 0 0 0 1 
./Model/out/hs_ 
./Model/out/hr_ 
./Model/out/hg_ 
./Model/out/qr_ 
./Model/out/qu_ 
./Model/out/qv_ 
./Model/out/gu_ 
./Model/out/gv_ 
./Model/out/gampt_ff_ 
 
./calcTecplot_out.dat 
 
TITLE     = "Internally created data set" 
VARIABLES = "X" 
"Y" 
"DEM (m)" 
"Rainfall (mm/h)" 
"Water depth hs (m)" 
"Water depth hr (m)" 
"Water depth hg (m)" 
"River discharge qr (m3/s)" 
"Slope discharge qu (m3/s)" 
"Slope discharge qv (m3/s)" 
"Ground discharge gu (m3/s) " 
"Ground discharge gv (m3/s)" 
"g-ampt (m)" 
 
ZONE T="Contour T ="  
STRANDID=1, SOLUTIONTIME= 
I=336, J=204, K=1, ZONETYPE=Ordered 
DATAPACKING=POINT 
DT=(SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE 
SINGLE SINGLE SINGLE SINGLE) 

User needs to edit these lines in “calcTecplot.txt”. 
All the lines except for the first line (start time) 
can be copied from “RRI_Input.txt” to be 
compatible with simulation setting. 

calcTecplot.txt 

: Rainfall file ( l.3 ) 
: Dem file ( l.4 ) 

grid data of Rainfall  
( from l.14 to l.16 ) 

Output file name for Tecplot 
(use “dat” for the extention) 

: calculation time ( l.10 ) 
: output file number ( l.13 ) 

Output file from RRI 
(from l.87 to l.96) 

“VARIABLES =” …” shows the variables to 
be displayed on Tecplot. Edit this if 
necessary. 

All data outside the red border are 
header information, which is not 
necessary to be modified. 

: Year, Month, Day, Hour 
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Use “RRI/etc/calcTecplot.f90” to prepare an input file for Tecplot (e.g. “calcTecplot_out.dat”). 
Prior to running calcTecplot.exe, edit “RRI/etc/calcTecplot.txt”, which sets the condition for 
generating the input file. 

 
7.6.2 Displaying on Tecplot 

 
Start Tecplot, and load data file. 
[File] > [Load Data file(s)] > [Tecplot Data Loader] > [calcTecplot_out.dat] 
It takes several minutes to load the data file. 

  

Choose “Tecplot Data 
Loader” format, and 
Click OK. 

Select the output file of 
“calcTecplot.f90”. 
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Write data file (changing input data to binary data), and also save as layout file. 

[File] > [Write Data file…]  
[File] > [Save Layout] .. 

By Making the binary data (*.plt), user can reduce the amount of time to reload 
layout file. User needs longer time to reload without the binary file. 

 

  

3D elevation data is 
displayed on Tecplot. 

Choose“3D Cartesian”, 
and Click “OK” 

Select “Binary” in 
“Save Data File Using” 
and Click “OK”. 

Edit your binary file 
name, and Click “Save”. 

Choose 
Binary  
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7.6.3  Edit display options on Tecplot 

 
Edit the ratio of XYZ and hide the axes. 

[Plot] > [Axis …] Select “XY Dependent” in Dependency on “Z” tab and input Size 
Factors in Z (following example shows the Size Factors Z is set to 0.1). Uncheck “Show 
X(Y,orZ)-axis” on X, Y and Z tab to hide the axis.  

 

Uncheck “show Z-axis” checkboxes
on X, Y and Z axis. 

After selecting “XY 
Dependent”, set “Size 
Factor” of Z as around 0.1. 

Edit your layout file 
name, and Click “Save” 
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Fit the data display range to the target range. 

[View] > [Data fit] 
 
 
 
 
 
 
 
 
 
 
 
Edit point of sight angle. 
[View] > [Rotate…] 

 
 
 
 
 
 
 
 
 
 
 

Set as follows; 
Psi    5.00 
Theta  -90.00 
Alpha  0.00 

Uncheck “Edge” 
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Delete unnecessary frame 
[Frame] > [Edit Active Frame…] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Edit translucency of shade 
Click “Zone Style” and edit the value of “Surface Translucency” on “Effects Tab” to change 
the translucency of shade (e.g. 10%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Uncheck “show Border”
checkbox. 
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7.6.4 Draw contour figure on Tecplot 
Select variables to draw contour. User can select variables up to eight variables. The 
legends of variables are automatically set. The method to edit them is described in . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Select variable to display. User can select variable from variables identified in . Click 
“Zone Style” and edit “Flood By” on “Contour” tab to edit target variable and its 
legend. ”Water depth hs (m)” is selected in the following figure as an example. 

 
 
 
 
 
 
 
 
 
 

Following variables are selected as an 
example. 

1. DEM 
2. Rainfall(mm/h) 
3. Water depth hs (m) 
4. Water depth hr (m) 
5. River discharge qr (m3/s) 
6. Slope discharge qu (m3/s) 
7. Slope discharge qv (m3/s) 

Selected variablesLegend ID and 
selected variables
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Edit legend. 
User can edit color legend of contour as follows; 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

User also can edit “cut off” to display upper and lower color limits. Color up to 0.5m is cut 
in the following figure as an example. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Set “Contour level Range” 
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User can check the time series of the contour figure. 
[Animate] > [Time…] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Start animation.
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Export animation file 
User can export animation file. 
[Animate] > [Time…] 
Select “To File” in “Destination” and “AVI” in “File Format” on “Animates” tab in “Time 
Details”. If user needs to edit animation speed, click “Generate Animation File” and edit 
“Animation Speed” if necessary. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.6.5 Supplement of display 

 
Display timestamp information on animation 
If user needs to display timestamp information on the contour figure, add textbox and 
input as follows; 

Time = &(SolutionTime%ddd dd-mmm-yyyy at hh:mm) 
 
Display time series graph on plane view. 
Select [Tools] > [Time Series Plot] > [Probe To Create Time Series Plot] and identify the 
position by left click with the pointer “+” to display the time-series. Note that the variable 
selected as “Flood By” will be shown on the time series graph. Hence user needs to change 
the setting of Zone Style and “Flood By” to display different time-series (e.g. qr). 
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8. Application Example 
 
This section presents the application of RRI Model to the lower Indus River basin. The target 
area is below Tarbela dam, Kabul and Panjdnad points as indicated below. The simulation 
domain is about 340,000 km2 and the river length is about 1,400 km. In this example, the 
river discharge boundary conditions are prepared based on observed discharge records during 
2010 floods to force the model with rainfall records. 
 

 

A polygon covering the simulation target (the red mask in the above figure) was prepared first. 
The flow direction data in HydroSHEDS (30sec) was used to identify the entire Indus River 
basin. Then the upstream areas above Tarbela, Kabul and Panjnad were removed from the 
entire Indus River basin. 
 
The background image of the above figure can be obtained from the following site 
(http://goto.arcgisonline.com/maps/World_Imagery) and used in ArcGIS. 
 
8.1 On Input Topography 

 
By using the catchment polygon, dem, acc and dir datasets were clipped for the catchment 
area. The function embedded in ArcGIS ([Spatial Analyst Tools] 
 [Conditional] 
 [Con]) was 
used to mask the target area out of the regional datasets of HydroSHEDS (30 second 
resolution). Then “demAdjust2” program was used to adjust dem and dir to create adem and 
adir. 

RRI Target Area
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8.2 On Input Rainfall 
 
Ground gauged rainfall records provided by Pakistan Meteorological Department (PMD) were 
used for the simulation. The green dots in the left figure below show their spatial distribution. 
The below right figure is the formatted ground gauged rainfall data with the latitude and 
longitude information. Total 93 data was used to create spatially distributed rainfall data. 
 

 
 
Note that the first column of the excel sheet represents the time stamp of the rainfall data in 
second. For example, at the row of 172800 sec, the daily rainfall [mm/d] between time 86400 
and 172800 sec was stored. Then all the data was copied to a text editor and save it as ASCII. 
 

4500

0

(m)
500 

0 

dem acc dir 

Rain gauge 
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The ASCII file is the input data of /etc/rainThiessen program that generates the spatially 
distributed rainfall data. Note that the “gauge_map_lower_indus.txt” is also created after 
running /etc/rainThiessen program, so that one can check the spatial representation of each 
rain gauge (see the figure below after converting from the ASCII to Raster with ArcGIS).  
 

 
 
Here is the sample of the rainThiessen program input file (rainThiessen.txt). 

 

 
The rainfall data must cover all the simulation domain. However, it is not necesssary to have 
the same resolution or the same coverage area. For exmaple, 0.1 degree (approx. 10 km) may 
be fine enough to distribute the ground gauged rainfall for this case. Thus above 
rainThiessen.txt read by the rainThiessen program specifies the output resolution of 0.1 
degree. 

./indus/gauge_1d_2010.txt 
24 
./indus/rain_lower_indus_gauge_2010.dat 
./indus/gauge_map_lower_indus.txt 
ncols  80 
nrows 120 
xll 66.0 
yll 23.0 
cellsize 0.1 

rainThiessen.txt 

gauge_map_lower_indus.txt 

in degree
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8.3 On Input Evapotranspiration 

Current version of RRI Model does not have a function to estimate evapotranspiration from 
climate variables. However, by giving evapotranspiration rate as one of the input files, the 
model takes the equivalent amount of water from surface and subsurface storages. 

RRI_Input_Format_Ver1_4_1 

./infile/lowerindus/rain/rain_lower_indus_gauge_2010.dat 

./infile/lowerindus/adem2_lid1k.txt 

./infile/lowerindus/acc_lid1k.txt 

./infile/lowerindus/adir_lid1k.txt 

0 # utm(1) or latlon(0) 
1 # 4-direction (0), 8-direction(1) 
2568 # lasth 
600 # dt 
60 # dt_riv
104 # outnum 
66.0d0  # xllcorner_rain 
23.0d0  # yllcorner_rain 
0.1 0.1 # cellsize_rain 

66.0 74.0

23.0 

35.0 

66.0

23.0

66.0

23.0
Topography 

0.0083333 degree 
resolution 

Rainfall 
0.1 degree 
resolution 

No need to be the same extent or the same resolutions, 
as far as rainfall data covers entire simulation domain 

ncols    960 
nrows     1440 
xllcorner   66 
yllcorner   23 
cellsize    0.00833333333333 
NODATA_value  -9999 

xllcorner_rain, yllcorner_rain 
cellsize_rain (x, y) are specified 
in RRI_Input.txt 

RRI_Input.txt 
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The format of the evapotranspiration input is the same as rainfall. Hense the grid cell size 
and time step of evapotranspiration file can be arbitrary set. For example, to set the constant 
rate of evapotranspiration, one can prepare the following input file (e.g. evp_4mm.txt), in 
which the value of 0.166667 mm/h corresponds to 4 mm/d of evapotranspiration. 
 

 
 
To read the evapotranspiration input file, set flag 1 on the L71 and specify the input file name. 
The coordinate of south west corner (xllcorner and yllcorner) as well as the cellsize (x and y 
direction) must be also set in L73-L75. 
 

 
 
 
Note that if sufficient water exists on a slope grid cell, and if the grid cell store water in the 
Green Ampt-Model, the model takes water from the cumulative water in GA model. If a user 
wants to avoid the evapotranspiration from the GA model, use flag “2” instead of “1” on L71. 
 
8.4 On River Channel Geometry Setting 

 
RRI Model assumes the rectangle shape for all river cross sections. To determine river cross 
sections (incl. width W, depth D and levee height He), the following two options are available. 

hr

hs

D

W

He

 
 

L71  1 
L72  ./infile/lowerindus/evp_4mm.txt 
L73  66.0d0  # xllcorner_evp 
L74  23.0d0  # yllcorner_evp 
L75  1000.d0 1000.d0 # cellsize_rain 

0 1 1 
0.166667 
10000000 1 1 
0.166667 

xllcorner_evp, yllcorner_evp 
cellsize_rain (x, y) are specified 
in RRI_Input.txt 

evp_4mm.txt 

RRI_Input.txt 
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   A) Use empirical equations with parameters defined in RRI_Input.txt 
 
   B) Read the values from files and specify the files in RRI_Input.txt 
 

 
 
A) For the first option, the parameters of the following empirical equations must be 
appropriately set to represent target catchment condition (L38 – L44 of RRI_Input.txt). 

d

w

s
d

s
w

Acdepth

Acwidth

�

�
 

where A in the equations is the upstream catchment area [km2] for each river grid-cell. 
The unit of width and depth are [m]. The parameter “riv_thresh” defines the threshold of flow 
accumulation (i.e. number of upstream cells) to distinguish river grid cells or slope grid cells. 
Recall that for RRI model, slope exists even on a river grid cell. 

 

 

L38  100  # riv_thresh 
L39  2.5d0  # width_param_c 
L40  0.4d0  # width_param_s 
L41  0.1d0  # depth_param_c 
L42  0.4d0  # depth_param_s 
L43  0.d0  # height_param 
L44  20   # height_limit_param 
L45   
L46  1 
L47  ./infile/lowerindus/width_lid1k.txt 
L48  ./infile/ lowerindus /depth_lid1k.txt 
L49  ./infile/ lowerindus /height_lid1k.txt 
L50 

Option A 

Option B 

� 0 : Option A  /  1 : Option B (Read from files) 

RRI_Input.txt 
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B) For the second option, a user can prepare three files separately to represent width, depth, 
and height distributions. All those files must have the same number of row, column and 
resolution as the topography data (i.e. adem, acc and adir). The format of these data is ArcGIS 
ASCII format (i.e. the same as the topography data).  
 
Note that the width file (e.g. ./infile/lowerindus/width_lid1k.txt) is used to decide whether 
each grid-cell has river or not (width > 0 is treated as a river grid cell). The values of depths 
and heights must be appropriately defined on a cell where the width > 0. 
 
To support for creating the width, depth and height files, a Fortran program called 
/etc/makeRiver2/ can be used. The program reads “acc” file to calculate the upstream 
catchment area A [km2] for each grid cell and a user can define different equations or fixed 
values within the program to create the three river cross section files. 
 
8.5 On Embankment Setting 

 
There are two kinds of embankment settings in RRI simulation. 
 
   A) Embankment along rivers 
 
   B) Embankment on slope grid cells 
 
A) The first type of embankment is illustrated in the figure of a river cross section. The effect 
of embankment is considered during the interaction of water between river and slope. To 
include the first type of embankment, the height value (height > 0) must be set on river grid 
cells (width > 0). Because of the RRI Model basic structure, a river is set as a centerline of a 
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slope grid, it is not possible to apply different embankment height for different side of the 
river for this option. 
 

 

 
B) The second type of embankment represents roads, railways or other structures that 
prevent water to across. Since the embankment along the main Indus River is located a few 
kilometers apart from the main channel (see above figure), this second type suits better. The 
location information of the embankment was converted to raster data having the same 
resolution with topographic data on ArcGIS. The above mentioned “height” file specified in 
RRI_Input.txt can contain the height information (and therefore the embankment location 
information) on slope grid cells. 
 
Note that even if a user intends to set a continuous embankment apart from a main river, if a 
tributary joins into the river and if the “height” value is set on a river grid cell where width > 
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0, the embankment would be regarded as the embankment of Type A. As a result, the set 
embankment will be discontinuous at the location.  
 
To avoid the situation and elevate DEM even on the tributary (or river grid cells), one can use 
the flag of “2” on L46. 
 
8.6 On Land Class Setting 

 
The effects of land cover (or soil type) can be reflected by assigning different model 
parameters. In this example, GLCC-V2 (Global Land Cover Characterization) provided by 
USGS was used. The original land cover data (left) is too detail to assign all different 
parameters; therefore, similar land cover types were merged into two categories: Cropland 
and Sparsely Vegetated, and also overlaid additional Floodplain polygon. 
 

 
 
For re-classing the original land cover data, ArcGIS function [Spatial Analyst Tools] 
 
[Reclass] 
 [Reclass by ASCII File] was used. The following lookup table was prepared by a 
text editor to define the re-class. Different lookup tables may be defined for different projects. 
Note that the number of the raster data (in this case 1, 2 and 3) corresponds to the column of 
parameter sets in RRI_Input.txt. Thus provide sequential numbers starting from 1 for 
representing different land covers. 
 

Cropland

Sparsely Vegetated

Floodplain
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Finally the re-classed land cover was converted to the ArcGIS/ASCII format and saved it as 
“lu_lid1k.txt”. Note that the file can be read by RRI Model by indicating the file link in 
“RRI_Input.txt”. 
 

 
 
8.7 On Parameter Setting 

 
Model parameter values are defined in RRI_Input.txt. In this section, the general idea to 
decide model parameters are described first, then a calibrated model parameter set for the 
Indus River basin will be shown as an example. 
 
For each land cover class, decide (A), (B) or (C) in the following figure depending on 
infiltration and subsurface processes, so that the number of calibration parameters will be 
limited. 

Lookup Table 
(Indus Example) 

Legend of GLCC-V2 

1 : 1 
2 : 1 
3 : 1 
4 : 1 
5 : 1 
6 : 1 
7 : 1 
8 : 2 
9 : 1 
10 : 1 
11 : 1 
12 : 1 
13 : 1 
14 : 1 
15 : 1 
16 : 1 
17 : 1 
18 : 1 
19 : 2 
20 : 1 
21 : 1 
22 : 1 
23 : 1 
24 : 1 
99 : 1 
100 : 1 

USGS Land Use/Land Cover System Legend (Modified 
Level 2) 
Value  Description 
1  Urban and Built-Up Land 
2  Dryland Cropland and Pasture 
3  Irrigated Cropland and Pasture 
4  Mixed Dryland/Irrigated Cropland 
5  Cropland/Grassland Mosaic 
6  Cropland/Woodland Mosaic 
7  Grassland 
8  Shrubland 
9  Mixed Shrubland/Grassland 
10  Savanna 
11  Deciduous Broadleaf Forest 
12  Deciduous Needleleaf Forest 
13  Evergreen Broadleaf Forest 
14  Evergreen Needleleaf Forest 
15  Mixed Forest 
16  Water Bodies 
17  Herbaceous Wetland 
18  Wooded Wetland 
19  Barren or Sparsely Vegetated 
20  Herbaceous Tundra 
21  Wooded Tundra 
22  Mixed Tundra 
23  Bare Ground Tundra 
24  Snow or Ice 
99  Interrupted Areas 
100  Missing Data 
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Example of parameter values (their recommended ranges) 

Parameters Notation (A) (B) (C) 
n (River) (m-1/3s) ns_river 0.03d0 (0.015 ~ 0.04) 
n (Land) (m-1/3s) ns_slope 0.3 d0 (0.15 ~ 1.0) 
Soil depth (m) soildepth 1.0 d0 (0.5 ~ 2.0) 

Porosity (-) gammaa 0.471d0 (0.3 ~ 0.5) 
   

kv (m/s) kv 0.d0 5.56d-7 0.d0 
Sf Sf inactive 0.273d0 inactive 

     
ka (m/s) ka 0.d0 0.d0 0.1d0 (0.01-0.3)

Unsat. porosity (-) gammam  Inactive 0.d0 
� beta inactive Inactive inactive 

Note: 0.d0 is used in RRI_Input.txt to represent double precision of 0.0. 
 
For case (A), where only overland flow without infiltration or subsurface flow process are 
considered, set both kv and ka equal to 0. 
For case (B), where vertical infiltration + infiltration excess overland flow are considered, set 
ka = 0, and the parameter “da” is equal to “soil depth” times “porosity”. 
For case (c), where saturated subsurface + saturation excess overland flow are considered, set 
kv = 0, and the infiltration limit (defined as a parameter in the previous versions of the RRI 
model) equals to “soil depth” times “porosity”. 
Note that the parameter values in the above table are just one example values (approximate 
ranges).  

(A) Only overland flow 
(no infiltration loss, 
no subsurface flow) 

Surface / subsurface flow conditions 

(B) Vertical infiltration 
+ Infiltration excess 

overland flow 

(C) Saturated subsurface
+ Saturation excess 

overland flow 
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Note that even though the values in inactive part do not affect the simulation result, a double 
precision value like 0.0d0 must be filled in RRI_Input.txt (see the sample below). 
 
* Set “ksg = 0.d0” to avoid groundwater computation, whose algorithm is under development 
and not completed at RRI ver1.4.2. 
** If both ka and kv are set to be non-zero, RRI will stop with an error message. 
 
The following figure shows an example of parameter settings 

 

 
Reference Table : Green-Ampt Infiltration Parameters for different soil texture 

Soil texture class kv (m/s) #

[gammaa] Sf (m) 
Sand 6.54E-05 0.437 0.0495
Loamy sand 1.66E-05 0.437 0.0613
Sandy loam 6.06E-06 0.453 0.1101
Loam 3.67E-06 0.463 0.0889
Silt loam 1.89E-06 0.501 0.1668
Sandy clay loam 8.33E-07 0.398 0.2185
Clay loam 5.56E-07 0.464 0.2088
Silty clay loam 5.56E-07 0.471 0.273
Sandy clay 3.33E-07 0.43 0.239
Silty clay 2.78E-07 0.479 0.2922
Clay 1.67E-07 0.475 0.3163

L18  0.03d0  # ns_river 
L19  3   # num_of_landuse 
L20  1 1 1  # diffusion(1) or kinematic(0) 
L21  0.15d0 0.15d0 0.15d0 # ns_slope 
L22  1.0d0 1.0d0 1.0d0  # soildepth 
L23  0.4d0 0.4d0 0.4d0  # gammaa 
L24 
L25  5.556d-7 6.056d-7 0.d0 # kv 
L26  0.273d0 0.1101d0 0.d0 # Sf 
L27   
L28  0.1d0 0.1d0 0.1d0  # ka 
L29  0.0d0 0.0d0 0.0d0  # gammam 
L29  8.0d0 8.0d0 8.0d0  # beta 
L31   
L32  0.d0 0.d0 0.d0  # ksg 
L33 - L36 are inactive under ksg = 0.d0 

RRI_Input.txt 

－188－



     8-13

From Rawls, W.J. et al.., 1992. Infiltration and soil water movement. In: Handbook of hydrology. New York: 

McGrow-Hill Inc., 5.1–5.51. (Units are conveted for RRI Model) 

 
8.8 On Boundary Condition 

 
The following river boundary conditions were set based on the observed discharges at the 
three locations during the 2010 flood. 
 

 

 
The steps to set river discharge boundary conditions are described below. 
 

Find locations to provide the boundary conditions. 
 
Viewing acc values on ArcGIS can help you to identify appropriate position with lat lon 
information along a river channel. Use i (identify) icon to find out the coordinate. 
 
Then use the “/etc/coordinate.xls” to convert from the lat lon coordinate to loc_i and loc_j. See 
Section 7.3 on the conversion in detail. 
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Prepare a 1D boundary condition file with the following format. 
  

 

 
Settings in RRI_Input.txt 

 

 
 
 
3    
loc_i 110 119 680 
loc_j 803 719 602 
0 3936.041733 3007.249151 917.4658428 
21600 3936.041733 3007.249151 917.4658428 
43200 3936.041733 3007.249151 917.4658428 
64800 3879.408039 3044.061053 917.4658428 
86400 4813.86399 3015.744206 917.4658428 
108000 4700.596602 2944.952088 917.4658428 
129600 4842.180837 2899.645133 917.4658428 
151200 4672.279755 2922.29861 1093.030294 
….. …..  ….  …. 
 
 
 
 

Tarbela 
Kabul

The number of boundary condition setting points 

The loc_i and loc_j of all points to give 
boundary conditions 

Time series of the boundary condition 
data (units: [m3/s] for river discharge, 
and [m] for water depth) 
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After preparing the boundary conditon file (e.g. disc_lid1k_2010.txt) and move the file in the 
appropriate folder (e.g ./infile/lowerindus/), edit the RRI_Input.txt file as follows. 
 

 

 
Another option is to use two-dimension format for setting boundary conditons. In that case, 
prepare the following “setBound.txt” first as the input file to “/RRI/etc/setBound” program, 
which creates the input boundary conditon file (e.g. ./disc_lid1k_2010.txt) on two dimensional 
basis. The two-dimensional boundary condition files can be read with flag 2 on L61. 
 

 

 
In the above example of “setBound.txt”, L1 to L3 are the paths to the topography files (dem, 
acc and dir). L4 is the 1D discharge file (input) prepared above and the L5 is the output of the 
setBound program. L6 indicates the number of points to give the boundary conditions, 
followed by the positions in loc_i and loc_j. 
 

L51  0 0 0 0 
L52  ./infile/lowerindus/hs_init_dummy.out 
L53  ./infile/lowerindus/hr_init_lid1k.txt 
L54  ./infile/lowerindus/hg_init_sample.out 
L55  ./infile/lowerindus/gampt_ff_init_dummy.out 
L56   
L57  0 0 
L58  ./infile/wlev_bound_dummy.txt 
L59  ./infile/hr_bound_dummy.txt 
L60   
L61  0 1 
L62  ./infile/qs_bound_dummy.txt 
L63  ./infile/lowerindus/bounds/bound_lid_2010.txt 
L64 

../../Model/infile/lowerindus/adem_lid1k.txt 

../../Model/infile/lowerindus/acc_lid1k.txt 

../../Model/infile/lowerindus/adir_lid1k.txt 

./infile/lowerindus/disc_Constant.txt 

../../Model/infile/lowerindus/disc_lid1k_Constant.txt 
3 
119 719 
110 803 
680 602 

setBound.txt 

Write the file name of river discharge boundary 

RRI_Input.txt 
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The created boundary condition files have the same format as the rainfall file. However, 
unlike rainfall files, the number of columns and rows must be exactly the same as the 
topography data, so that RRI Model knows where to give the boundary. 
 
Note that discharge boundary conditions including along river and on slope must have the 
information of the directions. In other words, they should be vector values rather than the 
scalar values. To decide the direction of the discharge boundary conditions, RRI Model refers 
to the flow direction in “dir” file. 
 
Water level boundary conditions on slope and/or river can be also set by changing the value on 
L57 to 1 and specitying the boundary condition file name. The file format is the same as the 
river discharge boundary condion. 
 
8.9 On Initial Condition 

 
RRI Model can take initial conditions for water depths on slope and river as well as the 
cumulative water depth in the Green-Ampt model. The format of the files is the same as the 
output of those variables, so that one can use the output of the RRI as the input for the next 
simulation.  
 
This feature enables the continuous long-term simulation. In order to read the initial 
conditions, L49 to L52 in the RRI_Input.txt must be edited in a same manner as the example 
of the boundary condition setting. 
 
8.10 Diversion option (for advanced users) 

 
RRI model can simulate the effect of diversion in a simple way. The portion of the diversion 
from a main channel to a diversion channel must be pre-defined by a model user and 
described in RRI_Div.f90 program. The followings are the basic steps to activate the option. 
 

Edit input river cross section files (i.e. width, depth, height) and flow direction files to add 
necessary diversion channels (e.g green arrow for the below figure). 
 
Check a origin cell (loc_i_org, loc_j_org) and a destination cell (loc_i_dest, loc_j_dest). 
Both the origin and destination cells must be specified on river grid-cells. Typically these 
two are adjacent, but not necessary (i.e. diverted water can jump into an apart cell). 
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Prepare a file to specify the origin and destination cells based on the following format. 
One can list up multiple lines if more than one diversion should be considered. 
“div_rate” specifies the ratio of discharge diverted from the main river to the diversion.. 

 

 
 
Activate this option by setting flag 1 on L70 and specify the diversion file name (e.g. 
div_sample.txt) on L71 in RRI_Input.txt. 

 
8.11 Dam option (for advanced users) 

 
RRI model can simulate the effect of dam reservoirs in a simple way. The dam model has two 
parameters: outflow discharge and maximum storage volume. The model takes storage 
volume as a state variable, which continues being updated based on simulated inflow and 
outflow. The outflow is maintained at a certain discharge rate that is lower than the inflow 
rate until the storage volume reaches the dam’s maximum storage level. After the storage 
volume exceeds the maximum level, the model is designed to release the water at the same 
rate as the inflow rate. The parameters must be determined based on dam operation records. 
The followings are the basic steps to activate the dam model. 
 

Prepare a dam parmmeter file by the following format. 

1   2   2   3   0.2 

i = 1 

i = 2 

i = 3 

i = 4 

i = 5 

j = 1 j = 2 j = 3 j = 4

Added diversion channel 

(Diversion destination (loc_i = 2, loc_j = 3)

dir = 2, width > 0, depth > 0, height � 0 

Diversion origin cell (loc_i = 1, loc_j = 2) 

4 
8 

1 

2 

16 

32 
64 

128dir 

loc_i_org  loc_j_org  loc_i_dest  loc_j_dest  div_rate 

div_sample.txt 
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Activate the dam model by setting flag 1 on L65 and specify the dam file name on L66 in 
RRI_Input.txt. 

 

2 
Bhumibol 166 71 5800000000 150 
Sirikit  135 166 3510000000 500 

dam names, loc_i_dam, loc_j_dam, storage volume [m3], constant discharge [m3/s] 

dam_sample.txt 
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9. Use of RRI Graphical User Interface (GUI) 
 
This section explains how to use RRI-GUI to apply the model at a basin and visualize the 

simulation results. 
 

9.1 Pre-setting
 
1) Unzip “RRI_1_4_2.zip” and save it under a working folder (e.g. C:/”). 
3) Check your PC is 32 or 64 bit. (My Computer 
 Property) 
 

 
 
4) Install two programs saved in “RRI-GUI/Pre-setting” 
    w_fcompxe_redist_intel64.msi 
    vcredist_x64.exe 
   (for 32 bit, install vcredist_x86.exe and w_fcompxe_redist_ia32.msi  ) 
 
For “vcredist_x64.exe”, you may encounter an error message suggesting you have already 
the newer version of “Microsoft Visual C++ 2010 Redistributable”. In that case, you can just 
close the error message and cancel to install “vcredist_x64.exe”. 
 
5) Execute RRI_BUILDER_64.exe  
   (for 32 bit machine, execute RRI_BUILDER_32.exe) 
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9.2 Model application and running with RRI_BUILDER 
 
9.2.1 Preparing Input Topography Data 
 

 The first screen of the “RRI_BUILDER_64.exe” is to choose “New Project” or “Load Project”. 

 
 
Select “New Project” in this exercise. 
 

 Type in a new project name (e.g. “solo30s”) with the selections of “Use HydroSHEDS” and 
“Asia30”, then click “OK”. 
 

 

Project name

New project
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Zoom into Java Island in Indonesia 

 
 
 
 
 
 

Move and zoom
 
Move: Ctrl + mouse left drag 
Zoom: Ctrl + mouse scroll
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After zoom into the outlet area of the Solo River basin, click a pixel along the main river near 
the river mouth (not necessary to be exactly the same as the above example). 
Then choose “Yes” on the window and “Confirm” on the left panel. 

 
Click “Extract Basin” after you confirm the area of the basin. 

(If not satisfactory, click “Reset Basin” and retry it.) 
 

 

－198－



 9-5

If the background map is available, the following extracted basin will be displayed. 
(Even the background image is not shown for some reasons, it is essentially no problem for 
the following simulation). 

 
 
(Optional) 
The step of “Scale up DEM” is an optional. Use this option in case you want to scale up the 
DEM for example changing the model resolution from 30 second to 60 seconds. 
 
The next step is to execute “AdjustDEM”. This procedure is always necessary for the stable 
simulation. 

 
Choose OK with the default setting. (you will see a command screen running AdjustDEM 
program). 
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Now select “DATA” Tab on the left top and click “Set river”. 

 
 

 

 
 
Click all the three “Make File” on River parameter setting. 
These values are the parameters to determine the cross sections based on the equations.  
For this exercise, use default values. 
 
 

 
 

－200－



 9-7

 
 
After confirming the three green signs, close this window. 
 

 
 
9.2.2 Preparing Input Rainfall Data 
 
 

 
 
 

Set “Start time” and “End time” under <Rain> 
Start : 2007/12/24 0:00, End : 2008/1/8 0:00

Click “Use ground gauged rainfall” 

Click “Select” to find a input rainfall file 
(In this excercise, “RRI-GUI/Obsdata/rain_Solo_2007.csv”)
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An input rainfall file must be the following format saved as csv. The file can be prepared by a 
text editor or Excel (saved as csv). 

 

Please note that the format is slightly different from the one used by the Thiessen Polygon 
program explained for RRI-CUI (Command User Interface). The first column of the fille (L4-) 
is date and time. Currently the date and time must be in the form of “yyyy/mm/dd h:mm”. 
 

 
 
After selecting the input csv file, please choose “Yes” on the confirmation window then click 
“OK” with the default setting of the creating rainfall distribution file. 
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9.2.3 Running RRI Model 
 
Select “Edit” tab after the topographic and rainfall data is ready. 
You can confirm different distributions including DEM, ACC, DIR, River Width, River Depth, 
Bank height as well as cumulative Rain. 
 

 
 

 
 
These distribution files except for the cumulative rainfall, can be edited on the window. For 
example you can choose river width and select any area inside the basin to display the 
following image. (For this exercise, no need to change the values.) 
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In addition, you find parameter and other input file settings if you click “Edit 
RRI_INPUT.TXT”. The editting the values will be reflected to the RRI_Input.txt file, which 
is the control file of the RRI model. (For this exercise, no need to change the values.) 
 

 
 
Finally, click “Run RRI” and “OK” to start the simulation. 

Click on any location in the basin 

 

Cancel 
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9.3 Visualizing results with RRI_VIEWER 
 
Execute “RRI_VIEWER_64.exe” (or _32.exe for a 32 bit machine). 
 

 
 
Read RRI_Input.txt file prepared in the previous subsection. In this exercise, find 
RRI-GUI/Project/solo30s 
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9.3.1 Visualize flood inundation 
 
On the displayed map image, one can use CTRL and left drag to move the map and also 
CTRL and mouse scroll to zoom in and out. This operation is the same as 
RRI_BUILDER_64.exe 
 

 

 
To display the animation of flood inundation depth distribution, please select inundation on 
the top left panel and click the start button.  

 

Please do not double click the 
RRI_Input.txt due to a small bag 
in the current viewer. To open 
the file, please click the “open” 
button after selecting the file. 
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After stopping the animation, try to click any grid cell inside a basin to visualize the time 
seris of flood inundation depths. 
 

 

Then display the maximum inundation depth distribution by choosing hs max. 
For the maximum inundation depths, one can check values by selecting a area on the map. 
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(Optional) 

 
 

File output for maximum 
flood inundation depths 

To change the color
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9.3.2 Visualize river discharge and water depth 
 
To display the animation of river discharge or river water depth distribution, please select qr 
(River Disc.) or hr (River WD) on the top left panel and click the start button. 
 

 

 
After stopping the animation, try to click any river grid-cell to visualize the time serises of 
river discharge (i.e. hydrograph) and river water depth. 

 
 
 

 

Double click at the river location 
to display water depth (blue 
color, left) and river discharge 
(led color, right). 

River discharge (qr) or 
river water depth (hr) 

－209－



 9-16

9.3.3 Visualize the longitudinal profile of river water level 
 
To visualize the longitudinal profile of river water level, first select hr (River WD) and click 
“Set River Path” on the left pannel. 
 
 

 
 

 

Select hr 

Click Set River Path

Click Yes

Click here as 
the Upstream end 
point 

 Click Yes
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Click here as 
the Downstream 
end point 

 Show Profile

Change the vertical range of 
the graph, e.g. to 100 m then 
redraw 

－211－



 9-18

 
Click “Delete Path” to delete the selected longitudinal path. 
 
9.3.1 Visualize the profile of flood inundation depth 
 
To visualize the profile of flood inundation depth, one can draw a profile line (e.g. red line 
below) as “Shift + Left Draw”. 
 

 

 Change the plotting time by animation or 
move this button to show the longitudinal profile 
of river water level (blue). 

Draw a line at the interest 
section to display flood 
inundation depths by 
Shift + Left Draw Click Set River Path  

Change the range of 
the figure (e.g. from 5 
to 10 m) and Redraw
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Lecture 4: Fundamentals in land surface processes 
 

Kenji TANAKA (Associate Professor, Disaster Prevention Research Institute, Kyoto University) 

 

Abstract: 

In this lecture, fundamental and important features of land surface processes are briefly introduced. 

Water is exchanged between atmosphere and land surface through processes of precipitation, 

evaporation, and transpiration. Water is exchanged between land surface and ocean/lake through 

runoff (river process). Driving force of global hydrological cycle is energy supplied from the sun. 

The energy absorbed by land surface is returned to atmosphere in the form of sensible and latent heat. 

This partitioning of energy is strongly dependent on both land cover characteristics and its 

hydrological state (wet/dry). As the ways of heating by sensible and latent heat are different, this 

partitioning is very important for global hydrological cycle. Some example of the field experiments 

to understand the physical processes of the land surface are shown. Then, some aspects of the land 

surface model are introduced to see how there processes are expressed. Land surface model is 

formulated by prognostic equations of land surface states such as soil moisture, soil temperature, and 

snow describing the change of states through energy and water balance components. Finally, some 

applications of land surface model are introduced such as energy and water balance analysis of the 

lake Biwa basin, near real-time monitoring of land surface states in Japan, global distribution of 

aridity index and evaporation ratio, sensitivity of rainfall data to river discharge. 
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Fundamentals in  
land surface processes   

Kenji Tanaka 
Water Resources Research Center, 

DPRI, Kyoto University 
tanaka.kenji.6u@kyoto-u.ac.jp 

27th IHP Training Course (2017/12/7)�

Lecture 4��

Land Surface Process 
“Land surface processes are 
those associated with the 
exchange of water and energy 
between the land surface and 
the atmosphere and are, 
therefore, integral components 
of hydrologic and atmospheric 
sciences.” 
(by Bill Crosson (NASA MSFC))�

Hydrological Cycle 
from GEWEX home page�

2 

3 

precipitation�

Interception 
by canopy�

Throughfall�

Infiltration�

Diffusion/drainage�

Surface runoff�

Baseflow�

Bare soil energy fluxes 
Sensible     Latent�

Heat exchange�

Ground 
heat flux�

Canopy energy fluxes 
Sensible     Latent�

Top of 
canopy�

wind�

Radiative Fluxes�

Shortwave  Longwave�

Transpiration�Energy budget�

Water budget�

Radiation budget�

4 

Water budget 
•  Water is exchanged between the atmosphere 

and the land surface through the processes  
of precipitation, evaporation, and  
transpiration.  
 

•  Water is exchanged between the land  
surface and ocean/lake through runoff.  
 

• ΔS = P - E - R  
�P : precipitation(rain/snow) input from atmosphere 
�E : water vapor flux by evaporation and transpiration 
  R : runoff flux by river system and ground water system 
 ΔS : change in the surface water and soil moisture�

ere 
s  

Energy budget 

•  Rn is partitioned into fluxes of sensible, latent, 
and ground heat.  
 

•  This partitioning is strongly dependent on both 
the land cover characteristics (landuse) and its 
hydrological state (wet/dry).  
 

•  Why energy partitioning is important?�
Rn = H + λE + G  
   H   � heating lower atmosphere 
  λE   � heating middle atmosphere 
   G   � surface (time lag between RB & EB)�
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Evapotranspiration = Evaporation + Transpiration 

Root zone�

stomata� transpiration�

evaporation�

evaporation�

Interception 
water�

 soil moisture�

Evapotranspiration is an interface  
Between water cycle and energy cycle�

Water cycle��
Rainfall reached to surface go back to 
atmosphere as water vapor. �
Evaporation is a loss term in terms of 
water resources.�
�
Energy cycle��
Transfer the energy of vaporization to 
atmosphere. Energy absorbed by 
surface is redistributed to 
atmosphere.�
�
Water vapor from surface will 
condense  
(latent heat release) and fall down 

i i f ll

GEWEX Continental Scale Experiments 

8 

Amdo 

Kogma 
Maetoh 

HUBEX 

9 

Lake Biwa 

Aug. 12, 2004 

PBL tower�

Turbulent flux�

Every 30 minute 

Surface energy fluxes (5day average) 

Sensible heat flux (30 minutes) 

11 
a)   Map of Thailand 
b)  Topographic map of northern Thailand and study sites. 12 
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Result of Observation  

Stomatal Closure 
C. Tantasirin 
S. Piman 
N. Tangtham 

N. Tanaka 

Hydro-meteorology: H. Takizawa 

� Transpiration peak in the late dry season��
� Stomatal closure is open! 
� Sap flow shows it! 
� Simulation also shows it! 

Wet condition Dry condition 

Transpiration 

Canopy interception

Rain 

Discharge 

KogMa 

Sap flow measurement 
N. Yoshifuji 

13 
Deeper root can get water  
from the deeper soil layers 

Transpiration

Rainfall

Sap flows

Interception

Soil evaporation

Transpiration

Rainfall

Sap flows

Interception

Soil evaporation

Numerical Simulation (by ������) 

Dry season

D
ep

th
  (

m
)

Bedrock

Soil surface

Water table

Dry season

D
ep

th
  (

m
)

Bedrock

Soil surface

Water table

average soil depth = 4.5m 

14 

Huaihe River Basin Field Experiment 
(GEWEX/GAME/HUBEX) 

•  meso γ scale�
Shouxian area (140km×150km) 
Intensive observation area�

•  meso β scale�
Huaihe River basin area 
(700km×500km) surrounded by 
upper air sounding station�

•  Surface weather station (146) 
•  Upper air sounding station (21) 
•  Radar network 

Fuyang (operational) 
3 doppler radar from Japan  
�Shouxian, Funtai, Huainan)�

•  Shouxian  
Radiation, Bowen Ratio EB�
Microwave radiometer, ABL tower�

•  Hydrological observation at  
Shi-Guan Basin�
hourly rainfall�48�, evaporation(3), 
water level, river discharge(3),  
dam outflow(2), soil moisture (3) 

15 

1995 December 

1996 March 

1997 March 

Many cups of “Kanpei” 
Make-up friendship 

16 

GAME-HUBEX flux measurement at 4 landuse 

17 
8 km88  kkmm8 km8 km8 km8 km88  kkmm8 km88  kkmm

8 km8 km8 km8 km8 km8 km8 km8 km8 km

MapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPCMapFan II PUE ©IPC

Paddy Field 

Lake Surface 

Forest Area 

In-situ Flux station (Lake Biwa Project)  
•  Three sites from the Lake Biwa Project  

  Fluxes of radiation budget and heat budget component  
  and related meteorological and hydrological variables  
  can be used from these datasets.  

•  Two sites from the snow depth observation station 
 

18 
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Flux measurement in the Paddy Field 

19 

History of Land Surface 
Model Development 

1984 Dickinson 
1986 Sellers et al. 

1995 Bonan 
1996 Sellers et al. 

1996 Foley et al. 
2003 Sitch et al. 
2003 Bonan et al. 

2006 Hanasaki et al. 
2008 Hanasaki et al. 
2011 Pokhrel et al. 

1969 Manabe 

                    
  

          Land By Dr. Hyungjun Kim (Univ. of Tokyo)�

LSS (Land Surface Scheme)�

Input 
   Surface meteorological variables 
    (Prec, SWdown, LWdown, Tair, Eair, Wind, Psfc, etc.) 
   Surface parameters 
    (Vegetation type, Soil type, LAI, reflectance, etc.) 
 
Output 
   Surface energy balance components (H, λE, G, etc.) 
   Surface water balance components (Evap, Qs, Qsb, etc.) 
   Surface state variables (Tsoil, SoilMois, SWE, etc.) 
 �

21 
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22 

Physical Processes expressed in SiB 
•  the reflection, transmission, absorption and emission of 

direct and diffuse radiation in the visible, near infrared and 
thermal wavelength intervals (radiative transfer) 

•  the interception of rainfall and its evaporation from the leaf 
surfaces (interception loss) 

•  the infiltration, drainage, and storage of the residual rainfall 
in the soil (soil hydrology) 

•  the control by the photosynthetically active radiation (PAR) 
and the soil moisture potential over the stomatal 
functioning (canopy resistance) 

•  transfer of the soil moisture to the atmosphere through the 
root-stem-leaf system of the vegetation (transpiration) 

•  the aerodynamic transfer of water vapor, sensible heat and 
momentum from the vegetation and soil to a reference 
level within the ABL (turbulent transfer) 23 

Surface resistances (rc, rsoil) 
•  Soil surface resistance (rsoil) is a 

function of surface soil wetness 
�dry � large��

•  Stomatal resistance of single leaf  
is a function of PAR flux, leaf 
temperature, water vapor deficit, 
leaf water potential.  

•  Single leaf stomatal resistances are 
integrated using leaf angle 
distribution function to produce bulk 
canopy resistance (rc).  

24 
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Sensible and latent heat fluxes 

•  Flux is propotional to 
potential difference and 
inversely propotional to  
(a series of) resistance. 

•  Total of evaporation from 
soil, evaporation of surface 
water, transpiration from 
canopy, evaporation of 
intercepted water is equal 
to the water vapor flux from 
canopy air space to 
reference height.  

25 

Prognostic equation of green area model 
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Temperature�

Soil Wetness�

Rn: net radiation 
H : sensible heat 
λE : latent heat�

P1: infiltration 
Qi,j : water exchange 
Es : soil evaporation 
Edc : transpiration 
Q3 : drainage� 26 

Food Production of The World (FAOSTAT)�

Area of Irrigated 
cropland�

Food 
Production�

Area of 
cropland �

R
at

io
 c

om
pa

re
d 

w
ith

 1
96

0�

Increasing water use �

Agriculture� Industry�Domestic�

 World Water Use (Shiklomanov, 2000)�


 Rapid growth of world population 
��major increase in food and water demand. 


 Key word: Irrigation 

 Good : Producing much food (about 2.5 times) 

 Bad : Requiring much water 
 
 

irrigation�

27 

Irrigation�
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Basic concept is to maintain soil 
moisture/water depth within appropriate 
ranges for optimal crop growth. 
Application to wheat, corn, soy bean, 
cotton etc� 
Water layer is added to treat paddy field 
more accurately.�

ddy field

Water control in paddy field 

Water depth 

Days 

Soil moisture 

Days 

Water control in farmland 
Paddy field model 

•  Water depth and water temperature are added 
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Crop type Growing stage 1st 2nd 3rd 4th 5th 

Spring 
wheat 

Periods(%) 23 14 14 14 35 

Soil wetness 0.70 0.60 0.80 0.80 0.55 

Winter 
wheat 

Periods(%) 25 20 22 13 20 

Soil wetness 0.70 0.70 0.80 0.80 0.55 

Corn 
Periods(%) 8 48 6 14 24 

Soil wetness 0.75 0.65 0.70 0.75 0.65 

Rice 
Periods(%) 25 13 33 13 16 

Water depth 
(mm) 

20-50 none 20-60 moistening intermittent 

soy bean 
Periods(%) 3 26 16 28 27 

Soil wetness 0.75 0.65 0.65 0.70 0.65 

cotton 
Periods(%) 4 21 13 26 36 

Soil wetness none 0.5 0.55 0.55 0.5 
Chart by required water for cultivation in China 

Applied condition�

31 

TYPICAL IRRIGATION IN UZBEKISTAN�
Investigation�

Canal for drainage water�Water canal�

Furrow irrigation� Drip irrigation�

Perfect irrigation 
(Drip irrigation) 

 (Application efficiency is 100%.)�

Realistic irrigation  
(Furrow irrigation) 

(Application efficiency is considered.)�

Irrigation�

SM1�

SM2�

SM3�

add1�

add2�

p0�mg�

IRRIGATION SCHEME�
Irrigation efficiency�

	
Application efficiency is considered.�

Irrigation�

•  Water is directly supplied to the root zone. 
•  Small amount of water is frequently 

supplied. 

�  Water is supplied from ground. 

�  Huge amount of water is supplied 
around once a week. 

11 *
1 2
dSM waterin

d d
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+
22 *

1 2
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Application to the Lake Biwa Basin (Japan) 

Lake Biwa Basin 
Catchment area =3848km2 

Lake Surface = 670km2  

Lake Biwa Basin 

35 

The Lake Biwa Basin 

•  The basin has a great variety of geographical 
features, such as high mountains, large water surface, 
urban area, and paddy field.   

•  This basin shows different climatic condition. 
South: warm and humid in summer (dry in winter) 
North&West: much snow in winter   
East: relatively dry           

•  The Lake Biwa is the largest (670km2) freshwater 
body in Japan. It is also one of the ancient lakes 
(4million years old!!) in the world.  

•  The water of Lake Biwa is utilized for drinking by 14  
million people in the Kyoto-Osaka-Kobe metropolitan  
area. 

36 

－219－



   Mixed forest  Needle-Coniferous    Paddy field       Urban area     

   LAI(2000/01)     LAI(2000/07)        Soil Type        Slope angle    37 

 SDP & AMeDAS  Short-wave rad  Long-wave rad   Wind speed      

�

Air temp.          Vapor Press.        Rainfall          Snowfall          38 

Validation at single grid 
•  Three sites from the Lake Biwa Project  

  Fluxes of radiation budget and heat budget component  
  and related meteorological and hydrological variables  
  can be used from these datasets.  

•  Two sites from the snow depth observation station 
 

Site Lon (E) Lat (N) alt (m) note 

Grid P 136.23 35.49 107 Rice paddy field 

Grid L 136.15 35.38 80 Lake surface 

Grid F 136.21 35.56 430 Deciduous forest 

Grid W 136.21 35.62 217 Snow depth (Washimi) 

Grid H 136.25 35.27 87 Snow depth (Hikone) 

39 

Grid P (paddy field) 

Heat budget (10day)                     albedo (1day) 

Water depth (1day)                   Water depth (1hr) 40 

Grid L (lake surface) 

Heat budget (10day)                 Albedo (10day) 

Heat Budget (1hr)                      Albedo (1hr) 41 

Grid W & Grid H (snow depth) 

Grid W 

Grid H 

Snowfall is  
underestimated? 

42 
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Evapotranspiration (mm/year)      Irrigation water (mm/year) 

43 

 �

Large Impact Small Impact 

Impact of EXAM short-wave radiation�
Impact of EXAM short-wave radiation�

-----: Exp.1 GPV/MSM,   -----: Exp.2 JRA55,   
――: Exp.3 JRA55+EXAM 

Seto Mixed Forest Site�

Sensitivity experiments to forcing data�

Sites / Function 
w GPV/MSM   w JRA55   w JRA55 + Satellite 

SWn LWn SHF LHF   SWn LWn SHF LHF   SWn LWn SHF LHF 

FHK 
R 

− 
0.413 0.790   

− 
0.478 0.779   

− 
0.689 0.767 

RMSE  39.4  37.9    32.3  27.1    28.0  24.5 

SMF 
R 0.720 0.483 0.233 0.528   0.899 0.837 0.434 0.653   0.953 0.879 0.566 0.699 

RMSE  52.9  28.6  36.6  42.3    32.9  21.6  31.7  37.2    22.8  19.5  29.4  34.7 

TKC 
R 0.740 0.386 

− 
  0.833 0.724 

− 
  0.922 0.783 

− 
RMSE  58.0  35.0    46.2  23.9    33.9  21.0 

TKY 
R 0.676 0.396 0.486 0.762   0.856 0.726 0.532 0.828   0.945 0.781 0.663 0.893 

RMSE  65.0  40.6  30.5 36.9   46.5  30.6  27.2  25.8    28.4  28.4  23.2  22.7 

SWn: net short wave rad.,   LWn: net long wave rad.,    
SHF: sensible heat flux  LHF: latent heat flux 

Best experiment ! 

Comparison of SiBUC output relative to flux observation 
@ four sites in Japan 

Kotsuki et al. (2015, HRL) Thanks to ASIA-FLUX (http://sharaku.eorc.jaxa.jp/GSMaP/)�
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Surface Soil Wetness� Rootzone Soil Wetness�

Surface Temperature�

Output from SiBUC�

Latent Heat Flux� Snow Water Equivalent�

Validation of Land Surface 
Temperature by 

MODIS-Terra�10:30��

Land surface parameter��
�Land cover 
    GLCC�version2�
 
�Soil physical parameter 
    Ecoclimap 
 
�Crop type 
     FAO (crop type fraction) 
      
�Remote Sensing (NDVI) 
    SPOT vegetation 
 
�Crop Calendar 
     Analysis of NDVI 

Meteorological data sets�
�Precipitation [kg/s m2]  
     GPCC,APHRODITE,GSMaP 
 
�Short wave radiation [W/m2] 
 
Long wave radiation [W/m2] 
  Temperature [K] 
  Specific humidity [kg/kg] 
      Hirabayashi et al.(2008) 
 
�Atmosphere pressure [Pa] 
  Wind speed [m/s] 
      JRA25 

Data sets for global application�

52 

Crop type Growing stage 1st 2nd 3rd 4th 5th 

Spring 
wheat 

Periods(%) 23 14 14 14 35 

Soil wetness 0.70 0.60 0.80 0.80 0.55 

Winter 
wheat 

Periods(%) 25 20 22 13 20 

Soil wetness 0.70 0.70 0.80 0.80 0.55 

Corn 
Periods(%) 8 48 6 14 24 

Soil wetness 0.75 0.65 0.70 0.75 0.65 

Rice 
Periods(%) 25 13 33 13 16 

Water depth 
(mm) 

20-50 none 20-60 moistening intermittent 

soy bean 
Periods(%) 3 26 16 28 27 

Soil wetness 0.75 0.65 0.65 0.70 0.65 

cotton 
Periods(%) 4 21 13 26 36 

Soil wetness none 0.5 0.55 0.55 0.5 
Chart by required water for cultivation in China 

Applied condition�

53 

Satellite-derived crop calendar (SACRA)�
Kotsuki S. and K. Tanaka (2015):  
SACRA - a method for the estimation of global high-resolution crop calendars from 
a satellite-sensed NDVI. Hydrology and Earth System Sciences, 19, 4441-4461.  

http://data-assimilation.riken.jp/ 
opendata/sacra/sacra_des.html 
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Comparison with other products� Annual IWR (Irrigation Water Requirement)  [mm/
yr]�

Annual IWR for each grids are  
aggregated  into country,  
then compared with AQUASTAT�

Model�

� Using irrigation efficiency (Doll et al., 2002)�
68 

Annual evapotranspiration approaches annual precipitation in arid and 
semi-arid regions where the available energy greatly exceeds the 
amount required to evaporate annual precipitation.  
Evapotranspiration is a key information for water management in the 
region where available water resources are limited. �

Climate Indicator  
(Aridity Index & Evaporation Ratio) ��

Aridity Index 
             Rnet  
              L P 
Evaporation Ratio 
               E  
               P �

Rnet: annual mean net radiation 
P : annual precipitation 
L :  latent heat of vaporization 
E : annual evapotranspiration�

   5     < AI < 12     Arid 
   2     < AI <  5      Semi Arid 
0.75   < AI <  2      Sub Humid 
0.375 < AI < 0.75  Humid 
                     (Ponce et al. 2000)�

Energy 
balance�

Water 
balance�

Humid    Sub-humid   Semi-arid    Arid  �

Global Distribution of Aridity Index (AI) �

Global Distribution of Evaporation Ratio (ER) �� Precipitation products over Eastern Asia��

(a-1) APHRODITE (obs.)� (a-2) GPCC (obs.)� (a-3) H08 (obs.)�

(a-4) GPCP (obs. + satellite)� (a-5) GSMaP (satellite)� (a-6) JRA25  (reanalysis)�

(mm/year)�
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Precipitation products over Eastern Asia��

While precipitation has large difference between products, simulated 
evapotranspiration using products has small difference. Most of difference in 
precipitation translates to difference in runoff. Any error in the precipitation 
translates to approximately the same absolute error in runoff over the Eastern Asia.�

(mm/year)�

Runoff Ratio�
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Need for high quality data�

Average value depends 
on data used (selected)�

Small difference in rainfall 
makes large difference in runoff�

��� ���

���
���

�& 	& �& �& 	& �9

��� ���Evap� Runoff�
Summary�

•  General aspects of land surface processes are 
introduced. 

     Water is exchanged between atmosphere and land surface through 
     processes of precipitation, evaporation, and transpiration.  
    Water is exchanged between land surface and ocean/lake through  
     runoff (river process). 
    The partitioning of available energy is strongly dependent on both 
    land cover characteristics and its hydrological state (wet/dry). 
 
•  Observation and modelling of physical processes of land 

surface are introduced.  
Field experiments in different vegetation and climate conditions. 
Land surface model is formulated by prognostic equations of land  
surface states (soil moisture, temperature, snow) describing the change 
of states through energy and water balance components. 
 

•   Some applications of land surface model are introduced. 
 Energy and water balance of the lake Biwa basin 
 Near real-time monitoring of land surface states in Japan  
 Global distribution of aridity index and evaporation ratio 

•  If you want to know the detail formulation, 
document of SiBUC is available on the 
web 
 
http://rwes.dpri.kyoto-u.ac.jp/ ~tanaka/
sibuc/sibuc-web.pdf 

•  Simple Biosphere including Urban Canopy 
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Exercise 2&3: Processing method of geographical and meteorological data 
 

Kenji TANAKA (Associate Professor, Disaster Prevention Research Institute, Kyoto University) 

 

Abstract: 

This exercise aims to introduce the method to analyze the geographical and meteorological data for 

use in hydrological analysis. The basic geographical information for hydrological analysis are 

topography, landuse, and soil type. The basic meteorological information for hydrological analysis 

are precipitation and air temperature. In this training course, some example to analyze those 

information is examined. Select and cut the region, change the resolution, or aggregating the 

information depending on the target grid. Some statistical analyses such as annual maximum value, 

monthly mean value are also examined. As the participants of the training course are from different 

countries, global datasets are selected for analysis. Depending on your interest area, you can select 

any region of the world for your analysis. 
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Lecture 5: Fundamentals in Optimum Operation of Reservoir Systems 
 
Tomoharu HORI (Professor, Water Resources Research Center, DPRI, Kyoto University) 
 
Abstract: 

A reservoir system is one of the most powerful and commonly used tools for water resources 
management. It regulates the river discharge in order to increase the availability of water resources 
and also to prevent flood disasters. Because the temporal distribution of river discharge, especially 
the extreme value, brings water-related disasters, the operation of reservoirs have been of great 
concern in the field of operational hydrology. It has been pointed out recently that the distribution of 
precipitation will change according to the impact of climate change. This implies that the design 
flood with the return period of one hundred years, for example, will come to be the one with shorter 
return period in future. It is not easy, however, to construct new facilities to cope with the situation 
and then the non-facility-based countermeasures such as higher degree application of dam reservoirs 
are getting more important.  

From these points of view, a lot of research works have been done so far about reservoir 
operation. Many techniques and algorithms have been proposed and huge amount of case studies 
have been reported in research journals. When trying to study about reservoir operation, beginners 
may find some difficulty to know where to start. This course will introduce the fundamentals in 
optimum reservoir operation theory, which may be of great help for class participants to do more 
detailed study. The lecture comprises of three parts; the introduction of reservoir operation, 
optimization framework of reservoir operation and measures to cope with uncertainty.  

In the first part, basic concept related to reservoir operation is introduced. Various purposes of 
dam reservoirs are summarized and how the operation policy can differ according to the purposes. 
The difference of on-line real time control and off-line control is also discussed. Some examples of 
actual reservoir operation will be shown before going into theoretical approach. 

In the second part, the typical reservoir control problem is formulated in mathematical 
expression. Types of objective function and constraints peculiar to reservoir control problems are 
shown. Then it is discussed how the sequence of release discharge which gives the best value of 
objective function can be obtained. Dynamic programming (DP) for deterministic treatment of 
inflow discharge is introduced as the most fundamental optimum operation scheme. Recurrence 
function formula of DP application is derived for the optimum release sequence. The computational 
burden to obtain optimum solution is also discussed to understand the effeteness and limitations DP 
approach. 

In the third part, coping with uncertainty in reservoir operation is the main concern. In order 
to consider the uncertainty of inflow to the reservoir, first-order Markov chain is introduced and 
formulation of operation is modified. Then the algorithm to derive the optimum release policy is 
discussed and the solution search process, which is called Stochastic Dynamic Programming (SDP), 
is introduced. It is also shown that introduction of stochastic information requires a lot of memory 
area in the solution search process (curse of dimensionality). Some techniques to avoid this problem 
are briefly explained at the end of the class. 
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Lecture 6: Optimum operation of reservoir systems 
 

Daisuke NOHARA  (Assistant Professor, Water Resources Research Center, Disaster 
Prevention Research Institute, Kyoto University) 
 
Abstract: 
Optimizing reservoir operation policies considering hydrological data is crucially 
important for effective management of reservoir systems for both the flood control and 
water use purposes. In this lecture, we will learn how to optimize reservoir operation by 
using optimization techniques such as dynamic programming (DP). The lecture will 
consist of two parts. 
 The first part aims at learning a general procedure of calculation to optimize 
reservoir operation by DP techniques with a simple example problem. A simplified 
single multi-purpose reservoir is employed here, and reservoir operation for water 
supply is optimized by use of deterministic DP approach. We will learn the typical 
backward algorithm to estimate optimized release policies of the reservoir. 

In the second part of the lecture, we will tackle to practical optimization problems 
considering a simplified multi-purpose reservoir, which hydrological and reservoir data 
are derived from an existing reservoir system in Japan. The example problems will deal 
with optimization of the reservoir operation for water supply by use of deterministic DP 
and stochastic DP models. Through tackling the problems, it will be introduced what we 
must prepare to set up the calculation for optimization of reservoir operation, including: 
choosing numbers of levels to discretize time step and states of the reservoir; setting 
objective functions according to the objective to optimize the reservoir; setting 
constraints for storage volume or release water defined by the physical constraints or 
regulations; preparation of hydrological data and target release of the target reservoir; 
and setting the time horizon to optimize the water release strategy. The optimization of 
operation of the target reservoir will be computed and be demonstrated with a computer 
program developed for DP-based optimization of reservoir operations.  
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Lecture 7: Integrated sediment management for reservoir sustainability 
 

Tetsuya SUMI (Professor, Disaster Prevention Research Institute, Kyoto University) 

 

Abstract: 

Reservoir sedimentation is one of the most crucial issues for reservoir sustainability in the 

world (ICOLD 2009). In many countries, various countermeasures have been implemented to reduce 

sediment accumulation and loss of storage capacity (Kondolf et al. 2014). Such measures include: (i) 

reducing sediment inflow, (ii) routing sediments and (iii) removing sediment. Among the latest 

methodologies, effective and ecofriendly sediment flushing, bypassing and replenishment techniques 

have been intensively developed in Japan. Even though the target volume of sediment differs greatly 

between these approaches, the positive effects should be examined in terms of both reservoir 

sustainability and downstream environmental improvement. The sediment yields of Japanese rivers 

are high due to the topographical, geological and hydrological conditions. This has caused 

sedimentation problems for many reservoirs constructed for water resource development or flood 

control. Accordingly, methods of estimating sediment volume and countermeasures for 

sedimentation have been studied for a long time. Currently, the management of reservoir 

sedimentation in Japan is entering a new stage from two points of view. First, in contrast to 

emerging and local conventional countermeasures such as dredging and excavation, sediment 

flushing using sediment flushing outlets and sediment bypass systems is being actively introduced 

with the aim of radically reducing the inflow and deposition of sediment. The Unazuki and 

Dashidaira dams on the Kurobe River, Miwa dam on the Tenryu River, Asahi dam on the Shingu 

River and the Mimikawa River are advanced examples of using sediment flushing, sediment 

bypassing and sluicing techniques as permanent measures for sedimentation at dams. Second, in 

consideration of the zones of sediment movement from mountains through to coastal areas, a 

comprehensive approach to restoring effective sediment transport in the sediment routing system is 

being initiated. However, these advanced techniques for managing sediment aimed at extending the 

life of dams have only been applied in a limited number of cases, and so further studies are required. 

It is also important to solve social issues, such as consensus-building among the people living in the 

basin on the need for sediment management, and the establishment of both legal and cost allocation 

systems. This lecture describes the latest situation of reservoir sedimentation management in Japan 

and the new paradigms. 
 
ICOLD (2009) “Sedimentation and Sustainable Use of Reservoirs and River Systems,” Bulletin 147, Basson, G. (ed). 
 
Kondolf, G.M., Gao, Y., Annandale, G.W., Morris, G.L., Jiang, E., Zhang, J., Cao, Y., Carling, P., Fu, K., Guo, Q., 
Hotchkiss, R., Peteuil, P., Sumi, T., Wang, H-W., Wang, Z., Wei, Z., Wu, B., Wu, C., and Yang, C.T. (2014) 
“Sustainable sediment management in reservoirs and regulated rivers: Experiences from five continents,” Earth’s 
Future, 2, doi:10.1002/2013EF000184, pp. 256–280. 

－251－



2017/11/10

1

Integrated sediment management 
for reservoir sustainability

Tetsuya SUMI
Disaster Prevention Research Institute, Kyoto University

Flushing, Dashidaira dam                 Sediment Replenishment, Nunome dam

The 27th UNESCO - IHP Training Course on 
Integrated Basin Management under Changing Climate, 
Dec.4-Dec.15, 2017.

• Concept of Reservoir Sustainability
• Japanese Regulation
• Methodologies of Reservoir 

Sedimentation Management
• Case Studies in Japan 

Data�from�the�GRanD database�©�Global�Water�System�Project,�2011
Walling�and�Webb,�1983

Dam Impacts caused by reservoir sedimentation  Dam Impacts caused by reservoir sedimentation  

Downstream geomorphology

Downstream ecosystem

• Discontinuity of 
sediment transport 
downstream

• Modification of flow 
regimes downstream

• Reduced ecosystem health 
(Biodiversity, Quality and quantity 

of food resources, Water quality)

Dam Impacts

• Bed armouring and degradation

Sedimentation in reservoir
• Reduction of storage capacity

Downstream hydrology
• Water table lowering, changes 

in seasonal flow, flood 
frequency  and magnitude

� Dam construction dramatically influences the river basin 
balance for water / sediment inflow and outflow.

Rich sediment
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River channel as conveyor belt for 
sediment (Kondolf 1994)

River channel is  formed by natural fluvial process caused by 
combination of ‘water flow and sediment transport’ 

(Leopold 1957)

River continuum 
concept
Vannote et al. 
1980

Flood pulse concept
Junk et al. 1989

Natural flow regime
Poff et al. 1997

Fluvial�river�systems�composed�of�6�
segments��(Takemon 2010)

Source:�S.�A�Kantoush,�
T.�Sumi�and�Y.�Takemon
MAY�2011,�
INTERNATIONAL�
WATER�POWER�&�DAM�
CONSTRUCTION

Source:�Reservoir�Sedimentation�handbook,�Morris�and�Fan(1996) Source:�Reservoir�Sedimentation�handbook,�Morris�and�Fan(1996)

Source:�Reservoir�
Sedimentation�
handbook,�Morris�
and�Fan(1996)

General�shape�of�a�reservoir�storage{yield�curve,�in�which�yield�asymptotically�approaches�the�
mean�watershed�yield,�less�evaporative�and�seepage�losses,�as�storage�becomes�very�large.�
Two�yield�curves�are�shown�for�different�levels�of�service.�The�impact�of�sediment�
accumulation�in�the�conservation�pool�may�be�expressed�as�either�a�reduction�in�yield�at�a�
given�level�of�reliability�(point�1�to�2)�or�a�reduction�in�reliability�at�a�fixed�yield�(1�to�3).

Longbterm�
Sustainability�
of�reservoir

Engineering

Criteria

Environmental��
and�social

Economic�
assessment

Sedimentation�
process�
assessment

Sediment�
impacts�
assessment

Screening�of�
Sediment�
management

Implementation�
countermeasures

Monitoring�
of�control�
measures

Naming�
of�priority�
dam

Safety

Maximizing�
sediment�
release

Environmental�
compatibility

Food�
supply

Biodiversity

Water�
quality

Feasibility�of�
sediment�
strategy

Cost�and�
benefits

Habitat�
diversity

Sustainable�
development�seeks�
to�meet�the�needs�
and�aspirations�of�
the�present
without�
compromising�the�
ability�to�meet�those�
of�the�future

Source:�Quenching�the�Thirst:�Sustainable�
Water�Supply�and�Climate�Change,��2013.�

Source:�T.Sumi and�S.A.�Kantoush ICOLD�Annual�Meeting,�Luzern��2011
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Quenching�the�Thirst:�Sustainable�
Water�Supply�and�Climate�Change,�
George�Annandale(2013)

Quenching�the�Thirst:�Sustainable�Water�Supply�and�Climate�Change,�George�
Annandale(2013)

Storage�loss�by�
sedimentation

Quenching�the�Thirst:�Sustainable�Water�Supply�and�Climate�Change,�Annandale(2013)

Reservoir�Sedimentation�
Management�
=�Asset�Management�of��
Reservoir�Storage��

Key questions
• How to find high priority dams for sediment management based on 

reservoir and river basin sustainability concept? 
• How to select suitable sediment management options for each dams?
• How to select target quantity (volume) and quality (grain size) of 

sediment based on reservoir and river basin sustainability?
• How to find suitable timing to start sedimentation management?

• Storage loss by sedimentation
• Population growth

– Decrease of available storage per capita 
• Climate change impact on flow regime and sediment yield 

changes
– Accelerating storage loss

• Modification of reservoir operation rule
• Dam heightening or excavating sediment

• Asset management
– Reservoir sedimentation management based on 

• appropriate evaluation of current conditions and future scenarios
• technically-economically feasible, environmentally acceptable solutions
• priority based approach 

• Integrated sediment management in sediment routing systems
– Deterioration of downstream river and coastal areas such as bed armoring, 

degradation and coastal erosions 
• Necessary sediment supply (sediment replenishment ) for mitigation

• Concept of Reservoir Sustainability
• Japanese Regulation
• Methodologies of Reservoir 

Sedimentation Management
• Case Studies in Japan 

• 1958, Technical Criteria for River Works, Ministry of 
Construction 
– Necessary volume for reservoir sedimentation is 100 years

• 1966, Reservoir sedimentation database guideline, MOC
– To check riverbed aggradation in order to prevent flooding risks 

upstream of reservoirs caused by sedimentation
• 1982, National reservoir sedimentation database, MOC

– All reservoirs over 1  MCM  should report accumulated sedimentation volume 
of B, below LWL, and A, LWL to NWL,  separately and sedimentation profile 
almost annually to MOC. 

In Japan, 2730 dams (>15m high) 
with 23 BCM capacity.

Target dams :
971 dams of 18.2 BCM capacityDSV=  Designed 

Sedimentation Volume
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Total   
971 dams

 

m3/km2/yr

Reservoir
sedimentation in Japan
Reservoir
sedimentation in Japan

Itoigawa-Shizuoka 
Tectonic Line

Median Tectonic Line

• In Japan, 2730 dams (>15m high) with 23 BCM capacity.
• National reservoir sedimentation database

Sedimentation progress of all reservoirs over 1  MCM have been 
reported annually to the central government from 1980s.

Sediment 
yield potential 
map of Japan

In 971 dams of 18.2 BCM volume,
� total sedimentation 7.7%  

annual loss 0.24%/yr    

Hydropower�
dams

Multipurpose�
dams(MLIT)

Others

St
or
ag
e�
lo
ss
�b
y�
se
di
m
en
ta
tio

n�

CAP=          
Total Capacity(A+B)/CAP

(A+B)/DSV

DSV=  Designed 
Sedimentation 
Volume

Total S.R. > 100% 

33/522 dams = 6.3%

(A+B)/DSV

DSV=  Designed 
Sedimentation 
Volume
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Annual S.R. > 2 %

Annual S.R. > 1 %

145/522 dams = 27.8%

319/522 dams = 61.1%

(A+B)/DSV

DSV=  Designed 
Sedimentation 
Volume Check dam

Storage 
reservoir

Riverbed 
degradation

Coastal erosion

Balancing of sediment 
transport from the 
source of the river to the 
coast

River environment change

Sedimentation

Lack of 
sediment supply

Sediment flow 
monitoring

Bed load 
Suspended load   
Wash load

Comprehensive sediment management has been
proposed by the River Council of Japan in 1997 in
order to recover sound sediment transport with
regard to quantity and quality in the sediment
routing system (Japanese MLIT 2005).

• River channel change
– Fixed sand bars, degradation of 

water course
– Degradation of river channel
– Tree growth in river channels

• Riverbed material change
– Armoring granulation
– Decrease of small porosity

Sediment management for reservoir and 
river basin sustainability
Sediment management for reservoir and 
river basin sustainability

1

1

1

1
1

1

1

1
1 2

2

3
2

2
3

4

2

Main
river

Tributary

Watershed

Delta

Alluvial
plane

Natural levee

Subbasin

Flood plane

Basin Headwater
segment

Mountain
segment

Valley
segement

Alluvial fan
segment

Flood plane 
segment Delta segement

1

Branch
river

Spring

Spring-fed river

4

1
1

1
2

2

4

Sandy
beach

2

1
1

2

3
2

Rivermouth
Sandy flat

Alluvial fan

Back marsh

Mountain
Lake Reservoir

Dam

Oxbow
lake

Grand
water
channel

River fluvial system is 
composed of 6 segments.

Headwater, Mountain, Valley, 
Alluvial fan, Flood plane and 

Delta.

Sediment routing system = 
All river and coastal systems 
where sediment is routing.

For storage dams, sediment supply to the downstream river is strongly required in order 
to reduce storage loss for reservoir sustainability and mitigate adverse environmental 
impacts as much as possible for river restoration downstream.

Key questions:
Sediment Volume, Size, 
Timing, Water discharge

Akiba dam 
(1958,35MCM)

Yasuoka dam (1936,11MCM)
Hiraoka dam (1951,43MCM)

Tenryu River, A=5,090km2Tenryu River, A=5,090km2Sakuma dam

Miwa dam

Sakuma dam 
(1956,327MCM)

Funagira dam 
(1958,11MCM)
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Reservoir sedimentation in Sakuma damReservoir sedimentation in Sakuma dam

J-Power (EPDC) 1956 Power generation
Gravity concrete Height=155.5 m

1946

1961

2001

Yasuoka dam (1936)

Hiraoka dam (1951)

Sakuma dam (1956)

Akiba dam (1958)

Miwa dam (1959)

Koshibu dam (1969)

Sediment 
supply

Decrease

Source:�T.Sumi and�S.A.�Kantoush ICOLD�Annual�Meeting,�Luzern��2011

Three grain size groups of 
deposited sediment in 
Sakuma dam and 
relationship to coastal 
erosion

Three grain size groups of 
deposited sediment in 
Sakuma dam and 
relationship to coastal 
erosion

Overall sediment 
deposited in 
Sakuma dam

Sediment in 
coastal area

Sediment in 
river channel

Grain size in Tenryu river 

Pe
rc

en
ta

ge
 in

 w
ei

gh
t 
(%

)

Clay, silt Mainly sand Sand and gravelSize

Water content

Ignition loss

Bed load
Suspended load
Wash load

Bed load+Suspended loadWashload+Suspended load

Upstream areaMiddle area

Downstream 
area Delta

Bottom set bed Fore set bed Top set bed

Washload

Delta

Se
di

m
en

t 
pr

op
er

ty

Grain size 
content(%)

Gravel=0, 
Sand=10, 
Clay=50, Silt=40

Gravel=10, 
Sand=45, 
Clay=30, Silt=15

Gravel=30, 
Sand=40, 
Clay=20, Silt=10

Fine sediment 

Small Large 

Ig=over10% Ig=ca.8% Ig=ca.4% 

Nutrients Small Large 

Density, Porosity

w=over100% 
Fc=45-50% Fc=lower30% Fc=over90% 

w=50-60% w=lower40% 

Dam body

Sakuma dam
1.55MCM/yr

Grain size (mm)

 

 

 

 

 

  

 

Passing through

Discharge to sea 

Sakuma dam

River channel

River mouth

Coast

Deposit and form 
river morphology

Almost sediment will 
pass through except 
some will deposit 
among gravels 

Deposit at river 
mouth 

Deposit and form 
beach at the coast

50%=0.8MCM/yr 40%=0.6MCM/yr 5%=0.1MCM/yr

• Concept of Reservoir Sustainability
• Japanese Regulation
• Methodologies of Reservoir 

Sedimentation Management
• Case Studies in Japan 

Sediment bypass tunnel

Dredging

Sediment scoring gate

Sediment check dam

Diversion weir Afforestation

Sediment supply 
(augmentation)

Excavating

Trucking

Sediment Routing

Reducing
Sediment Inflow

Sediment Removal

Density current 
venting
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Auel et�al.�2016

Sediment management to minimize
aggradation in reservoirs is achieved with a
variety of techniques categorized in three
main strategies (ICOLD 1989, 1999, 2009,
Morris & Fan 1998, Kantoush & Sumi 2010,
Annandale 2011, 2013, Kondolf et al. 2014,
Auel et al. 2016).

• The first strategy refers to a reduction in the sediment
inflow into the reservoir, i.e. soil erosion control in the
catchment area by reforestation and upstream sediment
trapping by sabo dams (check dams).

(Source:�MLIT,�Japan)

In Japan, low height sediment trap
weir is constructed just upstream of
reservoir and periodically excavated.

(Koshibu dam,�Japan)

The second one deals with routing of sediments into the tailwater
downstream of the dam. Within this strategy various effective
techniques can be applied: direct bypassing around the dam
using tunnels or channels, diverting to an off-channel reservoir,
and passing sediments through the reservoir by either sluicing or
turbidity current venting. Both techniques route incoming
sediments to the tailwater without settling in the reservoir.

(Source:�Morris

• Sluicing requires a partial water level drawdown to transport
incoming and to some extent accumulated sediments to the dam
outlet structure, whereas venting of turbidity density currents can be
performed without lowering.

• Sluicing includes both bedload and suspended sediment, whereas
venting is only possible for the latter.

• The third strategy refer to increase the capacity by removing
accumulated sediments or dam heightening to re-suspend or
reallocate the deposited sediment.

• Strategies are either using mechanical or hydraulic power. The
former implies dry excavation during complete water level
drawdown, hydraulic dredging with pumps during high
reservoir levels and redistribution of sediments inside the
reservoir.

• Dry excavation and sediment flushing during complete water
level drawdown have drawbacks as they result in a complete
storage water loss. Furthermore, a complete drawdown is only
reasonably applicable when the reservoir capacity is small
compared to the annual inflow.

• One further removal technique is termed hydro-suction
(siphoning) where sediments are pumped to a lower level using
only the hydraulic head (HSRS). Advantages are low costs and
no use of mechanical power.

• Sediment flushing should be designed carefully. Disadvantage of
flushing sediments is the high quantity of eroded material leading
to immediate ecological impacts on the biota of the downstream
river reach. Pools may be filled, sediment size distribution may
change, and suspended sediment may clog the bed surface.

• Negative effects of flushing may be largely decreased if operated
during a natural flood event. Also consecutive annual flushing is
favourable as the sediments only accumulate during one year. In
Japan, flushing of sediments is frequently applied in times of
comparatively high reservoir inflow such as typically one-year
floods.
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• Despite these strategies, a dam removal could be another
option to restore the original river reach. However, all
benefits provided by a reservoir as hydropower generation,
water supply, and flood protection are thereby eliminated
making this option literally not an adequate strategy
against reservoir sedimentation as no reservoir remains.

• Finally, taking no action against reservoir sedimentation
may be an option in case of reservoirs used for hydropower
generation. The plant may operate as a daily reservoir or a
run-of-river scheme.

• The Maigrauge dam in Switzerland, many older dams in
Japan are operated as run-of-river hydropower schemes
after prone to large sedimentation volumes. In these dams
only dredging or local sediment flushing is implemented to
clean up just upstream of the intake facilities.

• In order to increase the number of suitable examples for
reservoir sediment management, it is important to establish a
guideline to select appropriate sediment management
measures. ICOLD released the Bulletin 147 titled
‘Sedimentation and Sustainable Use of Reservoirs and River
Systems’ in 2009. This Bulletin discusses the upstream and
downstream fluvial morphological impacts of reservoir
sedimentation, and emphasizes on the selection of
sedimentation strategies.

• The two parameter reservoir life (CAP/MAS = Reservoir
CAPacity/Mean Annual Sediment inflow) and water turnover
rate (CAP/MAR = Reservoir CAPacity/Mean Annual Runoff)
are used to classify suitable techniques (ICOLD 1999, 2009,
Sumi 2008, Annandale, 2013).

Source:�Basson)

• Sluicing and flushing is recommended for low CAP/MAR < 0.03,
and seasonal flushing (duration up to two months) for CAP/MAR <
0.02. For higher ratios only storage operation, and to some extent
turbidity venting is supposed to be feasible due to water scarcity.

• Sumi (2008) analyzed Japanese dams based on this approach. With
increasing CAP/MAR, strategies change from sediment flushing
(CAP/MAR < 0.04), bypassing/sluicing (0.01 < CAP/MAR < 0.3), to
check dams and excavating and dredging (0.06 < CAP/MAR < 1).

• Annandale (2013) has integrated these approaches with threshold
for reservoir sustainability.

• The RESCON model (REServoir CONservation) which considers a
life cycle approach and reservoir conservation is presented
(Palmieri et al. 2003). This model by the World Bank is developed
to guide suitable options based on the reservoir conditions.

Appropriate selection of reservoir sediment 
management strategy (Japanese Case Study)
Appropriate selection of reservoir sediment 
management strategy (Japanese Case Study)

Impounding option

Quenching�the�Thirst:�
Sustainable�Water�Supply�
and�Climate�Change,�
George�Annandale(2013)
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Appropriate selection of reservoir sediment 
management strategy (Japanese Case Study)
Appropriate selection of reservoir sediment 
management strategy (Japanese Case Study)

No measures(frominnerfactors)

Sedimentcheckdam,
Sedimentreplenishment

Sedimentbypass,Sluicing
Sedimentflushing,Sedimentscoringgate

Miwa

Koshibu

Matsukawa

Sakuma

CAP: Original total storage capacity volume, MAR: Mean 
annual runoff, MAS: Mean annual sediment inflow

Dashidaira

Unazuki

Asahi

Classification�of�
options

Normal�
Impound
bment

Draw�
down�
level

Frequency Sediment�passing�

Coarse Fine

Normal�
Impoundment

None None None Small

Sediment�
Replenishment

None Several�
times/year

Partially
(Concentrated)

Partially
(Concentrated)

Sediment�
Flushing

All��
(Empty)

Once/yr All
(Concentrated)

All
(Concentrated)

Sediment�
Sluicing

Half Several�
times/yr

Almost�all
(Partially�

concentrated)

All
(Distributed)

Sediment�
Bypassing

None Several�
times/yr

Almost�all
(Distributed)

Partially
(Distributed)

Dry�dam None All
(Empty)

Almost�all
(Naturally)

All
(Naturally)

Decommiss
{ioning

None All All

• Concept of Reservoir Sustainability
• Japanese Regulation
• Methodologies of Reservoir 

Sedimentation Management
• Case Studies in Japan 

(Auel et�al.�2016)

Unazuki,�
Dashidaira

Sediment management to minimize aggradation
in reservoirs is achieved with a variety of
techniques categorized in three main strategies
(ICOLD 1989, 1999, 2009, Morris & Fan 1998,
Kantoush & Sumi 2010, Annandale 2011, 2013,
Kondolf et al. 2014, Auel et al. 2016).
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Kurobe dam
1,448.000

Sen-nin dam
851.000

Koyadaira dam
529.400

Dashidaira dam
343.000Unazuki dam

245.000

Aimoto

Shimokurobe

Catchment area= 682 km2,
River length= 85 km 

H=185m
199MCM�(1961)

H=97m,  24.7 MCM (2001)

H=76.7m,  
9 MCM 
(1985)
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68hr
44hr

53hr
29hr

68hr
44hr

53hr
29hr

Coordinated�water�and�sediment�management�is�very�
much�important.�Rainy�season,�June{July,�and�natural�
flood�timing�is�suitable�for�flushing.

• Dashidaira dam 1985
• First flushing  in Dec. 1991

Severe water quality problem

• Tentatively stopped
• Sediment Flushing Evaluation 

Committee 1992
• Extreme Flood 1995

• Restart of flushing 1995, 96, 97 

• After 1998, general flushing 
operation started

• Unazuki dam 2001
• Coordinated flushing  started 

2001  
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• Sediment flushing operation rule from 2001.

Unazuki Dam

Dashidaira Dam

� Flushing efficiency
=scoured sediment volume / water use

� Flushing effect
= scoured sediment volume / total deposited 

sediment volume before flushing

� Environmental impacts
the influences of SS rising and DO dropping -

duration time etc. SS: Suspended solid concentration   
DO: Dissolved oxygen 

Study on sediment discharge process during flushing 
operations from quantity and quality point of view is 
very important.
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Flushing

Fe=0.02, �=0.1

Flushing channel formulation in 
Dashidaira dam (3D Laser scanning)
Flushing channel formulation in 
Dashidaira dam (3D Laser scanning)

Dashidaira Dam

Dashidaira Dam

Middle of preliminary drawdown

t= 16hrs

t= 10hrs

Beginning of preliminary drawdown

t= 32hrs

Free-flow condition

Esmaeili et�al.�2015

Surface�flow�velocity�during�drawdown�flushing

0 5 10 km

N

Unazuki dam

Dashidaira dam

-250
-150

-50

Shimokurobe 0 5 10 km0 5 10 km0 5 10 km

N

Unazuki dam

Dashidaira dam

-250
-150

-50

Shimokurobe

Reservoir
Water�quality
(DO,�SS�etc.)
Mud�quality
Cross�sections

River
Water�quality
(DO,�SS�etc.)
Mud�quality
Aquatic�species
Cross�sections

Sea
Water�quality
(DO,�SS�etc.)
Mud�quality
Aquatic�species
Cross�sections
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Coastal line is gradually recovering after 2000. 

1947

1975

1985

1998

2005

2010

River mouth

Source:�MLIT

� Minimize negative environmental impacts
� Water quality changes caused by discharging accumulated 

sediment containing organic matters and those impacts on 
the aquatic ecosystem

- Estimate the influences of SS rising and DO dropping
- Establish minimizing measures ex. Sediment Discharge Rule

� Re-deposition of fine sediment on the river and the coastal 
areas and those impacts on the aquatic ecosystem

- Estimate the influences of fine sediment on river channel, mouth and coastal areas

- Establish minimizing measures ex. Rinsing Flow Operation

� Evaluate positive impacts correctly
� Contribution to the comprehensive management of the 

Sediment Routing System
� Restoration of supplying nutrients and other materials to the 

river channel and the sea

DO(mg/l)

SS(mg/l)

DO(mg/l)

SS(mg/l)

100,000mg/l

6mg/l DO(mg/l)

SS(mg/l)

DO(mg/l)

SS(mg/l)

100,000mg/l

6mg/l DO(mg/l)

SS(mg/l)

DO(mg/l)

SS(mg/l)

100,000mg/l

6mg/l

Year Event
Flood 11.3 10.5 3,700 1,800

Flushing 1.72MCM 8.8 9.7 8.9 103,500 29,400 26,000
Flushing 0.8MCM 10.7 10.3 9.8 56,800 9,470 6,770
Flushing 0.46MCM 9.8 9.2 9.3 93,200 28,900 4,330
Flushing 0.34MCM 8.2 7.0 7.3 44,700 9,400 6,750

Flood 10.5 9.5 6,090 5,260
Flushing 0.7MCM 6.0 5.8 6.5 161,000 52,100 25,700

Coordinated
flushing

0.59MCM 7.2 11.4 10.2 90,000 2,500 1,500

Coordinated
sluicing

11.1 10.6 9.6 29,000 3,700 2,200

Coordinated
flushing

0.06MCM 9.5 10.5 9.5 22,000 5,400 2,800

Jun-03
Coordinated

flushing 0.09MCM
11.8 11.3 9.6 69,000 17,000 10,000

Jul-04 Coordinated
flushing

0.28MCM
9.3 10.2 9.8 42,000 6,800 11,000

Jul-04 Flood 10.8 11.2 10.3 30,000 12,000 14,000

Jul-04
Coordinated

sluicing 10.6 11.2 9.6 16,000 17,000 21,000

Jul-02

Unazuki

SS mg/l
Maximum value

Jul-01

DO mg/l
Minimum value)

Dashidaira Unazuki
Shimo-
kurobe

Jun-98
Jul-98
Sep-99

Jun-01

Jul-95
Oct-95
Jun-96
Jul-97

Amount of
Dashidaira
sediment
flushing Dashidaira

Shimo-
kurobe

Sediment flushing

Manual sampling in every one hour 
Continuous monitoring method for DO and SS is necessary

‘Ayu ( )’, (Sweet fish, , : Plecoglossus
altivelis) Typical fish in Japanese rivers
‘Ayu ( )’, (Sweet fish, , : Plecoglossus
altivelis) Typical fish in Japanese rivers

Ca. 20cm

Flushing�efficiently���
=�Little�water

Flushing�naturally������������������
=�Much�water

Reservoir�draw�down
Enough�flushing�discharge�water
Rinsing�discharge�after�flushing,��etc.

Water�use

High�sediment�
concentration

Low�sediment�
concentration
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1) Periodical sediment flushing is important.
In the Kurobe River, both sediment flushing and sluicing are performed
approximately once a year. It reduces flushing sediment volume in one time.

2) Selecting suitable timing can reduce is important.
Appropriate sediment flushing seasons (June to August), and times when
the natural water flow rate exceeds a certain level, 300 (250 in some special
case) m3/s or more for sediment flushing, and 480 m3/s or more for sediment
sluicing.

3) Flushing efficiency at Dashidaira Dam is about 0.01 to 0.03.
4) Discharged SS at the Dashidaira Dam during a sediment flushing
operation was 8,000 mg/l on average and 40,000 mg/l on the peak.
5) Dashidaira Dam is currently at an equilibrium state by passing of
approximately 1 MCM sediment annually.
6) By suppling sediment, downstream riverbed aggradation and bed
armoring as well as coastal erosion have been recovered gradually.

7) In order to prevent
accumulation of fine
sediment on the
downstream gravel bars,
the rinsing discharge from
both dams is performed
after recovering reservoir
water revel.

8) Evacuation channels have
been prepared as shelters
for many species of fish,
such as Ayu, during high
turbidity in the main stem
due to sediment flushing.

95

96

9798

99

01

02

03

04

Fe: Flushing efficiency =Total flushed sediment volume/ Total water volume

Storage capacity
Mean annual runoff
Mean annual sediment inflow
Flushing efficiency

Sediment discharge
volume(m3)
Water use(m3)

Ratio of water use for
sediment flushing to the mean
annual runoff

�
�



�
�
� �

%

MAR
CAPF

MAR
CAP

MAS
CAP

e � VVs /�

CAP
MAR
MAS

eF
sV

V
�

MARV /
Reservoir life (yr)

Capacity-inflow ratio  
or Retention time (yr)

MARCAP /

MASCAP /

Flushing

Fe=0.02, �=0.1

(Auel et�al.�2016)

Replenishment��
(Augmentation)

Nunome

Sediment management to minimize aggradation
in reservoirs is achieved with a variety of
techniques categorized in three main strategies
(ICOLD 1989, 1999, 2009, Morris & Fan 1998,
Kantoush & Sumi 2010, Annandale 2011, 2013,
Kondolf et al. 2014, Auel et al. 2016).
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79

(2) Modern augmentation (after 2000s): to 
support geomorphic processes for
channel complexity and substrate quality

Spawning Riffle Construction

(1) Early augmentation (1970-80s): simply to 
construct ‘spawning riffles’ mechanically

Ock et�al.�(2013)

Sakurai et al. (2013)

Sediment management should be designed 
with the combination of flow regime operations
Sediment management should be designed 
with the combination of flow regime operations

Sediment replenishment, 
Erosion control and 
enhancement

Habitat measures

Biodiversity measures

Temporary pools, backwaters, 
moss mats, litter packs, loose bed, 
hyporheic flow, DO concentration, 
habitat longevity, etc.

Species diversity, life forms
functional feeding groups trophic 
levels, RDB species, alien species, 
etc.

Material cycle measures

Retention time of POM, Filtering 
efficiency of POM, Trophic origin of 
organic matters, 

Geomorphic measures
Bar types, bar area B/h, wetted 
perimeter hydraulic radius
sineoucity riffle-pool ratio base
rock area, grain size, etc.

Sediment supply 
manipulation

Flow regime 
operation

Peak cut, flushing flow, 
environmental flow

Management objects

Management 
objectives

Source:�Takemon

Nunome Dam

Reservoir

Location of 
High-flow 
injection 

Check Dam

(1) Source of sediment: Upstream end of reservoir

(3) Volume of sediment: depending on release flow (upto 500 m3 per event)
Size of sediment : mixed sand and gravel (0.075-19mm)

(2) Frequency: 1-3 times a year depending on
natural flood-runoff
Peak duration: 2-4 hours

2006 2008 20092007
Fl

ow
 d

is
ch

ar
ge

(Ock et�al.�2013)�

Source Hunziker
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slide�85

[m]

2D flow and sediment 
transport model 
(CCHE2D) along with 
field measurement for 
grain size distribution,
bed softness and 
surface velocity, to 
predict changes in 
distribution of potential 
spawning for Ayu-fish. 

Ca. 20cm

High�Deposition�and�Soft�
Gravel�Bed
=�Suitable�spawning�redd

Sediment�
Supply

Field Measurement Numerical Simulation

1) In order to reduce sediment inflow, mainly coarse bed load sediment
is trapped by a low check dam constructed at the end of reservoir
and regularly excavated mechanically. Recently, sediment
replenishment has been carried out more than 20 dams in Japan.

2) Percentages of sediment replenishment are very limited, ranging
between 0.1 to 10 % of annual reservoir sedimentation since these
projects are still in trial stage.

3) Sediment replenishment volume and grain size are recognized as
key factors for a successful management in the river basin to create
and maintain physical habitats, aquatic and riparian ecosystems.

4) Creating new habitats for spawning and other fish life stages are
new challenging topics in Japan. Long riffles supplemented by high-
flow stockpile could function as an important natural filter for
removing reservoir plankton, subsequently contributed to
macroinvertebrates’ richness and functional feeding group.

86

(Auel et�al.�2016)

Asahi

Sediment management to minimize aggradation
in reservoirs is achieved with a variety of
techniques categorized in three main strategies
(ICOLD 1989, 1999, 2009, Morris & Fan 1998,
Kantoush & Sumi 2010, Annandale 2011, 2013,
Kondolf et al. 2014, Auel et al. 2016).

� Upstream Aspects
– Hydrology
– Sediment Erosion & Inflow

� Tunnel
– Hydraulics & Sediment Transport
– Planning/Design
– Invert Abrasion
– Maintenance

� Downstream Aspects
– Morphological Changes
– Ecological Effects

� Operation
– Monitoring & Instrumentation
– Real-time Operation

Sediment 
deposition

Abrasion

Pressure fluctuation

Diversion,
Gate operation

etc

Upstream Tunnel inside Downstream

Riverbed geomorphology,
Water quality, Aquatic 
environment etc
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Name Coun
try

Comp
letion

Cross 
section

Diameter
B H(m)

Length
(m)

Slope Design
Disch
arge

Design
Flood

Velocity
(m/s)

Design
Sediment 

Size
mm)

dm/d90

Operation
Day yr

Nunobiki
Gohonmatsu Japan 1908 Hood 2.9 2.9 258 1.3 39 7

Asahi Japan 1998 Hood 3.8 3.8 2,350 2.9 140 12 50/300 13

Miwa Japan 2004 Horse
shoe 2r = 7.8 4,300 1 300 10 WL only 2 3

Matsukawa Japan UC Hood 5.2 5.2 1,417 4 200 15 -

Koshibu Japan UC Horse
shoe 2r = 7.9 3,982 2 370 9 (5/30) -

Pfaffensprung Swiss 1922 Horse
shoe A =21.0m2 280 3 220 14 250/2700 ca.200

Runcahez Swiss 1961 Horse
shoe 3.8 4.5 572 1.4 110 9 230/500 4

Palagnedra Swiss 1974 Horse
shoe 2r = 6.2 1,800 2 110 13 74/160 2 5

Egschi Swiss 1976 Circle r = 2.8 360 2.6 74 10 100/300 10

Rempen Swiss 1983 Horse
shoe 3.5 3.3 450 4 80 12 60/200 1 5

Solis Swiss 2012 Horse
shoe 4.4 4.68 973 1.8 170 11 60/150 1 10

Outline of Nunobiki DamOutline of Nunobiki Dam

 
 

 

 
 

 
 

 
 

 
 

Tunnel outlet

Nunobiki
Reservoir

Diversion weir 
H=3m, B=12m

Tunnel inlet

Usually spilled water 
flow to downstream

Diverted water flow into 
a bypass tunnel 

V=759,521m3

H=33.3m

Rokko Mountains
deep weathered granite, steep slopes

A=9.8km2

A=0.47km2

Dam: 1900
Bypass Tunnel: 1908

258m

Osaka

Kyoto
Kobe

Ikuta river
Dam

Purpose:

Drinking  
water supply

Usually flow 
into reservoir 

Sediment Bypass Tunnel of Nunobiki damSediment Bypass Tunnel of Nunobiki dam

Tunnel length L=258m

OutletInlet

Tunnel Slope=1/75
Cross Section

Inlet and Outlet sections are covered with natural
granite stones, while other sections have no lining
materials.

Tunnel discharge 1.11 39m3/s 

Diversion weir 
H=3m, B=12m

Inlet Outlet

1.485m

A= 8.0m2

• Daily sediment inflow in ca.100 yrs can be calculated by 
(Ashida and Okumura 1977).

where,      D sediment yield during a flood event(m3) A
catchment area(km2) R daily rainfall(mm) I average 
riverbed slope in 200 m upstream from the calculating point
^ , _ constants. 

• A1=9.83km2 : before a sediment bypass , A2 = 0.47km2 : after a 
bypass

• R : actual record 1900-2000,    I = 0.044 by the geographical 
survey

• _  is usually fixed as 2.0 (Ashida and Okumura 1977),   ^  is 
estimated as 6.0 by real accumulated sediment volumes.

� ��4 IRAD 22�

Before a bypass 
completion

After a bypass 
completion

Mean annual sediment inflow 30,000 m3/yr 1,500 m3/yr

Reservoir life ca.30 yrs ca.500 yrs

Se
di

m
en

ta
tio

n 
vo

lu
m

e 
(m

3)

Bypass 
tunnel 
completion 
in 1908

Fully sedimentation 
without a bypass 
tunnel in 1926

Se
di

m
en

ta
tio

n 
vo

lu
m

e 
(m

3)

Bypass 
tunnel 
completion 
in 1908

Fully sedimentation 
without a bypass 
tunnel in 1926

Before a bypass 
completion

After a bypass 
completion

Mean annual sediment inflow 30,000 m3/yr 1,500 m3/yr

Reservoir life ca.30 yrs ca.500 yrs

Bypass tunnel
Gradient 1/34
Height 3.8m
Width 3.8m

Outlet

Weir
Height 13.5 m
Crest Length

45 m

Length : 2,350m
Max. discharge 140m3/s
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Amount of accumulative rainfall
 in 5:00 on Sept 4th : 1,507 mm
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Inflow
Discharge
Discharge with the bypass system

Spillway gate open Maximum inflow
3th 10:13 pm

Q=954.04m3/s
Maximum discharge

3th 10:30 pm
Q=527.79m3/s

Inflow

Outflow
Bypassing

Water Level

Rainfall

Without bypass system, about 74% of sediment volume would have 
been accumulated in the reservoir. This sediment have now positive 
effects on downstream river environment. 

Sedimentation�speed�has�
been�drastically�reduced.

Original�sedimentation�
speed�without�bypass

With�bypass

Downstream

Upstream

Asahi dam

Bypass

Tunnel outlet

Dam Tunnel outlet

Downstream Effects

• Clear water
• Recovering white 

colored stones delivered 
from upstream

• Well balanced and softly 
deposited river bed 
materials

L=3,982m,��S=2%,�Q=370m3/s

R=3.95m,�A=49m2

Figure�1.�Classification�of�strategies�against�reservoir�sedimentation�(Auel et�al.�2016)

Mimikawa

Sediment management to minimize aggradation
in reservoirs is achieved with a variety of
techniques categorized in three main strategies
(ICOLD 1989, 1999, 2009, Morris & Fan 1998,
Kantoush & Sumi 2010, Annandale 2011, 2013,
Kondolf et al. 2014, Auel et al. 2016).
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Total:��340MW
900�million�kWh

Damage in the Mimi river basin area 
resulting from the Typhoon Nabi, 2005
Damage in the Mimi river basin area 
resulting from the Typhoon Nabi, 2005

Mimikawa
River

1.Kamishiiba
93 MW
[1955]

2. Iwayado
51 MW
[1942]

4. Morotsuka
50 MW
[1961]

5. Yamasubaru
41 MW
[1932]

6. Saigou
27 MW
[1929]

7. Oouchibaru
16 MW
[1956]

[ ] indicates year of  
commissioning

Stream length: 94.8km           
Watershed area: 884.1km2Kyushu

3. Tsukabaru
63 MW
[1938]Mimikawa

River
1.Kamishiiba

93 MW
[1955]

2. Iwayado
51 MW
[1942]

4. Morotsuka
50 MW
[1961]

5. Yamasubaru
41 MW
[1932]

6. Saigou
27 MW
[1929]

7. Oouchibaru
16 MW
[1956]

[ ] indicates year of  
commissioning

Stream length: 94.8km           
Watershed area: 884.1km2Kyushu

3. Tsukabaru
63 MW
[1938]

 

Width  400m

Slope�failure�downstream�of�the�
Tsukabaru dam

Flooding�in�central�area�of�the�
Morotsuka village

Appropriate selection of reservoir sediment 
management (Japanese Case Study)
Appropriate selection of reservoir sediment 
management (Japanese Case Study)

Sediment check dam,
Sediment replenishment

Sediment bypass, Sluicing
Sediment flushing, Sediment scoring gate

CAP: Original total storage capacity volume, MAR: Mean 
annual runoff, MAS: Mean annual sediment inflow

Impounding option

Saigou

Ohuchibaru

Yamasubaru

Iwayado

Morozuka

Tsukabaru
Kamishiiba

Saigou

Yamasubaru

Ohuchibaru

Kamishiiba

Tsukabaru

Morozuka

Iwayado

Partial�drawdown

Notes: 
indicates difference from existing case.
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+37
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d 0.075mm

17+ 6
-10
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5 + 2
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+12

8 + 11
+1

11
+11

7

2

+ 12
+10

+ 6
+1
2
0

0
0

+ 2
0

6
+1

Sand
0.075mm d 2mm

Gravel
2mm d 75mm

Unit: ‘000m3/year

Estuary (0k)

1.2 k

14 k

Saigou Dam
(36k)

Yamasubaru Dam
(46k)

300
0

30
0

12

42
0

17

59
0

21

1

+ 1
0

+ 2
0
78
0

78
0

0
0

79
0

0
0

0
0

Oouchibaru Dam
(23k)

Decreasing tendency
Somewhat increasing tendency
Increasing tendency

Notes: 
indicates difference from existing case.
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d 0.075mm
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Sand
0.075mm d 2mm

Gravel
2mm d 75mm

Unit: ‘000m3/year

Estuary (0k)

1.2 k
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Saigou Dam
(36k)

Yamasubaru Dam
(46k)
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0
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0
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+ 1
0

+ 2
0
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0
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0
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Oouchibaru Dam
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Yamasubaru dam

Saigo dam

Saigo dam

Yamasubaru
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Ouchibaru
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• Sediment management is important both for reservoir
and river basin sustainability.

• Sediment supply downstream will be beneficial to improve
river geomorphology by creating suitable habitat, and
maintaining biodiversity and suitable material cycles.

• We should check necessary quantity (amount added) and
quality (grain size and source materials) of sediment both
for reservoir and downstream river basin point of views.

• Flushing, bypassing and replenishment (augmentation)
are attractive options for reservoir sediment management.

• Sediment management should be appropriately selected
based on reservoir size vs annual sediment and water
inflows.
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Lecture 8: Sustainable management of river basin ecosystem services 

Sohei KOBAYASHI (Assistant Professor, Disaster Prevention Research Institute, Kyoto University) 

Abstract: 

Ecosystem provides various benefits to human lives, which are called ecosystem services, including 

production of energy resources, maintaining good water-atmosphere condition, and supporting 

diverse lives and landscapes for recreation. Eco-DRR is a recent hot topic attracting attention. 

River ecosystem from headwater to river mouth consists of main-flow water body, underneath 

bed layer, lateral floodplain, and various organisms that live in these habitats. Sediment of various 

grain sizes as well as water and flow is a key factor maintaining aquatic biodiversity and ecosystem 

services in rivers. First, many species spend their lives on surface of or inside bed sediment layer. 

Second, a diverse flow condition, which is essential for coexistence of species adapted to different 

conditions, is generated by bedform (wave of sediment). Third, fluvial sediment deposition masses 

such as bars and fans act to naturally purify water by infiltration and also generate a mild flow 

condition for aquatic species to escape during floods. Fourth, a connection between main flow and 

floodplain or tributary is maintained by sufficient bed level of thalweg. Finally, a high biodiversity 

in Japanese rivers is assumed to be ultimately maintained by hazardous conditions of Japanese 

islands that sustain high sediment yields from mountains. 

 River ecosystems are facing threats caused by human resource utilization in the past and present, 

and by future climate change. Channel degradation by reduced sediment supply is an important issue 

especially for downstream rivers and coastal areas. Degraded channels are typically incised, 

homogenized, and dominated by immobile beds. Projects to increase sediment in downstream rivers, 

including sediment augumentation, construction of dam-bypassing tunnels, modification of dam 

gates to sluice/flash sediment, have effects on the recovery of the downstream ecosystems. Our 

understanding is still limited on the effect of future climate change on river ecosystem. Although an 

increase of the frequency and intensity of flood and drought may damage ecosystem, complex 

responses of ecosystem may occur due to adaptations of many species to such disturbances. Changes 

of flood season are likely to damage aquatic species that grow in originally non-flood seasons. 

River ecosystem with certain conditions would show high resilience to disturbance (strong to 

hazards caused by climate change). For example, outlet rivers of natural lakes and artificial 

reservoirs may act as refugee for aquatic species by flow and thermal stability. Infiltration of river 

surface water to bed sediment layer also contributes to provide patchily distributed stable conditions. 

Sufficient space for rivers to diversify and a mainflow-tributary connection during floods would also 

increase chances for organisms to survive during floods. Because river ecosystem is structured and 

maintained by disturbance, sustainable management should allow the occurrence of hazards. 
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Lecture	8:		
Sustainable	Management	of		
River	Basin	Ecosystem	Services 	

12th,	Dec,	2017	IHP	training	course 	

Sohei	KOBAYASHI	(Assis	Prof,	DPRI,	Kyoto		

Outline		
1.  Biodiversity	and	ecosystem	services	
2.  River	ecosystem	and	sediment	
3.  Threats	to	river	ecosystem	(present		

and	future)	
4.  Ecosystem	resilience	and	sustainable		

managements 	

1.	Biodiversity	and	ecosystem	services	

Biodiversity	hotspots 	
Places	on	Earth	that	are	both	biologically	rich	and	deeply	threatened:		
That	contain	>0.5%	or	>1,500	species	of	vascular	plants	as	endemics.		
That	have	lost	at	least	70%	of	its	primary	vegetaFon.		

 
 
 
 
 
 
 
 
 
 
 
 
 

Japan	is	one	of	the	36	hotspots	

国立環境研究所 	

Background	of	biodiversity	in	Japan	(forest) 	
•    Forest	covers	2/3	of	the	land.	
•    There	are	4-5	biomes.		
•    Many	endemic	species	in	forests.		
•    PrecipitaFon	and	temperature		

difference	by	laFtude	and		
elevaFon	are	key	of	biodiversity.		

NHK(日本列島奇跡の大自然） 	

Maple	tree	species 	

Japan 	

North	America		
Europe 	

Endemic	large	animals 	

England	Japan	Galápagos 	

Background	of	biodiversity	in	Japan	(marine) 	
•    We	are	surrounded	by	ocean.		
•    One	of	the	top	of	species		

diversity:	15%	of	total	marine		
species	in	the	world	occur		
near	Japan.		

•    LaFtudinal	difference,	mix	of		
warm-cold	currents,	complex		
coastal	geography,	and	deep		
trench	support	the	high		
diversity.		

Total	number	of	marine	species 	
 
 
 
 
 
 

NHK(日本列島奇跡の大自然） 	
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Caddisfly:	a	major	insect	group	in	rivers	

Japan	
North	America	rica	

Russia	
Europe		

China	

India	

Myanmar	
 
 
1,000,000 	10,000,000 	100,000,000	

North	ame	

Europe	

India	 China	
Japan	 Russia	

Vietnam
	

M	
yanmar	

Poland	

Larvae	 Adults	

Area	(km2)	

Number	of	species	occurrence	increases	with	the	area	of	places.		
Number	of	species	is	high	in	Japan	despite	its	small	area.	

Ecosystem	service	
CondiFons	that	make	human	life	possible	(food,	clean	water,		
regulaFng	climate),	or	benefits	that	humans	freely	gain	from	
the	natural	environment	(including	educaFonal,		
recreaFonal,	cultural	and	spiritual	mader).	

 
 
 
 
 
 
 
 
 

hdps://		
freshwaterwatch.thewaterhub.org/		
content/ecosystem-services	

Links	between	biodiversity	and		
ecosystem-service	

•    Biodiversity	is	one	of	the	ecosystem	services	for	humans	
•    Biodiversity	regulates	rates	of	ecosystem	processes,	and	a		

certain	level	of	diversity	is	required	to	maintain	a	service.	
 
 
 
 
 
 
 

Loreau	et	al.	2001	

Natural	hazard	and	biodiversity	
World	distribuFon	of	earthquake	(seismic	center)		
and	biological	hotspots	

 
 
 
 
 
 
 
 
 
 
 

Biological	hotspots	largely	overlaps	with	earthquake	and	also	volcanic	area,	or	

World	distribuFon	of	flood	mortality	risk		
and	biological	hotspots	

•    Earthquake	
•    Volcano	
•    Tsunami	
•   Flood	
•   Landslide	
• 

Biodiversity		
Ecosystem	processes	

Loss	and	damages	

Water,	Nutrient		
Diverse	habitats	

Benefits		
(Services)	

Different	aspects	of	natural	hazard	for	humans	
Natural	hazards	

Disturbance	

Human	lives	
 
 
We	are	benefided	from	ecosystem	services,	which	are	parFally	maintained	by		
natural	hazards,	which	also	directly	damages	our	lives	as	disasters.	

Disaster	
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Ecosystem-based	Disaster	Risk	ReducFon		
(Eco-DRR)	

It	recommends	use	of	ecosystem	services	to	avoid	exposure	to		
natural	hazards	and/or	reduce	vulnerability	as	methods	for	realizing		
the	disaster	risk	reducFon	

 
 
 
 
 
 
 
 
 

Concept	of	disaster	risk	reducFon	
(Aher	ADRC,	2005;	Nature	ConservaFon	Bureau,	2016)	

Conceptual	figure	for	planning	of	the	forest	construcFon	as	a	disaster	reducFon	measure	

Forest	as	the		
eco-DRR		
measures	
Tohoku	Commidee	for		
Levee	construcFon	

http://morinobouchoutei.com/?  
page_id=62 

人工盛土		
風や飛砂等の軽減	津波エ

ネルギー減衰		

管理道	

生育基盤盛土	
根系の健全な成長	樹木

の根返り防止		

地形の起伏	
津波エネルギーの減衰		

十分な生育基盤盛土	津
波エネルギーの減衰	大径木

化が可能		

高密で樹高が低い海側の林帯		
津波エネルギーの減衰		

下層木を導入した中間の林帯	
津波エネルギーの減衰		

大径木化した陸側の林帯		
大径木による流木や漂流物の捕捉	津波エ

ネルギーの減衰		
津波被災後の残存木による防風機能等の維持		

防潮堤		

海側		

陸側		

Department	of	Forestry	
http://www.rinya.maff.go.jp/j/  
tisan/tisan/pdf/dai5kai-  
siryou1-4-4.pdf 

Levee	

Proposed	levee		
construcFon	

人工盛土		
風や飛砂等の軽減	津
波エネルギー減衰		

生育基盤盛土	
根系の健全な成長		
樹木の根返り防止		

地形の起伏	
津波エネルギーの減衰		

十分な生育基盤盛土	津波
エネルギーの減衰	大径
木化が可能		

高密で樹高が低い海側の林帯		
津波エネルギーの減衰		

防潮堤		

海側		

大径木化した陸側の林帯		
大径木による流木や漂流物の捕捉		

下層木を導入した中間の林帯 	津波エネルギーの減衰		

津波エネルギーの減衰 	津波被災後の残存木による防風機能等の維持		

陸側		
 
 
 
 

管理道	

Levee	sand	dune	 Back	marsh	

grass land  
or bush 

Levee	should	locate	much	inner	side	for	sand	dune	to	be	mobile	and	keep		the	
dynamism	of	coastal	habitat	structure.	

Sandy	beach	

人工盛土		
風や飛砂等の軽減	津
波エネルギー減衰		

管理道	

生育基盤盛土	
根系の健全な成長		
樹木の根返り防止		

地形の起伏	
津波エネルギーの減衰		

十分な生育基盤盛土	津波
エネルギーの減衰	大径
木化が可能		

高密で樹高が低い海側の林帯		
津波エネルギーの減衰		

下層木を導入した中間の林帯	
津波エネルギーの減衰		

大径木化した陸側の林帯		
大径木による流木や漂流物の捕捉	
津波エネルギーの減衰		

津波被災後の残存木による防風機能等の維持		

防潮堤		

海側		

陸側		

Levee	

But,	from	a	view	point	of	sustainable	management	of		
aquaFc	ecosystem	

2.	River	ecosystem	and	sediment	

Algae	 Detritus	

Invertebrates	

Heterotrophs	Autotrophs	

River	ecosystem	 Major	groups	in	river	ecosystem	

Fish	

1	1	

1	

1	

1	

2	

3	

2	1	

Mountain		
2	

2	
3	

Valley	

Alluvial	fan	

Delta	
Spring	

Spring-fed	river	

1	1	
1	

2	

2	

1	
Headwater		

1	
1	
1	

2	 2	1	

3	
2	

Mountain		
Lake	1	

2	
Floodplain	

4	
4	
Oxbow		
lake	

 
Back	marsh	

Groundwater		
lake	and	channel	 Spring	4	

River	basin	and	various	freshwater	ecosystems	
Basin	

Delta	

Alluvial		
fan	

Headwater	

High	mountains,	rainfall,	sediment	yield	are	necessary		to	
form	various	freshwater	ecosystem	in	a	river	basin.	

Oxbow		
lake	

Sediment	

Headwater	segments	

Cascade	 Step-pool	

Cascade	

Step-pool	

Channel	characterisFcs:	
laterally	confined	(=narrow),	longitudinally	very	steep,		
ohen	dominated	by	bedrocks	and	boulders	(>50cm),	
predominantly	fast-flow	(but,	slow-flow	occurs	by	sediment	deposit)	

Laterally	confined		
by	steep	hillslope	

Slow-flow	area		
behind	sediment		
deposit	

Bedrock	
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Mountain	and	valley	segments	

Pool-riffle	Laterally	confined		
by	hillslope	 Riffle	

Pool	

Sediment	
 
Channel	characterisFcs:	Longitudinal	bed	profile	

laterally	confined	(but	flat	bodom	by	sediment	deposit),	steep/mild,		
various	sediment	including	sand	(<2mm),	gravel	(<5cm),	cobbles	(<30cm),		
coexistence	of	fast	and	slow	flow	(by	pool-riffle	bed	form),		someFmes	
mulF-flow	and	stagnant	water	(by	large	bar	formaFon).	

Pool	

Run	(Riffle)		
Rapid	(Riffle)	

Pool	

Riffle	

Pool	

Riffle	

Bar	

Backwater	

Forewater	Backwater	

Pool	

Riffle	

Pool	
Riffle	

Bar	

Floodplain	segments	

Laterally	unconfined	

Channel	characterisFcs:	
laterally	unconfined,	mulFple	flow,	longitudinally	mild/gentle,		
dominance	of	sand	(<2mm)	and	gravel	(<5cm)	over	cobbles		mulFple	
flow	channels	and	ponds	in	floodplain	area.	

Sediment	

Riffle	

pool	

Sub	flow
	

Backw
ater	

Riffle	

pool	

Riffle	

Pond	

pond	

 
Pond	
 

Floodplain	ponds	at	various	elevaFons		
relaFve	to	mainflow	water	level	

High-terrace	
AcFve	Low-terrace 	pond	

Mainflow	pond	

Riffle	

Riffle	
Wando	Gravel	bar 	Riffle	

Pool	

Gravel	bar	
Wando 	VegetaFon	(terrace)	

River	channel	with	less	sediment	transport	

RelaFvely	uniform	flow	

Sediment	and	bar	formaFon	is	the	basis	of	diversity	
in	terms	of	flow,	bed	material,	and	aquaFc	species	

River	channel	with	sediment	transport	

 
Pool	 Riffle	species	

(adapted	to	fast-flow)	
Pool	species	

(adapted	to	slow-flow)	

Able	to	stay	in	fast-flow	 Unable	to	stay	in	fast-flow	

High	oxygen	demand	 Low	oxygen	demand	

Bar	formaFon	and	the	existence	of	pool-riffle	structure		
enables	both	types	of	species	to	occur	in	the	same	reaches	

Coexistence	of	species	with	different	requirements	

Riffle	

Pool	

Riffle	

Pool	

Riffle	

Pool	

4	
 
2	
 
0	

6	

10	
8	

6	

4	

2	

0	

High-terrace		
pond	

pond	
AcFve	Low-terrace	

Mainflow	pond	

N
um

be
r	o

f	s
pe

ci
es
	

Dissolved	O	2	High	 Low	

Low	Stability	(less	disturbed	by	flood)	High	
Organic	supply	(from	trees)	

FormaFon	of	backwater	and	ponds	with	various	elevaFons	provides		
habitats	for	species	with	different	O2	or	stability	requirements.	

Coexistence	of	species	with	different	requirements	
Number	of	species	

Floodplain	ponds	at	various	elevaFons 	found	in	different	ponds	
Mayfly	Stonefly	

Prefer	large	stones	for	hiding	
Hide	in	small	intersFces,		
prefer	clear	stone	surface	

Grain	size	is	important	for	aquaFc	species	
Some	species	prefer	sand/gravel	for	burrowing	and	making	cases,		

small	stones	with	small	intersFces,	
large	stones	for	large	intersFces	and	stability	

Make	sand	cases 	Build	their	retreats	(house)	on	or	between	stable	stones	

Burrow		
into	sand	

Variable	grain	sizes	are	essenFal	for	the	coexistence	of	species	
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1 	10	

Average	body	weight	of	species	(mg)	

Clinger		
Glider		
Swimmer		
Others	

The	way	they	live	in	the	bed		
determines	the	suitable	stone	size	for	the	species	

Net-spinner	Low	mobility		
Burrower	

High	mobility	
Live	intersFces	

   
High	mobility		
Live	surface	

IntersFce	of	bed	

Surface	of	bed	

Low	mobile	 species	 prefer	 relaFvely	 large	 grains	 (for	 stability).		
High	mobile	 and	 intersFce-living	 species	 prefer	 grain	 size	 that		
matches	to	their	body	size.	

Which	type	of	river	is	invertebrate	rich?	
Sandy	river	 Small	stony	river	 Large	stony	river	 Bedrock	river	

0	

40	
 
20	

60	
100	

Bi
om
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s	(
W
W
	g
	m

-2
)	

Silt	Sand	S-	L-	S-	L-	S-	L-	Bedrock	

75%	
Median		
25%	

Non-insects		
Mayfly		
Stonefly		
Caddisfly		
Dipteran		
Other	insects	

0	

80	

40	
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160	
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Biomass	of	benthic	invertebrates	

Winter		
Summer	

Taxon	richness	of		
benthic	invertebrates	

N
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f	g
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a	

In	terms	of	the	biomass	and	taxon	richness	of	invertebrates,		
cobble	rivers	are	richer	than	sandy	and	bedrock	rivers.	

Gravel									Cobble					Boulder	
<0.2cm					0.2-5cm									5-20cm							20-50cm	

Gravel				Cobble		Boulder	
<0.2cm		0.2-5cm				5-20cm			20-50cm	

Riffle	Pool	Riffle	
     Pool	Riffle	

     Pool	

Pool	

Riffle	

Pool	

Water	filtraFon	by	riverbed	and	bars	
If	bars	are	developed,	they	infiltrate	water	and	a	significant	part		
of	surface	water	goes	down	the	bed	and	reappears	on	the	
surface. 	Surface	flow	

Subsurface	flow	

Filtered	flow	

Surface		
flow	

Bar	

Surface	flow	
 

Subsurface	flow	
              Down-welling	

Up-welling	
 
 
Turbid	water	becomes	clear	by	filtraFon.	

10	
 

 
1	

Downstream	of	Koshibu	Dam	

Downstream	of	Asahi	Dam	

Tu
rb
id
ity

	(N
TU

)	

Turbidity	decreases	downstream	as	a		
consequence	of	the	filtraFon.	

100	

Upstream	(natural)	

0 1 2 3 4 5 6	
Distance	from	dam(km）	v'Turbid	water	and	very	fine	sediment	are		

unfavorable	for	aquaFc	species	and	ecosystem.	

Bar	

Bar	

20	

①up-welling	
②up-welling	
③surface	
④surface	

℃ 
18	

Water	filtraFon	by	riverbed	and	bars	
Filtered	water	is	milder	than	surface	water	in	terms	of	water		
temperature,	flow,	and	turbidity,	which	benefits	certain	species.	

Surface	
flow	

Sub-sur
face	flo

w	
Newly	created	bar	

Up-welling	flow	
① 	②	

③	

④	

16	
24,	Oct.			26 	28 	30 1,	Nov.	3	

 

Places	fed	by	sub-surface	flow	increase	survival		
rate	of	fish	during	extreme	condiFons	such	as		
high	turbidity	during	floods,	>30℃ in	summer.	
 

Thus,	water	filtraFon	by	bars	is	an		
important	funcFon	of	river	ecosystem.	

Floods	are	necessary	for	refreshing	sediment		
deposiFon	and	restoring	habitat	

Ayu	fish	

Egg	
Upstream	of	riffle	

Ayu	fish	(popular	for	fishing	and	eaFng)	spawn	eggs	on	the	upstream	of	newly		
created	riffle,	where	bed	is	soh	and	high	oxygen	supply	from	surface.	

 
Large	flood	with	much	sediment	supply	and	deposiFon	

Riverbed	is	soh 	Riverbed	is	hard	

Small	flood	with	less	sediment	supply	and	erosion	

Good	spawning	riffles	are	generated	aher	a	large	flood	and	sediment	supply		
(=disturbance	is	required	for	habitat	generaFon)	

3.	Threats	to	river	ecosystem		
(present	and	future)	
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Water	quality	has	been	greatly	improved		
in	many	Japanese	rivers	

6	

5	

4	

3	

2	

1	

0	

m
g/
L	

Biological	oxygen	demand		
(BOD)	change	in	the	Uji	River	

Uji	Bridge		
Ingen	Bridge	

BOD	change	in	worst	quality	rivers	
 

Tsurumi	River		
(near	Tokyo)	

Yamato	River	(Osaka)	

1975	 2015	

1963 	2015	

The	quality	was	worst	in	1970’s.	The	improvement	in	quality		was	
due	largely	to	a	development	of	sewage	treatment	system.	

Channel	degradaFon	
A	major	environmental	issue	in	Japanese	rivers.	
Rivers	and	sandy	beaches	have	been	eroded	for	>30-50	years.	

AggradaFon	
>1m	 >2m	

Riverbed	level	change	(for	30	yrs)	

No	big	change		
DegradaFon	

>1m	 >2m	

Sandy	beach	erosion	(for	50	yrs)	

>3m/year	>1m/year	

MLIT,	JPAN	(2002)	

Reasons	of	channel	degradaFon	

ReducFon	of	sediment	source		
by	forest	growth	

Sediment	stabilizaFon	by		
sabo	works	(slope	stabilize		
in-channel	dams)	

Reservoir	sedimentaFon	

Channel	excavaFon	for		
navigate,	construct	material,		
flood	miFgate	(done	most		
acFvely	in	60s	70s)	

All	of	these	are	relevant	for		
sediment	reducFon	
of	downstream	rivers	

5	

10	

15	        1965	
       1984	

2010	

El
ev
aF
on

	(m
)	

Change	of	cross-secFon	bed	profile	
20	

0 	100       200 	300 	400	
Distance	from	leh	bank(m）	

Changes	of	river	landscapes	by	degradaFon	
1.	Incision	and	main-flow	stabilizaFon	

Change	of	plan	view	flow	padern	

From	Choi	et	al.,	2012	
Example	of	Kizu	River,	Kyoto	Pref.,	Japan	

1960s	

2000s	

From	Choi	et	al.,	2012	

Example	of	Kizu	River,	Kyoto	Pref.,	Japan	

VegetaFon	(grass)	

VegetaFon	(trees)	

Gravel/sand	

Water	

Changes	of	river	landscapes	by	degradaFon	
2.	In-channel	vegetaFon	(over-growth)	

 
Changes	of	in-channel	area	by	each	type	

Changes	of	river	landscapes	by	degradaFon	
3.	Bedrock	exposure	(loss	of	sediment	cover)	

 
 
 
 
 
 
 
 

Kinu	River,	Tochigi	Pref. 	Tedori	River,	Kanazawa	
Pref.	

Bedrock	exposure	causes	severe	damage		
because	many	aquaFc	species	live		beneath	
stones	and	in	sand.	
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DegradaFon	(sediment	reducFon)	

Incision	and	flow	stabilizaFon,		
Over-growth	of	vegetaFon,		

Bedrock	exposure	

Loss	of	habitats	for	many	aquaFc	species,		
ReducFon	of	ecosystem	services	

Possible	changes	of	river	ecosystems	by		
sediment	reducFon	

 
 
 
 
 
 

Many	aquaFc	species	live		
beneath	stones	and	in	sand	

Effects	of	climate	change	on	river	ecosystems	

Climate	change	

5	

Spring	(Mar-May)	y = -45.3 + 0.030x	

 
Winter	(Dec-Feb)	y = -50.4 + 0.029x	

Summer	(June-Aug)					y = -20.4 + 0.023x	

 
Autumn	(Sep-Nov) 	y = -38.5 + 0.029x	

•   Increase	of	water	temperature	
•   Increase	of	flood	frequency	and	intensity,	and	sediment	supply	
•   Increase	of	drought	
• 
 

Long-term	changes	in	water	temperature	(Uji	River)	   

25	

20	

℃ 15	

10	

1℃ increase		
per	45	years	
 
 
1℃ increase		
per	35	years	

Rate	of	temperature	increase	is	1–1.5℃ in	50	years	

Ministry	of	the	environment		
hQp://www.biodic.go.jp/		
biodiversity/	

Habitat		
Preference	

High	
 
Low	

Present	status	

Future	
(3℃ increase)	

An	expected	effect	of	temperature	increase	
Changes	in	spaFal	distribuFon	of	aquaFc	species		
ExFncFon	of	species	adapted	to	cold	water	

 
White-spoded	char:	prefer	water	<17℃	

 
 
 
 
 

DistribuFon	largely	shrinks	by	3℃ increase.	
=	exFncFon	of	populaFon	in	many	rivers	

 

Species	have	their	own	upper-limit		
temperature	to	survive.	Most	aquaFc		
insects	cannot	tolerate	>30℃.	

Egg	(less	suscepFble)	

Jan 	Feb										Mar										Apr								May									Jun 	Jul 	Aug									Sep 	Oct	Nov	Dec	

An	expected	effect	of	flood	change	
Increase	of	flood	frequency,	intensity,	sediment	supply	may	posiFvely	affect	river		
ecosystem,	because	of	the	roles	in	habitat	generaFon	and	maintenance,	and	the	effect		
probably	depends	on	detail	condiFons	of	river.	

Changes	in	seasonality	of	flood	may	negaFvely	affect	aquaFc	insects,	because	some	of		
them	have	life-cycles	that	are	adapted	to	present	flood	regimes.	

 
UnivolFne	with	spring	emergence	

Pupa	and	adult	
(less	flood	suscepFble)	

Larva	
(flood	suscepFble) 	Larva	(suscepFble)	

MulFvolFne	

Larva		
(suscepFble)	

Pupa	and	adult	
(less	suscepFble				 	   

Larva	(suscepFble)	

Oct	Nov	Dec		Non-

flood	season	

Flood	season	

Present		

Future	

Egg	(less	suscepFble)	
Jan 	Feb										Mar										Apr								May									Jun 	Jul 	Aug	Sep	

Non-flood	season 	Flood	season	

Ayu	fish	

MigraFon	in	spring	

MigraFon	in		
late	autumn	

Osaka	Bay	

Number	of	Ayu	fish	upstream		
migraFon	each	year	

Urabe	et	al.	2016	

MigraFon	of	fish	and	other	species	in	rivers	is	likely	to	be		
discouraged	by	reduced	flow.	

An	expected	effect	of	drought	(flow	reducFon)	
Reduced	flow	or	drought	decreases	river	width,	flow		
speed,	dissolved	O2,	etc..,	thus	decreases	habitable	area	
especially	for	species	requiring	flow	to	live. 	Mass	mortality	of	fish	in	hot		

and	dry	summer	2016	

4.	Ecosystem	resilience	and	sustainable		
managements	
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ers.	

Sediment	bypassing	

Sediment	flushing	
 
 
Sed.	replenishment	

Downstream	of	dam		
(degraded	channel)	

Sediment	supply	to	downstream	for	restoring		
river	ecosystem	
Sediment	management	pracFces	of	reservoirs	are	the	limited		
possibiliFes	of	increasing	sediment	in	downstream	degraded	
riv	Reservoir	sedimentaFon	

To	maintain	the	funcFon	of	dam,	sediment	in	
reservoirs	should	be	removed	away	or		
transported	downstream.	

Sediment	control	measures	of	reservoirs	

Bypass	tunnel	

During	flood	
Non	flood	

Measures	for	supplying	sediment	to	downstream	

Several	measures	are	known	in	Japan	and	other	countries.	
AugmentaFon	 Bypassing	 Flashing/sluicing	 Dry	dam	 Dam	removal	

Transport		
Reservoir	

 

Dredge	

 
Reservoir	

 
Wat		

Water	&	sediment	

 
 

Non-flood		
Sediment	

er 	Release	

During	flood		

gate	Water	&	sediment	

 
 国 多  の	

国  西  水機構のダム	

、  益田(国  西 ） 児  (関 •）   
旭( 電 ）  布引五本児(神戸市） 	

スイス6ダム 台湾3ダム	

          
   ( 電  国  西 ）   耳  

(九電）	

）  ( 島 多 ） く  (  島  ）   
辰巳(石  ） 	

世界多数	

 
  (瀬本） 	

アメリカなど多数(益規模ダム）	

土砂供給量：自然状態より少 
出水時濁水：やや高濃度 平 

水時水質：ダム水	

 
土砂供給量：自然状態 
出水時濁水：自然状態	

平水時水質：ダム水／上流水	

土砂供給量：多→自然状態 
出水時濁水：高濃度 平
水時水質：ダム水	

土砂供給量：自然状態 
出水時濁水：自然状態 
平水時水質：上流水	

 
土砂供給量：多→自然状態 出

水時濁水：高濃度→自然状態	
平水時水質：上流水	

ダム機能維持	 ダム機能維持	 ダム機能維持	 ダム機能は治水のみ	 ダム機能なし	

Important	features	for	downstream	river	ecosystem	
Amount	of	sediment	transport	

Small,	middle 	Middle,	large 	Large 	Large 	Large	

Turbidity	during	flood	
Natural/unnatural 	Natural 	Unnatural→natura 	Natural 	Unnatural→natura	

l 	l	
Source	of	water	during	normal-flow	

Reservoir 	Reservoir/upstream	river 	Reservoir 	Upstream	river 	Upstream	river	

Up	Down1	Down2	N
um

be
r	o

f	s
pe

ci
es
	

0	

10	

20	 
Mayfly	

Stonefly	 Caddisfly	

Downstream	of	dam	becomes	more	like	upstream		
if	sediment	is	supplied	by	bypass	tunnel	

Upstream	 Downstream	

1	

Upstream	
(natural	condiFon)	

Bypass	tunnel	

Reservoir	
Asahi	dam	

Downstream	1		
(no	supply)	

2	

Downstream	2		
(sediment	supply)	

1 	10	 100	

100	

80	
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20	

0	

Grain	size	distribuFon	

Grain	size	(mm)	

Down	2	
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Pool	speci	

 
 
 
es	

Number	of		
invertebrate	species	

30	

Up	Down1	Down2	

Stony	bed	 Rocky	bed	 Stony	(parFally	rocky)	bed	

ComposiFon	of		
invertebrates	  
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0	
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1						3						5						7						9					11				13				15		17	
Year	aher	the	construcFon	of	bypass	

1	

0.8	

0.6	

0.4	

0.2	

0	

Si
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Species	number	before	bypass	

Change	in	invertebrate	species	number	Change	in	similarity	of	invertebrate	community	
between	up	and	downstream	
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0	

Riffle	
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1	

10	 Run		
Pool	D 6

0	
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Ecosystem	greatly	changes	within	3-5	years	aher		
the	start	of	sediment	bypass	

Changes	in	dominance	of	pool	and	riffle	
100	

1 3 5 7 9 11 13 15 17	
Year	aher	the	construcFon	of	bypass	

Similarity	before	bypass	

Changes	in	riverbed	grain	size	
100	

Riffle	

1     2     3     4     5 	1 2 3 4 5 6 7	
Year	aher	the	construcFon	of	bypass 	Year	aher	the	construcFon	of	bypass	

Bray-CurFs	1	=	completely	same	composiFon		
Similarity	0	=	no	common	species	

Downstream	greatly	changes	by	the	first	flood		
event	aher	dam	removal	

Arase	Dam	in	Kyushu	
The	main	part	of	dam	was	removed		
in	2014	

 
Remnant	of	dam	

 
 

October,	2015		

Floods	in	June	2015	released	a	large	

amount	of	sediment,	which	was	deposited		
in	the	reservoir,	to	the	downstream.	
Bedform	and	flow	of	the	downstream	
completely	changed	by	a	development	of	a		
large	bar.	

Before	 Aher	

Wide	riffle	with	wavy	water	surface	was	developed	

0.6	

0.4	

0.2	 Net-spinner	

Burrower	
 

Case	bearer	

Glider	
 
Clinger	

Before 	Aher	

Prefer	less	stable	stone		
fast	flow	

Prefer	stable	stone	
mild/slow	flow	

Backwater	habitat	was	newly	generated	

20	
 
10	
 
0	

30	
Number	of	species	

2014										2014 	2015	
spring								winter								spring	

Before	
autumn		
Aher	

Habitats	were	diversified	by	bar	development	

Many	species	that	only	live	in	
2015 	no-flow	condiFon	appeared	in	

this	site	for	the	first	Fme	
 
 
 
ComposiFon	of	invertebrate	group	
1	

Swimmer	

0.8	

0    2014							2014					2015							2015 	The	development	of	a	certain	type	of	
spring	winter	spring	autumn	riffle	benefided	species	that	prefer	

very	fast	flow	and	less	stable	bed.	

－279－ 



InfiltraFon	of	surface	water	by	bar	development	

3.2%	of	river	discharge	(38	m3/s)	was	filtered	by	the	bar		based	
on	the	measurement	of	surface	and	upwelling	flow.	

Surface		
flow	

Contribute	to	reduce	turbidity	and	mild	temperature	for	fish.	

Dam	removal	and	ecosystem	recovery	
(a	case	of	North	America,	Hansen	et	al.	2012)	

Invertebrate	community	of	downstream	as	well	as	pre-reservoir		
reaches	became	more	like	upstream	within	10	years	aher	dam		
removal.	

Similarity	between	upstream	and	downstream	 100	=	completely	same	composiFon		
0	=	no	common	species	

Changes	in	downstream	river	by	sediment	supply	
(frequently	reported	changes)	

Bed	materials	become	smaller	and	mobile	during	flood	

470	

468	

Riverbed	becomes	smooth,	and	flow	becomes	shallow	and	fast	
472	

0 	20 	40 	60 	80 	0 	20 	40 	60 	80	

El
ev
aF
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(m

)	

388 Longitudinal	bed	profile	
386	

384	

Longitudinal	bed	profile	

Integrated	management	of	sediment	is	required	for		
the	sustainability	of	river	basin	ecosystem	

There	are	usually	mulFple	dams	in	a	river	basin.	Sediment	supplied	from	one	dam		may	
just	deposit	in	another	dam	in	the	downstream,	and	have	limited	effect	on	the		
restoraFon	of	ecosystem	in	overall.	An	integrated	management	system	is	needed	to		
achieve	meaningful	sediment	control	that	connect	headwaters	and	coastal	area.	

Ongoing	project	of	“Integrated	Sediment	Flow		
Management”	in	Mimikawa	River	Basin,	Kyushu	

Sediment	control	by	forest		
and	sabo	works	

Sediment	sluicing		
at	mulFple	dams	

ParFally	ongoing	project	of	“Comprehensive		
Sediment	Management	Plan”	in	Tenryu	River	Basin	

OperaFon	of	sediment		
bypass	tunnel	at	3	dams	

Planning	of	sediment		
augmentaFon	in	the		

main	river	

Suitable	sediment	supply	for		
maximizing	ecosystem	funcFon	

Certain	amount	of	sediment	supply	is	needed	to	maintain	diverse	river	habitats	(e.g.,		
pool	and	riffle,	various	floodplain	ponds),	but	over-supply	of	sediment	would	in	turn		act	
to	reduce	the	diversity	

Longitudinal		
bedform	

Cross-secFon		
bedform	

Development	of	bars		
and	habitat	diversity	

樹林	

Amount	of	sediment	supply	

Ecosystem	funcFons	are		
expected	to	be	maximized	

Low	 High	

Development	of	bars		
and	habitat	diversity	

High	

Sediment	requirements	of	flood	control		
and	ecosystem	

Flood	 control	 measures	 ohen	 degrade	 the	 channel	 or	 modify	 channel	 that	 lowers		
habitat	 heterogeneity.	 Sediment	 supply	 for	 restoring	 river	 ecosystem	 is	 ohen	 not		
welcome	 by	 river	manager	 and	 river	 side	 residents	 because	 it	 increases	 the	 risk	 of		
inundaFon.	

Comprehensive	concept	that	allows	meaningful	amount	of	sediment	supply	for		
restoring	river	ecosystem	is	required.	

Ecosystem	funcFons	are		
expected	to	be	maximized	

 

Minimal		
flood	risk	

Low 	Amount	of	sediment	supply	

－280－ 



Dam	as	a	countermeasure	of	the	impact	
of	climate	change	on	river	ecosystem	

ReducFons	of	flood	peak	and	seasonal	temperature		
fluctuaFon	by	dams	are	usually	unfavorable	for	river		
ecosystem.	However,	in	an	extreme	hydrologic	condiFon		
(e.g.,	catastrophic	flood,	drought,	extremely	high	summer		
temperature)	in	future,	some	of	these	controls	by	dams		may	
be	advantageous	for	ecosystem.	

Inflow	of	dam	

Ouwlow	of	dam	

Di
sc
ha
rg
e	

Time	
Inflow	of	dam	

Ouwlow	of	dam	

W
at
er
		

te
m
pe

ra
tu
re
	

50	
40	

30	

20	

10	

0	

Winter	

Season	

Invertebrate	species	richness		
(Koshibu	Dam)	

Upstream	Downstream		of	
dam 	of	dam	

Mass	mortality	of	fish	in	hot		
and	dry	summer	

Downstream	of	dam	supports	greater	species	number		
than	upstream	and	unregulated	rivers	in	regions	of		harsh	
environment	(e.g.,	high	sediment	transport,		frequent	
flood).	

Future	different	scenarios	from	the	
aspect	of	ecosystem	restoraFon	

Present	

Flow:	controlled	by	dams	
Sediment	transport:	blocked	by	dams	
Downstream	river:	degraded	

Ecosystem:	damaged	

Flow:	uncontrolled		
Sediment	transport:	high		
Downstream	river:	aggraded	

Ecosystem:	fully	restored		
Impact	of	extreme	hydro-event:		
large	

Ecosystem:	parFally	restored		
Impact	of	extreme	hydro-event:		
possibly	small	

Future	
A. Removing	dams

B. Maintaining	dams	with	sediment	transport	measure	

Flow:	controlled	
Sediment	transport:	increased	
Downstream	river:	mid-graded	

Summary	
Biological	diversity	and	ecosystem	funcFon	are	potenFally	high	in		
Japan	due	to	its	geomorph-	and	hydro-logical	condiFon	associated		
with	occurrence	of	natural	hazards.	Many	ecological	services	are		
supported	by	biological	diversity.	
Sediment	as	well	as	water	are	the	basic	resource	for	habitat		
structure	of	river	ecosystem.	Biological	diversity	is	largely	affected		
by	available	amount	and	size	of	sediment,	and	by	the	formaFon	of		
developed	bars.	

Sediment	shortage	and	channel	degradaFon	are	the	main	issues	of		
river	ecosystems.	Biological	diversity	would	be	also	damaged	by		
temperature	increase	and	flood-regime	change	in	future.	
Several	projects	of	sediment	supply	to	downstream	are	ongoing,		
and	evidence	of	ecosystem	recovery	is	accumulaFng.	For		ecosystem	
to	be	sustainable,	managements	that	span	whole	basin		and	solve	
flood	risk-ecosystem	issues	are	required.	

Thank	you	for	listening	

Riverside	sediment	augmentaFon	

Tenryu	River	

Naka	River	

Evidence	of	water	infiltraFon	

Typical	animals	in	stony	rivers	

A	benefit	from	biologically	rich		
river ecosystem	

Resource	for	river	habitats	
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Exercise 5-6: Evaluation procedure of riverbed geomorphology and habitat 
 
Yasuhiro TAKEMON (Associate Professor, DPRI, Kyoto University) 
Sohei KOBAYASHI (Assistant Professor, DPRI, Kyoto University) 
 

1. INTRODUCTION  

Reservoir dams often show ecological impacts on downstream ecosystems through increasing amount of 
particulate organic matter mainly composed of planktons produced in the reservoir. As a result, the interstices of 
the riverbed will be clogged up and DO concentration in the hyporheic zone is expected to decrease. The similar 
situation will occur in case of “sediment pollution” caused by increasing fine sediments of silt and/or clay in the 
river.  

In filed exercise of this training course, we will visit two Japanese gravel/sandy rivers and observe their 
riverbed habitat structure. A set of measurement of environmental factors related to hyporheic habitat conditions 
will be conducted in the Kizu River and the Uji River.  

2. HYPORRHEIC HABITATS OF GRAVEL BAR  

Figure 1 shows the two- and three-dimensional view of typical gravel river geomorphology. Several 
important habitat categories have been classified in relation to the geomorphology as in Figure 1a (Takemon, 
2010). Each habitat category corresponds to specific inhabitants and thereby takes a role for creating and 
maintaining biodiversity in river ecosystems.  
 

 
Figure 1 Classification of riverbed geomorphology for aquatic habitat in case of a gravel bed river with 
moderate sediment supply. (a) Two dimensional figure with head-tail classification of riffle and bar. (b) 
Three dimensional figure with hyporheic flow and phreatic flow. Down and Up represents downwelling 
zone and upwelling zone of the hyporheic flow, respectively. AP1 and BK1 are fed by river water, AP2 

and BK2 by groundwater, and TP by rainwater. (after Takemon , 2010). 

Figure 1 also shows that the habitat categories correspond to units of hyporheic water flow: i.e., riffle head 
and riffle tail, as well as bar head and bar tail, corresponds to downwelling and upwelling area of the hyporheic 
water flow, respectively. Most of the aquatic animals depending on these habitats require high DO concentration 
and/or more DO supply by faster hyporheic water flow.  

Hyproheic zones are important not only for interstitial dwellers, so called “hyporheos”, but also for a lot of 
stream dwelling animals such as fishes and aquatic insects because their spawning redds and oviposition sites are 
corresponding to downwelling zone of the hyproheic water (Takemon, 1997).  At the same time, the hyporheic 
water flow function as a place for transformation of nitrogen and phosphorus (Anbutsu et al., 2006).  

(a) (b) 



 

3. FACTORS FOR HYPORRHEIC HABITAT CONDITIONS 

As mentioned above, DO concentration is a key factor for the hyporheic habitat quality. However, DO 
concentration is affected by several environmental factors such as water temperature, organic matter 
concentration, current velocity of interstitial water, hydraulic gradient, porosity of substrates and riverbed 
softness (Table 1).  Thus, it is required to measure these environmental factors in order to understand problems 
to be solved. In this Chapter, importance of each factor for habitat conditions and methods for measurement are 
described. 

 
 

3.1. Water temperature 

Water temperature is one of the most basic environmental conditions for aquatic organisms. Thanks for the 
higher values of specific heat of water body, thermal conditions of aquatic habitats are much more moderate and 
stable than terrestrial habitats in the air. The characteristics of such moderate thermal conditions in aquatic 
ecosystem let organisms evolve their metabolic regimes adjusted to the seasonal fluctuation patterns in water 
temperature. In particular for poikilothermic organisms being highly subject to habitat thermal conditions in their 
metabolism, thermal conditions of their habitats are more critical than for homoiothermal organisms. In addition, 
increasing water temperature results in decrease in oxygen solubility.  

Daily thermal fluctuation is more moderate in the hyporheic zone in river channels than in the surface water. 
However, the hyporheic zone in the bar shows a wider fluctuation reaching severe high water temperature in 
daytime by solar energy absorbed in the bar ground (Yamada et al, 2004).   

The water temperature of the hyporheic zone will be able to be monitored by the temperature sensor and 
logger deposited underground in the hyporheic zone.  When the standpipe is installed, the temperature can be 
measured directly by inserting the thermal sensor into the standpipe. In this training course, we will use the YSI 
Proplus sensor for the measurement. 

3.2. Dissolved oxygen concentration 

The oxygen is more soluble in cold water than in hot water. The decrease in oxygen solubility with 
increased temperature has serious consequences for aquatic life. The solubility of oxygen is affected by 
temperature and by the partial pressure of oxygen over the water. Oxygen in water obeys Henry's law: i.e., 
solubility is roughly proportional to the partial pressure of oxygen in the air: 

 
PO2 = KO2 XO2 
 
where PO2  is the partial pressure of oxygen in Torr, XO2 is the mole fraction of oxygen in oxygen-saturated 

water, and KO2  is the Henry's law constant for oxygen in water (ca. 3.30 × 107 K/Torr for at 298 K)(Atkins, 

Table 1 Facotors for hyporheic habitat condition of the gravel bar in river ecosystems. 
Factor Process of influence
Water temperature  (WT) oxygen solubility, metabolism of organisms 
Dissolved xygen concentration (DO) metabolism of organisms 
Particulate organic matter concentration (POM) clogging of interstices, metabolism of organisms 
Dissolved organic matetr concentraton (DOM) metabolism of organisms, DO consumption 
Cuurent velocity of intersticial water (V) speed of DO supply 
Hydraulic gradient  (i) cuurent velocity determinant
Substrate grain size distribution (D) prosity determinant
Porosity (n) space volume determinant
Permeability (k) current speed determinant
Riverbed softness (RS) prosity determinant



 

1998). Higher air pressure means higher partial pressure of oxygen, so waters at sea level can contain dissolve 
slightly more oxygen than mountain streams at the same temperature.  

For measurement of DO concentration, the Azide-Winkler Method is the most reliable method. Refer the 
Washington State University's website, entitled “How to Measure Dissolved Oxygen” for further information 
(http://www.ecy.wa.gov/programs/wq/plants/management/joysmanual/4oxygen.html). However, the Azide-
Winkler Method requires troublesome jobs, and sometimes the DO probe meters are used instead.  In this case, 
we should remember that the DO probes are easily ruined through deterioration of the membrane. It often is 
difficult to assess whether or not a probe is functioning properly. Because of this, the meter must be calibrated 
before and after each series of measurements. In this training course, we will use the YSI Proplus sensor for the 
measurement. 

Hyporheic water along the bar shoreline will be sucked up through a tube buried underground at a depth of 
20cm from the ground surface. In order to bury a tube a standpipe will be installed previously (Figure 2a) and the 
interstitial water will be sucked up using a cylinder (Figure 2b). 

 
 
 

 
 

 
 

Figure 2 Method for sampling hyporheic water for testing water quality. (a) Penetration of standpipe for 
installation of water suction tube. (b) Collection of sample water by sucking up using a cylinder of 100cc 

in inner volume.  

(a) 

(b) 

http://www.ecy.wa.gov/programs/wq/plants/management/joysmanual/4oxygen.html


 

3.3. Organic matter concentration 

The particulate organic matter (POM) becomes food resources for benthic animals including 
microorganisms and thus facilitates consumption of DO in the water. In addition, the POM causes clogging of 
the interstitial water flow resulting in the decrease in current speed of the water flow leading to reduction of DO 
concentration. The POM concentration can be measured by filtering water to collect POM using a sieve of 63 μ
m mesh size, measuring dry weight and then ash-free dry weight (AFDW).  In this training course, POM 
measurement will be neglected for time saving.  

Dissolved organic matter (DOM) becomes food resources for microorganisms and thus facilitates DO 
consumption as sama as POM. The DOM concentration is usually measured by BOD (biological oxygen 
demand) or by COD (chemical oxygen demand) test as an indicator instead of absolute concentration value. In 
this training course, the COD test will be conducted using the Oxidation with Potassium Permanganate in 
Alkalinity and Color Comparison Method, by a package test produced by Kyoritsu Chemical Check Lab., Corp.   
Water sample will be taken from the hyporheic zone in the same way shown in Figure 2. 

3.4. Hydraulic gradient 

The hydraulic gradient is a vector gradient between two hydraulic head measurements over the length of the 
flow path. It is also called the Darcy slope, which can be calculated between two piezometers as: 

 
    i = dh / dl = (h2 - h1) / L 
 
where 
 
    i : the hydraulic gradient (dimensionless), 
    dh : the difference between two hydraulic heads (Length, usually in m or ft), 
    dl : the flow path length between the two piezometers (Length, usually in m or ft). 

 
The hydraulic gradient indicates the direction of the groundwater flow, where negative values indicate flow 

along the dimension, and zero indicates no flow. This vector can be used in conjunction with Darcy's law and a 
tensor of hydraulic conductivity to determine the flux of water in three dimensions. Hydraulic head in the bar 
area can be measured from the distance between the entrance of a piezometer and the water surface elevation. 
Hydraulic head in a column of water will be measured using a standpipe piezometer by measuring the height of 
the water surface in the tube relative to a common surface.  

In the present training course, the hydraulic head of the bar head and bar tail will be measured using a 
power level and an average value of the hydraulic gradient will be obtained by measuring the distance between 
the bar head and bar tail.  

3.5. Substrate grain size distribution 

Substrate grain size affects porosity and permeability. Characteristics of the grain size distribution are often 
expressed as the median particle size (d50) but porosity and permeability are usually more influenced by the 
mount of fine sediments such as silt and clay. In the present training course, substrate grainsize distribution of 
the bar surface will be measured using the grid sampling method within one square mater.  Spatial distribution 
patterns of substrate grain size distribution will be analyzed based on the data. The grain size analysis on the 
matrix sediment (fine grained sediments filling between stones and rocks) will be omitted this time. 

3.6. Porosity 

Porosity is a measure of how much open space included in the sediment. The space can be among grains or 
within cracks or cavities of the grain. The amount of porosity does not always represent permeability because 
water flow will be limited if inter-spatial connectivity is low even when there are big rooms. Porosity is of 
importance as a habitat for meiobenthos and microorganisms. Exact measurement of porosity is not easy since 
the sediment structure will be broken when we collect sediment samples. In this sense, sampling by freeze-core 
methods (Bretschko and Klemens, 1986) will result in more plausible values.  In this training course, however, 
riverbed softness will be measured as the indicator of porosity.   



 

3.7. Permeability 

Permeability refers to how well water flows within the sediment. Thus, the value is the essential for 
conditioning current velocity and DO supply to organisms living in the hyporheic zone.  

Darcy’s Law explains the relationships between mean current speed and hydraulic gradient by 
 
V = ki 
 
where  V is mean current speed, i is  hydraulic gradient and k is hydraulic conductivity. In order to measure 

the hydraulic conductivity in the field, the Packer Method and the Piezometer Method have been used according 
to the field conditions (Yamada and Nakamura, 2009). The Packer Methods can be expressed as, 
 

 
 

where Q: flow volume, l : length of sediment column, and h: height of water column under equilibrium 
condition. And the Piezometer Method,  
 

 
 

where t1: initial time of water injection, t1: completion time of penetration condition.   
Application of the Darcy’s Law assumes the saturated flow (Darcy flow). Thus. both the Packer and 

Piezometer Method are applicable to the riverbed with the sediment grain size condition less than 9.5mm in D10, 
since the interstitial flow of larger interstices than 9.5mm becomes turbulent flow under usual hydraulic gradient 
of the rivers. Figure 3 shows a scene of measurement of hydraulic conductivity by the Packer Method in the 
Kamo River, Kyoto.  
 

 
Figure 3 Measurement of hydraulic conductivity by the Packer Method in the field. Constant water flow is 

installed by an electric pump measuring the water level in the standpipe.   

 



 

3.8. Riverbed softness 

Riverbed softness of hardness can be measured by the cone penetration test using the special devise 
composed of penetration cone, falling weight and scale (Figure 4).  Riverbed softness is a good indicator for 
porosity and permeability of the riverbed materials (Samoto, 2010). We can detect hyporheic habitat conditions 
using the riverbed softness although theoretical relationships to porosity and permeability have never been 
established yet for the riverbed with a wide range of mixed grain size.  

From an aspect of habitat conditions for aquatic animals, the riverbed softness is important not only as a 
determinant of interstitial flow and efficiency for DO supply, but also as an indicator of easiness for the animals 
to dig out the substrate to make nests and/or spawning redds.  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Mehtod for measurement of riverbed softness and an example of measured data. (a) Schematic 
figure of the penetration test device. (b) Cone size, falling weight and falling distance of the device. (c) 

Example data of the penetration depth in relation to the number hits measured in the Tenryu River (after 
Sumi et al, 2011).  

 

4. PRACTICE OF MEASUREMENT OF HABITAT CONDITIONS 

In the course of exercises for ecological field surveys, we will visit two river sites different in sediment 
dynamism of the riverbed.  One site locates in the Uji River below the Amagase Dam with less sediment supply 
because of only small basins remaining for sediment supply. The other site is in the Kizu River where the 
sediment movement is comparatively preserved because the main river has no high dams and sand supply has 
been continues to occur in spite of several high dams constructed in tributaries.  

(a) (b) 

(c) 

Penetration cone 

Falling 
weight 

Scale 

304-1 

304-3 

304-2 

305-1 



 

4.1. Study sites 

        The first study site will be established in the Uji River at 43.0km from the river mouth of the Yodo River 
(Figure 1 and 2). The Yodo River and the Uji River has the basin area of 8,240 km2 and that of 4,354 km2, 
respectively. The study site locates 10km below the Amagase Dam constructed in 1964. There is a point bar with 
a length of ca. 200m and a width of ca. 80m at the site. Since there are only a few remain basins below the Dam, 
the sediment supply from the upper basin to the Uji River has been stopped for more than 46 years and 
distinctive riverbed degeneration can be observed in the reaches (Figure 3a).  
        The second study site will be established in the Kizu River at 44.0km from the river mouth of the Yodo 
River (Figure 1 and 2). The Kizu River has the basin area of 1,596 km2. There is a very wide sandy bar with a 
length of ca. 1,100m and a width of ca. 300m at the site (Figure 3b). The site locates 40km below the Takayama 
Dam constructed in 1969.  Since there are no high dams in the main river and there are a lot of tributaries 
producing sediment, the sediment dynamism of the Kizu River has been fairy active comparing with other 
tributaries of the Yodo River.  
 

 
 
 
Figure 5 Map of the two study sites in Western Japan. The open square indicates the area of the map in 
Figure 6 and the circle a and b corresponds to the Uji River site and the Kizu River site, respectively. 
 
 



 

 
Figure 6  Map of two study sites for the exercise of field surveys. One in the Uji River and the other in the 

Kizu River, indicated by black circles.  

 
 

 
 

Figure 7  Picture of the two study sites for the exercise of field surveys. (a) the Uji River at 43.0 km from 
the river mouth and (b) the Kizu River at 44.0 km from the river mouth.  

Uji River site 

Kizu River site 

Amagase Dam 

Takayama Dam 

Nunome Dam 

Muroo Dam 
Shorenji Dam 

Hinachi Dam 

Yodo River  

Osaka Bay  

(a) (b) 

Kizu River  

Lake Biwa 
Katsura River  



 

4.2. Schedule for practice 

On 13th Dec 2017 in the IHP training course, the practice on the measurement of riverbed environmental 
conditions will be carried out according to the following schedule.  

 
  9:00 Assemble at the Bus stop in front of DPRI  
  9:10 Leave for the Uji River by bus 
  9:50 Arrive at the Open Laboratory of DPRI  
          Measurement of current velocity and DO concentration of the hyphorheic zone in the Uji River  
11:30 Move to the Kizu River 
12:20 Arrive at Tamamizu Bridge in the Kizu River  
          Lunch at the river side 
13:00 Measurement of current velocity and DO concentration of the hyphorheic zone in the Kizu River  
16:00 Leave for DPRI 
17:00 Arrive at the Bus stop in front of DPRI  
          Bring the survey tools, apparatus and wearing to lab 
17:10 Break up            
 
 

4.3. Report subjects 

Participants of this ecological field surveys are required to make a short report on the results of 
measurement of environmental factors related to hyporheic habitat conditions at two river sites.  Calculation of 
hydraulic conductivity k of the two sites and discussions on possible reasons for the site differences are 
recommended to be included in the report.  
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Exercise 7 Dam operation experiment using a laboratory model 
 

Tetsuya SUMI (Professor, Disaster Prevention Research Institute, Kyoto University) 

 

Abstract: 

Flood management is conducted by the combination of river channel improvement and dam 

construction. Because of limited possibility for channel enlargement and/or levee heightening, many 

flood control dams have been planned and constructed in major rivers in Japan. Generally, these 

dams are multi-purpose including flood control, water supply for domestic, irrigation and industrial 

water use and hydropower objectives. In order to effectively utilize limited storage volume, flood 

control is designed to reduce the peak flow discharge to the acceptable maximum design discharge 

for the downstream river channel by cutting and storing excess inflow water volume in the reservoir. 

In this experiment, the following three parts of flood control processes can be demonstrated. 

1) Rainfall and runoff by a simple tank model with two different size of outlets 

2) Flood control by a dam model with an ungated bottom outlet and a spillway 

3) Flood passage and inundation by a downstream channel model with a partial cutting section in 

the levee 

In the experiment, the following three scenarios can be compared by the combination of these 

three parts of the model 

A)  Designed flood without dam 

B)  Designed flood with dam 

C)  Excess flood with dam 

In the exercise, these data will be checked by simple measurements. 

1) Discharge from a tank model with measurement of water level change 

2) Water budget of a dam model with measurement of reservoir water level change 

3) Starting time of inundation from the levee 
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