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International Hydrological Programme

Integrated Basin Management under Changing Climate

The Twenty-seventh IHP Training Course
Winter School for Applying Technology to Climate Change

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 27" ITHP 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.

Dates 4™ _ 15" December, 2017
Venue DPRI, Kyoto University, Uji, Kyoto, Japan

Conveners
Convener: TANAKA, Shigenobu (DPRI, Kyoto University)
Chief assistant: TAKEMON, Yasuhiro (DPRI, Kyoto University)
Secretary: KOZAKI, Sachiko and KAWASAKI, Yuko (DPRI, Kyoto University)



Lecturers
HORI, Tomoharu (DPRI, Kyoto University)
KOBAYASHI Sohei (DPRI, Kyoto University)
NAKAKITA, Eiichi (DPRI, Kyoto University)
NOHARA, Daisuke (DPRI, Kyoto University)
SAYAMA, Takahiro (DPRI, Kyoto University)
SUMI, Tetsuya (DPRI, Kyoto University)
TACHIKAWA, Yasuto (Graduate School of Engineering, Kyoto University)
TAKARA, Kaoru (DPRI, Kyoto University)
TAKEMON, Yasuhiro (DPRI, Kyoto University)
TANAKA, Kenji (DPRI, Kyoto University)
TANAKA, Shigenobu (DPRI, Kyoto University)

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



Schedule (4™ to 15™ December, 2017)

Date Time Program Venue Lecturers
9:00 — 9:15 Registration
9:15 - 10:00 Guidance Y. Takemon
(AM) 10:00 - 10:15 Opening Ceremony S217D All participants
10:20 - 12:10 Self-introduction and country report
4-Dec | Mon 13:00 - 14:30 | Keynote 1 K. Takara
(PM) HWA401
14:45 - 16:15 Keynote 2 E. Nakakita
16:30 — 18:00 Welcome party S217D Y. Takemon
(AM) 9:00 - 11:30 Lecture 1 Y. Tachikawa
5-Dec Tue HW401
(PM) 13:30 - 16:00 Lecture 2 S. Tanaka
(AM) 9:30 — 12:00 Lecture 3 HW401 T. Sayama
6-Dec Wed
(PM) 13:30 — 16:30 Exercise 1 S217D T. Sayama
(AM) 9:30 - 12:00 Lecture 4 HW401 K. Tanaka
7-Dec Thu
(PM) 13:30 - 16:30 Exercise 2 S217D K. Tanaka
(AM) 9:30 - 12:00 Exercise 3 K. Tanaka
8-Dec Fri S217D
(PM) 13:30 - 16:30 Exercise 4 T. Sayama
9-Dec | Sat 9:00 - 17.00 | echnical visits tothe Lake Biwa | | o | v Takemon
and the Uji River
10-Dec | Sun 10:00-17:00 Cultural exchange in Kyoto City free All participants
(AM) 9:30 - 12:00 Lecture 5 T. Hori
11-Dec | Mon HW401
(PM) 14:00 - 16:30 Lecture 6 D. Nohara
(AM) 9:30 - 12:00 Lecture 7 T. Sumi
12-Dec | Tue HW401
(PM) 14:00 - 16:30 Lecture 8 S. Kobayashi
_ N 1 Field Exercise 5 & 6 at the Uji River Y. Takemon
13-Dec | Wed 9:00 - 17:00 and the Kizu River by bus S. Kobayashi
(AM) 9:30 - 12:00 Exercise 7 S217D T. Sumi
14-Dec | Thu
(PM) 13:00 - 16:30 Report preparation S217D Y. Takemon
Report presentation by each ..
9:30-11:30 . All participants
| M i 40-12:00 | Participant S217D 17y T akemon
15-Dec Fri Completion ceremony
(PM) 12:00-13:00 Farewell party S217D Y. Takemon
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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 (F) is defined as something (people and properties) to be affected by
natural disasters. Vulnerability (¥) 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.



Keynote 1 at the 27th UNESCO-IHP Training Course
Disaster Prevention Research Institute, Kyoto University,
Uji Campus, Kyoto, Japan, 4-15 December 2017

Resilient society development under
changing climate

Kaoru TAKARA 2017/12/04
Disaster Prevention Research Institute,
Kyoto Universi
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History of global DRR agenda

Courtesy of Badaoui Rouhban (2015)
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Sendai Framework for DRR 2015-2030

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
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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 %

Sendai Framework for DRR (SFDRR) 2015-2030

The Seven Global Targets

(a) Substantially reduce global disaster mortality by 2030, aimil:ig, 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.

e

Disaster Risk
DR = [H]x[E]X[V]/[C]

DR: disaster risk
H: hazard

(magnitude, frequency, severity, * **)
E: exposure
(population, assets, landscape, ***)
V: vulnerability
(age, gender, health; knowledge, awareness and preparedness; ***)

C: countermeasure

(infrastructure, early warning systems, hazard risk maps, ***)
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Living land

Vulnerable
place

Exposure
(people,
property)

Safer place

A conceptual explanation about disaster risk, hazard, exposure, and

vulnerability.
Vi

Living land

Exposure | Vulnerable

(people,
property)

Safer place

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

(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.

(¢) The hazard hits the vulnerable place but there is no damage because there are no people and properties there. M
(d) No damage because there is no exposures in safer place.
glg‘lll

(¢) Risky but no damage; exposures in the vulnerable place are about to be hit by the hazard, but it does not reach thef

e

Locations of two episodes e
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Living land

| Vulnerable

Exposure
(people,
property)

Safer place

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

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.

Ryoishi, Kamaishi, Iwate Prefecture

Population:650 ]

Tsunami Height:17.7m (11.6m : Meij
tsunami in 1896




Minami-Sanriku Town

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

1923 Great Kanto

1995 Hanshin—Awaji

2011 Great East Japan

Earthquake and
Earthquake Earthquake TR e

Oaourrenos Date Sept. 1, 1923 Jan. 17, 1995 March 11, 2011
Earthquake Magnitude 79 73 9.0
CRETD Tokyo, Kanagawa, Chiba Hyogo Iwate, Miyagi, Fukushima

Dead/Missing 105,385 6,434/3 15,824/3,824

Iniured 103,733 43,773 5942
Evacues (at peak) About 1.9 million About 310,000 400,000 +
B More than 210,000 249,180 274,797
L. 55 billion Yen/1.5 b.Y. 9.6 trillion Yen/70 tY. 16.9 trillion Yen/85 .
ekl :"J;‘;"' More than 20,000 46617 52,358

Type of disaster

Description

Densely populated area

with wood houses
GCity fire killed people.

1.95 billion Yen
(Reconstruction budget)

Urban disaster

Crushed to death under
collapsed houses

Disaster related death (930)

Super-Extensive disaster

Compound disaster with
earthquake, tsunami and
nuclear power plant accident

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

Inundated area
by tsunami

[ [m—m—

Tsunami hazard map had
shown vulnerable place.

But other places that had
been assumed as safer

were also vul

nerable to

huge tsunami.

Fukushima No.1
Nuclear Power
Station

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

3 Inundated area by
7 I:' tsunami

Tsunami hazard map

|
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- Tsunami hazard map | |
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A conceptual explanation about disaster risk, hazard, exposure,
and vulnerability (Interpretations for hjige tsunami in Sendai).

Huge Tsunami
(Hazard)

Sendai

nerable
place

Safer place

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



Figure 2: Tsunami hazard map in Sendai after 3.11

from Sendai city home page)
Map of tsunami shelters and Nokasol] wi e
evacuation facilities/areas oy

Check tsunami inundation reas. Bring a radio or mobile phone
when you are inside these areas. [ March 2015
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Tsunami hazard map
revised to show
more vulnerable
places.
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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. K2
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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).
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The flood hazard map indicates sediment disaster prone areas delineated by
brown coloured lines. Note also that the areas include many houses. XM
-

Residential areas have been developed even in such vulnerable places. |

Locations of two episodes f/
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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 ){m
(Ushiyama, Ohido and Takara, 2001). lanea

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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Intensive rainfall in Hiroshima on 19-20 August 2014 Z
(Matsushi et al., DPRI Annals, 2015) h V.
[l

]

A conceptual explanation about disaster risk, hazard, exposure,
and vulnerability
(Interpretation for landslide and debris flow in Hiroshima).

Landslide and debris flow
(Hazard)

Safer place
Vulnerable

Exposure
(people,
Property)

Hiroshima (Living land)

g
Almost all exposures (people and properties) were in vulnerable places. W/ |
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.

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

9
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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.

2

r—
DPRI-KU

Establishment of adaptive capacity, high-resilience society

Adaptation

Natural
. hazards
science

ducation
for disaster
risk reduction
(DRR)

Implementation
Science for DRR o

Establishment of Well-Organized Disaster
Management System is Important

| NOMS pigaserPrevenion & Preparechess Program |

v Institutional Frameworks (Legal & Organizational)
v Risk Identification & Mapping

v Land Use & City Planning

v Structural Measures

v' Alert & Warning System

v’ Contingency Planning

Emergenc)
v' Pre-Disaster Warning Information Supply

v’ Essential Supply Aid

v Emergency Rapid Assessment

v Machinery & Equipment Aid

v’ Restoration Works Engineering & Construcﬁ%

Takeya (2014)

Sustainable Development Goals

Sustainable Development Goals

9 iwwarmana | 10 Naikives

17 PARTNERSHIPS
FORTHE GOALS

17 goals and 169 targets
Many of them are related to DRR Bus

Disaster Management Cycle

Prepared ness Response
Mltlgatlon Recovery

Effect of Disaster Response & Relief Cooperation
Program (DRRCP)

—Earlier Recovery
‘=Smaller Residual Effects

100%
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Effect of Disaster Prevention & Preparedness
Enhancement Program (DiPPEP)

—~

Less Damage
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[Without any programs]

Improvement by the Disaster
Prevention & Preparedness
Enhancement Program (DiPPEP)

Takeya (2014)
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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.

List of related papers

1) Over all

Kitoh, A., T. Ose, K. Kurihara, S. Kusunoki, M. Sugi, and KAKUSHIN Team-3 Modeling Group,
2009: Projection of changes in future weather extremes using super-high-resolution global and
regional atmospheric models in the KAKUSHIN program: Results of preliminary experiments.

Hydro. Res. Lett., 3, 49-53.

Mizuta, R., H. Yoshimura, H. Murakami, M. Matsueda, H. Endo, T. Ose, K. Kamiguchi, M. Hosaka,
M. Sugi, S. Yukimoto, S. Kusunoki, and A. Kitoh, 2012: Climate simulations using MRI-AGCM3.2
with 20-km grid. J. Meteor. Soc. Japan, 90A, 233-258, doi:10.2151/jmsj.2012-A12.

Kitoh, A., and H. Endo, 2016: Changes in precipitation extremes projected by a 20-km mesh global
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2) Natural Hazards

Ito, R., T. Takemi, and O. Arakawa, 2016: A possible reduction in the severity of typhoon wind in
the northern part of Japan under global warming: A case study. SOLA, 12, 100-105,
doi:10.2151/s0la.2016-023.



Mori, N., and T. Takemi, 2016: Impact assessment of coastal hazards due to future changes of
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Warming of the climate system is
unequivocal.
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Warming of the climate system is
unequivocal. (IPCGIARS)

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.

Precipitation

(IPCC/ARS)

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).

©IPcc2013 Box 3.1, Fig. 1

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
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1870s and 1971.
J

Upper ocean: above 700m

Deep ocean: below 700 m; including

below2000 m estimates starting
from 1992

Observed change in surface temperature 1901-2012

Extreme events

+ Changes in many extreme weather and climate events
have been observed since about 1950.

+ Itis 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.

+ ltis 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.

Observations

Understandings
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(IPCSARS}S)
Detection and Attribution of Climate Change

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.

Itis 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.
Itis 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). o

CO, scenarios for AR5
(Representative Concentration Pathways: RCP)

co, Temp
concent. inreacing
936ppm  4.3°C

670ppm  2.8°C
538ppm 2.4°C
412ppm  1.6°C

XRBLREL

1850-19004F £

RCP2.6
COye, =475 ppm
(IPCCIARS)

Observations

Understandings

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

SOUSEI

@

(IPCC/ARS)
Annual Precipitation

|:||:|
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Sousei Program, Theme D

Precise impact assessments on climate change
PI: Prof. E. Nakakita (Kyoto U)

Secrefoi: Prof. Mori, Takemi, Tachikawa, Tanaka

Supported by MEXT
(2012-2017)

Prof. Kimoto Dr. Kawamiya Dr. Takayabu _Prof. Nakakita
Imminent global Stabilization Risk Impact
climate change target setting Information assessments

(AORI,UT) (JAMSTEC) (MRI) (DPRI,KU)

Climate Long-term Probabilistic | Natural
variability and rojection climate Hazards
change proj projection
Producing a
Integrated Large-scale standard | | Water
prediction variations climate Resources
system A
— Ecisystem

Sub-groups in Group D

updated 2013/8/1

- 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)

- i-c Coastal risk (Mori, Kyoto U)

- i-d Risk management (Tatano, Kyoto U)

- i-e River risk in global scale (Miyake, PWRI)

25
18
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15

- ii Climate change impacts on water resources (Tanaka, Kyoto U)

i-a Social-economic risk (Tanaka, Kyoto U)
ii-o Anthropogenic effects (Oki, U Tokyo)

18
8

- iii Change impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U)

- iii-a Forest and lakes (Nakashizuka, Tohoku U)
b Social-economic impact (Nakashizuka, Tohoku U)

4
4

ii-c Impact in East and East-South Asia (Kumagai, Nagoya U) 10

d Coastal ecosystem (Yamanaka, Hokkaido)

10

7
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Launching of Sousei Program

A
- 20kmRCM (daily rainfall)
=3
- 20kmGCM, 5,2,1kmRCM (hourly rainfall)
- Natural hazards (Inc. water resources)

Bl&E

- Impact assessment and producing adaptation methodologies
- Worst case scenario
- for Natural Disaster, Water resources, Ecosystem and Eco

service

o
=)

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




Features of Japanese River(1) Features of Japanese River(2)
* Short length and steep slope. » Large peak discharge, short duration
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1600 15000 - IMTFRA /S
Shinano R. / 4 A
1958 ik -
10000 e N Mississippi R.
Th— 19705k
The Rhine R.
500 . 1970% ok

Ci}tg:%:*k' Py Tennessee R.
il b
1 2 3 4 5 6 7 8 9 0 u 12

Duration (day)

Distance from river mouth (km)

Projected typhoon by GCM20
SOUSE!

@

It is the typhoon resolving output from GCM20 that
has realized the impact assessment on Japanese 9
river regime

Prediction and evaluation of disaster environment in Japan |
DPRI / Kyoto-Univ. and other universities and institutes

Slope Mountains River Habitable Area Coastal Area
Output Hourly precipitation, temperature, water vapor, wind velocity, radiation and air pressure
(25-years time series (20km) and ensemble predictions (60km) for current, near future and century end)
from GCM T T T
and RCM \ Regional climate model (RCM_Skm, RCM_2km, RCM_1km) \
T ; T
_ Surface hydrological model Stochastic
Interpreta: ‘ . | i EemE
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output Probability density function of extreme value(depending on spacio-temporal scales)
Stochastic precipitation model (time series depending on spacio-temporal scales)
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Evaluati Decreasing of safety against landslide, debris flow, flood, draught, storm surge and strong
valuation | ;g assessment of current protection system and proposal of alternatives




I Spacio-temporal scale Typhoon
Range:1000km

Duration: 1day to a few days

KANTOHK, KEFEKE, LHKE
2009/08/08 in&5 3%

Projected by AGCM20

ARHIERR, BRERRE AR

Shower

Range: 100km Range:10 km
Duration:3 to 6 hours Duration: about half an hour

ANANIXOTKER TORKEK ., £ RAKGEE
2008/07/28 at#BE Il 2008/08/05 ati F) o &

Projected by RCM Impossible?

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

Source: SOUSEI proaram Theme C

Sub-groups in Group D
updated2016/4/1
PI: Eiichi Nakakita

- 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 Riverrisk in global scale (Miyake, PWRI) 115
- ii Climate change impacts on water resources (Tanaka, Kyoto U)

i-a Social-economic risk (Tanaka, Kyoto U) 18
ii-o Anthropogenic effects (Oki, U Tokyo) 8

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

Sousei (Ell4) Program (2012-2017)

Generating PDF of extreme
I values with higher accuracy
Generating of PDF using
60km ensemble
Converting extreme values in

Ultimate Goa

Proposing adaptation philosophy
consistent with mitigation

philosophy 60km-scale into values in
Developing decision making regional-scale using
methodology under high GCM20, and RCMS5 and
uncertainty of risk RCM2 dynamically

Developing decision making downscaled from GCM20.

methodology under no
information on probability of
a worst case

Worst case senario
Worst case typhoon

Multi-hazard

Social Scenario

Nakakita (2012, 2015)
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- On the SOISEI Program
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- 0(5000yrs) Mega Ensemble Experiments "d4PDF%
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* Towards building adaptation strategy




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

- 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 Riverrisk in global scale (Miyake, PWRI) 15

limate 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
b Social-economic impact (Nakashizuka, Tohoku U) 4
- iii-c Impact in East and East-South Asia (Kumagai, Nagoya U) 10
- ii-d Coastal ecosystem (Yamanaka, Hokkaido) 10
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Yasuda et al. (2009), Kyoto University.

Changes in Baiu rainfall under global warming
Frequency change of daily rainfall > 100 mm

Jul @

Delayed onset June \ 2 Increase
of Baiu in Japan 1‘% in rain >
M 100 mm

1 g during

. 3 active

Decrease in ;G) Baiu
frequency of w0 [=} period

rain >100 mm

Frequency distribution of daily
rainfall in western Japan in June

Present Increase in extreme
AlB  Lcpg. rain>200 mm/day

(Okada et al. 2016)

i-a: Metrological Disasters (Takemi, KU)

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

Participation by Projection of
Dynamic downscaling and RCM heavy rain falls
perturbation of tracks of
historical typhoon to estimate
worst class typhoon for natural
hazards
Pseudo-
experiments for
Ise Bay @ +95% cofidence
Typhoon +90% conf

No change

Downscaling of GCM
for river discharge,

Statistical downscaling of
typhoon

storm surge, waves
land side to evaluate
regional scale impact

Probability of center pressure for 100yrs
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Yasuda et al. (2009), Kyoto University.

Probability
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Central Pressure [hPa]

Increase in Number of localized heavy rainfall
during Baiu season in 25 years

Lager Increase in western Japan

Future
Current @ 95% significance
90%significance

No significance
Nakakita and Miyake (2011)



Impact Assessment on Land slides

-Total rainfall versus maximum hourly rainfall-
risk of Top 20 data of total rainfall and

. maximum hourly rainfall from
shalloy landslide Takeda City, Oita, Japan

1976-1980 surface soillayer
1981-1985
1986-1990
1991-1995
1996-2000
2001-2005
2006 shallow

2007 landslide
2008

°
+++ 00 0000

Maximum hourly rainfall [mm]

risk of
400 600 800 1000 Ceep landslide
Tctal ranfall [mm]

Oku et al (2011)

i-b: River Disasters (Tachikawa, KU)

—% . deep landslide
+ h ttic from PWRI Report No.4129 (2009)

DDS by team i-a / Bias correction, Statistical downscaling

O

Developing river discharge model Sediment transport/Land slide

including natural processes and dam developing model to project
operation. sediment behavior over river basin

Considering uncertainty of projection scale. Making precipitation map

with hourly time scale

LT —
Flooding Developing model of river flooding for major plains
(Kanto, Osaka, Nagoya)

i-d Economic imapct

i-c Storm surge

Future change of Annual Mean River
Discharge in Japan

Future/Present
|
e .1 +4.26TC
AT o 12
Q:0.932
(0.758-1.192) 1.15
1.1 _Clustert
40 1.06
Temp. : +4.31
Prec. : 1.04
1 « Q:1.002
(0.814-1.21},
095
35+ 0.9
0.85
. CMIP mean 0.8
= T T T
130 135 140 145 078 _
Cluster3

Courtesy of Sato (Ehinuve U;

Shallow landslide risk

Future change of effective rainfall (half period 1.5hours)

Deep-seated landslide risk

Future change of effective rainfall (half period 72hours)

Significantly different**

(J

*99.5percentaile values, **significance level: 5%

Flood flow change
(Qi: Annual Maximum discharge)

River discharge

Oku, University of Hyogo

Draught flow change
(Quss discharge)

100yrs return period 10yrs return period

Sensitivity of Future SST on Annual
Precipitation

SFA_rcp85 — SPA_m01

SFA_rcp85_c2 — SPA_m01

MRI-AGCMS3.25 m

[mm/yr]

SFA_rcp85_c1—SPA_m01

SFA_rcp85_c3 — SPA_m01

Courtesy of ICHARM



Future change of River Discharge
in Mekong Delta

Cloud Convection schemes SSTs

Mean of River Discharge in 25 years
Red: Null hypotheses is rejected. Courtesy of Tachikawa (Kyoto U)

Comparison of agricultural damage (rice crop)
in the worst cases under present/future climate scenarios (ICHARM)
We selected 2001 and 2087 as the worst case years (return period: 42 years) after performing simulations for the largest inundation area
under the present and future climate scenarios (25 years).
Then we estimated agricultural damage in each case by applying the agricultural damage curve developed by ICHARM
We found that the agricultural damage may increase by 20%, comparing the worst cases.

Future (AGCM3.2S RCP8.5)

Inundation over 50cm deep: Inundation over 50cm deep:
3,211km? 4,358km?

(31.7% of the basin area). (43.0% of the basin area).

Return period of precipitation Return period of precipitation
142 years 142 years

About 40% increase

L N

Agricultural damage (rice crop):

Agricultural damage (rice crop): — 10684.02 million peso

8882.96 million peso K 51
About 20% increase ;

Future Change of Extreme Storm Surge
MRI-AGCM3.2S

Future change of 100yrs return value of storm surge
height
AGCM20 -> RCM5km -> Storm surge modeling

Yasuda et al. (2014) Coastal Engineering

Frequency of estimated flood inundation in the present
and future climate ICHARM)

Present climate (1979-2003) Future climate (2075-2099) Differsnce (F-P)

Annual maximum inundation depths for each year in the present(SPA-m01)

and future(RCP8.5,C1-C3) climate conditions are calculated. For each cell,
the no. of years that experience peak inundation depth with 0.5m or more is

counted.

There are no visible changes in the maximum flood extent between present

and future, however there are significant increases in the flood frequency in

the areas along the main channels.

i-c: Coastal Disasters (Mori, KU)

Storm Wind Sea Level
Surge Waves Rise
Beach/ Coastal

Tidal Flat  Structures Flooding

g mtm

LCC Economic Loss

Future Change of Extreme Ocean Waves

TC and Non-TC waves

Separation by TC data <\

Non-TC extireme wave heights

c eine Wﬁe heights in WNP

Shimura et al. (2014) J Climate



Measuring socio-economic impacts of climate Sub-groups in Group D
change and effectiveness of adaptation strategies updated 2013/8/1
(Tatano, KyotoU)

- i Climate change impacts on natural hazards (Eiichi Nakakita. Kyoto U)

1. Developing integrated water hazard risk assessment

. e ) . - i-a Metrological risk (Takemi, Kyoto U) 12
2. Socio-economic impact of inundation - i-b River basin risk (Tachikawa, Kyoto U) 25
3. Cost-benefit of adaptation 2 - 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
X Facility P\;ma +Recovery - ii Climate change impacts on water resources (Tanaka, Kyoto U)
E - ii-a Social-economic risk (Tanaka, Kyoto U) 18
| [<— Facility Damage + Recovery o q .
9 +Lifeline Impacts + ii-b Anthropogenic effects (Oki, U Tokyo) 8
- g Facility Damage . o .
‘; Eacilii: diaiaypoacts . hange impacts on ecosystem and biodiversity (Nakashizuka, Tohoku U)
= | [Pt T Time - ii-a Forest and lakes (Nakashizuka, Tohoku U) 4
& Recovery of Gas - iii-b Social-economic impact (Managi, Tohoku U) 4
% kK Recovery of Water - ii-c Impact in East and East-South Asia (Kumagai, Nagoya U) 10
S - ii-d Coastal ecosystem (Yamanaka, Hokkaido) 10

Recovery of Electricity

Kyoto University Team %

Theme D-ii Important Collaboration between sub-Group
Climate change impacts on water resources

(a) Assessment of socio-economic impacts on water resources
and their uncertainties under changing climate Y td
sub-leader: Kenji Tanaka (Kyoto University, DPRI)

This team mainly predict and assess the changes in the supply of water
in the major rivers in Japan, the impact on rice farming, hydropower, etc.

(b) Assessment of climate change impacts on the social-ecological
systems of water resources and hydrological cycles
sub-leader: Taikan Oki (University of Tokyo, 1IS)

This team predict and assess how the actual water cycle and available water
resources will change on a global scale with inclusion of human impact.

Integrated Water Resources Model Impact of climate change on water resources in Japan

-
{ ‘Water Cycle E
i

‘ Crop Dynamics |

i

i

‘ Human Effects }

.

N

,;r Crop Growth - Yield

Crop calendar o chenge
P Available Water Water stress
increase decrease
resources

U

__________ Irrigation

Soil moisture
| | decrease increase
change
/ Change of rifrer regime WR=Prec-Evap CWD (considering seasonal change)

Intake & drainage

SiBUC (Tanaka,’ ¢ (Tanaka,2004)

Accelerated hydrological cycle, reduction of snowfall
In spite of the increase in available water resources,
water stress will increase in Tohoku region

Stream flow

Outflow demand
» Influence on dam operation and rice production

Discharge Kinematic wave

Courtesy of Kenji Tanaka (DPRI, Kyoto U.)




Climate change impact on hydropower generation

Relationship between FDC(flow duration curve)
and availability for hydropower generation

(A+B) : when Qmax= 40 m3/s
(A+C) : when Qmax= 60 m3/s

(Assumption)
Qmax: capacity of generator

Depending on the shape of FDC, the magnitude
of “A”, “B”, and “C” are changed.

Climate change

Flow duration curve change

By changing Qmax, water availability
can be maximized.

(Adaptation measure to FDC change)

Water availability change
Courtesy of Tetsuya Sumi (DPRI, Kyoto U.)

| Uncertainty of drought changes |

Sign agreement among GCMs

Standard deviation among GCMs

& Agreements among GCM estimates (LEFT) in drought-increasing
areas are high, but those in drought-decreasing areas are low.

& Regions with decreasing trends have large uncertainty.

& STD (RIGHT) in Amazon and sub-Sahara is especially large.

& Despite good agreement, many drought-increasing areas show
larger STD than one month.

# Increase in Central Asia is relatively robust. o

HI simulation
Nat simulation
Line : GCM Ensemble mean
1980-2099 (129yr) Shade : uncertainty range
(Max/min in 5GCM)

Time series variation of regional median

\ /
///
— * S
— gl - R
* kg * ¥
*
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+* x %) e
*

Satoh, Yoshimura
and Oki (2014)

« Almost linear increase in many region. (Except region 14,16,18,23,24,26. Decrease in region 2)
* Water resource management alleviate short-term variation and long-term change .

» Change rate, besides absolute change, is very important in terms of adaptation.

| Changes of drought days under RCP8.5 |

Change (Future - Historical)

Change Ratio (Change / Historical)

1980-1999 vs 2080-2099 [%]
& Increases in 70 % of land surface and decreases in 24 %.

& Increase:

# precipitation decreases in Caribbean region, Central and Southern South America,
Mediterranean region and eastern Asia

 Increase of [evapotranspiration — precipitation] in Amazon and Congo basin and mid-
latitude, such as in Eastern and Western USA, Europe, Central Asia and Eastern Asia.

“# Snowmelt regime will change, as well. &> autonomous adaptation in reality?
& Decrease:

#: Sub-Sahara, Eastern Africa, Middle East, India and some parts in high latitude. oz

Projection of dry spell length

—with and without human activities—

200

~5 Blue: Naturalized @W.N. America
[ Red: w/ Human activities
© E 150 jine : GCM ensemble mean
5 shade : Model spread (5GCMs)
o
%, £ 100
5B
— < 50
QE
&8
==
aE
E -5(?980 2000 2020 2040 2060 2080 2099
Year (1980-2099)

Courtesy of Taikan Oki

Dam (U of Tokyo)

Impacts of human activities ‘|: Irrigation
Domestic & Industrial water
B Smaller inter annual variability — Model spread is also smaller
B Smaller increasing trend — Dry spell length can be overestimated
if human activities are not considered
Water resources management reduces the variability and long term changes of
dry spell length under climate change
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Uncertainty inherent to GCM projection

Projected value
Random Uncertainty

Model’s uncertainty

CO2 Scenario's uncertainty

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

Experimental design of d4PDF

Global Averaged Temp.

+4°C 60 years
. database for [4]

1951- 2010 +‘2_°<(f,_. I

Global 60km AGCM [[IOOMEMBERY .~ > 090 member
Japan 20kn RCM > > > 90member

Present Future (BAT158T)
Detrend 60 yrs
Time series ,;’
6AOGCM future SST
(CMIP5) (AT)

MRI-NHRCM

SST 20km

15 perturbation due to
observation (5T)

Policy Decision making
for Future climate change

Disaster Prevention Research Institute, Kyoto Uiuyciaty

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

Sousei (Ell4) Program (2012-2017)

Generating PDF of extreme
. values with higher accuracy
Ultimate Goal Generating of PDF using a
lot of 60km ensemble
Converting extreme values

Proposing adaptation philosophy
consistent with mitigation

philosophy in 60km-scale into values
Developing decision making in regional-scale using
methodology under high RCMS5 and RCM2

dynamically downscaled

uncertainty of risk
from GCM20.

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)

Frequency of annual maximum | Analysis of ES 100x100 experimental analysis
daily rainfall

20 years x1 members

- \e Increase of
mp ensemble
-Sa manber

20 yearsx 100 members

Shiogama@
World of NIES

+4a°c

1951~1970



Number of TC is insufficient

Mean landfall on Japan: 2.7/yr (MRI)

d4PDF (5400 yrs)

Disaster Prevention Research Institute, Kyoto University

25 years climate run
By Shimura

Future change of 100 yrs Storm Surge

d4PDF

Wind speed
Surge height

Disaster Prevention Research Institute, Kyoto University

Annual Maximum 24hrs Catchment Average Rainfall

Ara River basin Shonai River Basin Yodo River Basin

200-years rainfall
©® 548 mm/3day

200-years rainfall
® 376 mm/24hr
® 350 mm/24h!

200-years rainfall
® 261 mm/24hr
©® 239 mm/24h

® 480 mm/72hP
® 610 mm/72h{ 5 e
® 200-year annual maximum rainfall estimated by using observed data, which is used for
the river improvement planning at Construction Ministry in Japan.
® 200-year annual maximum rainfall estimated by using d4PDF present simulation data

® 200-year annual maximum rainfall estimated by using d4PDF future simulation data,
which is mean of the ones of 6 SSTs. Cutesy of Prof. Tachikawa

® 474 mm/24hT 4 5 ik ® 329 mm/24h 1.4 times|

Extreme storm surge: Osaka
A

Naotiral \/:@i“tv

P
Historical largest 2.4m

d4PDF

Present
Future

By Shimura Return Period [yrs]cn insitute. kyoto universiy

Present(Blue) and Future(red) annual maximum
river discharge by d4PDF rainfall data

Increasing discharge
» at each return period

was detected by using
huge ensemble data
Future 200 year discharge
corresponds to present
900 year discharge

»

Shonai River
(Nagoya)

Ara River
(Tokyo)

°
Cutesy of Prof. Tachikawa

Tachikawa, Y., Miyawaki, K., Tanaka, T., Yorozu, K., Kato, M., Ichikawa, Y., Kim, S. (Kyoto University)

Change of Annual Maximum Hourly Discharge

Ara River (Ilwabuchi) Shounai River (Biwajima)  Yodo River (Hirakata)

200-years discharge 200-years discharge 200-years discharge

® 7,000m73 /s ® 4400m73 /s ® 12,000m73 /s
® 7,611m73 ® 5975m73 ® 10,100 m73
® 12,801 m73 1§7times ® 9,525m13 ﬁﬁtimes ® 15165m73 ‘Estimes

® 200-year annual maximum discharge estimated by using observed data, which is used for
the river improvement planning at Construction Ministry in Japan.

® 200-year annual maximum discharge estimated by using d4PDF present simulation data

® 200-year annual maximum discharge estimated by using d4PDF future simulation data,
which is mean of the ones of 6 SSTs. Cutesy of Prof. Tachikawa
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- On the SOISEI Program

- Some products from direct use of GCM and RCM
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- Worst case class scenarios

- Towards building adaptation strategy

Sousei (Bl4) Program (2012-2017)

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

Ultimate Goal

Proposing adaptation philosophy
consistent with mitigation

philosophy X /
Developing decision making regional-scale using RCM5
methodology under high and RCM2 dynamically

downscaled from GCM20.

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)

Disasters and Infrastructure Design
Survivability Critical, Edge of Survivability (The worst case)

Range for disaster Mitigation

Uncertainty of projection _I
(Probability) M

(Return
period) Range for disaster Prevention
Projection of design value

* How much change?

* Where is severe location?

* When does it become severe?

Nakakita (2010,2011)

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

Disasters and Infrastructure Design

" Range for disaster Mitigation

(Return
period)

;
Range for disaster Prevention

aburis wio1g
ab.ueyosip 1oAY

Nakakita (2010,2011)

Multi-flooding hazards

(river and storm surge flooding)

Developing river discharge model
including natural processes and dam
operation.

Considering uncertainty of projection

......... -

Flooding Developing model of river flooding for major plains
l (Kanto, Osaka, Nagoya)

ﬁ

Storm surge




PGW of Ise-bay Typhoon (1959)

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.

(Nakano, JAMSTEC)

Pseudo-global warming (PGW) experiment Virtual Shlftmg.of typhoon’s mltla}l position
- for making a worst scenario -
PGW = Actual Condition + GW Increment Virtual Shifting of typhoons
initial position by i
Actual condition: from analysis fields for a past event NIV potential vorticity same

Long-term reanalysis dataset: JRA-55 (available from 1958) (o vioges s

Global warming increment: AGCM20

Future changes in temperature, pressure, sea surface
temperature from GCM climate prediction data

Increment = (GCM future climate) — (GCM present climate)
Add global warming increment to past analysis fields

(Pseudo-global warming climate)

Worst case impact assessment
= (Reanalysis for actual case) + (Monthly mean GW on

increment) + Land: extreme wind and rainfall
+ Ocean: storm surge and wave height

Ishikawa et al (2009)

Virtual Shifting of typhoon’s initial position SlmUIated Inundatlon
for Ise-bay typhoon (a Worst Case Scenario) PGW with sewage system in 1959 PGW with sewage system in 2009
Actual condition PGW condition
‘ PGW

(DPRI : Oku, Takemi, Ishikawa)

41.1

Osaka Bay 32.3 Kobayashi (2014)



Worst Case Scenario of River
Flooding (Yodo River basin)

historical run future climate
Total Fea H
Frstpraton e o [N
e e :
0 K,
e Total 146.7 mm o Totai 157.3 mm (+6%)
ook b e Feak o301 s i)
- 5,
| D
'
Track 15 1ol [ Track 120 | Track 120 Total Track 125
B i o o 72125

The worst case flood event (maximum peak discharge) was caused by
Track 120 and Track125 under present and future climate condition
respectively.

(Y.Sato, Ehime Univ.)

Projected maximum storm surge height
with inundation

-typhoon Vera at Ise Bay-
Typhoon Vera
(historical run)

(future climate) ( future climate+ worst course)

Extreme typhoon Vera Extreme and shifted typhoon Vera

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

Shibutani et al, 2014

Property Loss Estimation in

Ise Bay area
0000000000000000000

[Focuscaarea 7=

(DPRI, Kyoto Univ. : Tatano, Hatayama, 2014)

Total precipitation and peak discharge
(Yodo River basin, Hirakata)

240 ¢ Peak discharge (Present) 7 12,000
E 200 |+ Peak discharge (Future) 110,000 @
é Total Precipitation ‘9,2(,71) ”E
resent) (ms) £
§160 - +4 8000 o
= Total Precipitation g
= L (Future) 1 s
2 120 . Peak discharge (Present) 6,000 ]
H " default parameter settings %
2
a 80 4000 <
© ©
2 ; &
2 40 i 2,000
1 o
0 i & i <O P 0
O WO WO WO Wwo Wwo Wwo Wwo Wwo
B X$S PSS rF - NAS DTS DBB S

Track No.
(Y.Sato, Ehime Univ.)

Toward Economic Impact Assessment

(Estimating Property losses)
0000000000000000000

« Isewan Typoon Class senarios
+ Inundation depth caused by the storm surge
« Damage ratio corresponds to inundation depth

"4 $

Property Losses P Qs

Worst senario

Exceedance Probability

Economic Loss
(DPRI KU : Tatano, Hatayama)

Contents

- Back ground
- On the SOISEI Program

- Some products from direct use of GCM and RCM
output

- 0(5000yrs) Mega Ensemble Experiments "d4PDF%

- Worst case class scenario
* Towards b g adaptation strategy




Sousei (El4%) Program (2012-2017)

Generating PDF of extreme

Ultimate Goal values with higher accuracy

Proposing adaptation

philosophy consistent with

mitigation philosophy
Developing decisi

of 60km ensemble
Converting extreme values in
60km-scale into values in

and RCM2 dynamically

metl;odslogy under high
downscaled from GCM20.

uncertainty of risk

methrod;Iogy under no
information on probability
of a worst case

Worst case senario
Worst case typhoon
Multi-hazard

Social Scenario

Nakakita (2012, 2015)

Considering the worst risk scenario

d4PDF/GCM-RCM Inundation analysis

Assume
multiple

l cases
case

,
Lo et
— Correct
indication
of similar

risks as
much as
possible

Estimation of the weight (a) of decision-making using
averaged and worst risk scenarios

veragedisk scenario [ vorstriskscenario ]
VPH=1-a) ’ u(f(m)!)di(u:) + angp [ u(rte)ap(e)

=

answerer

questionnaire
(cvm)

7min

Joint Symposium on Adaptation with Japanese
Ministry-ofcand, Infrastructure and TrarSporsrEer——
(MLIT) ;

2015/5/29 EMAUVEVIRDEEREE2—
T XHMHEL SEEHAIRBANETOSSL/ELXEE KEEEALFELR
#iEF TAFES KIFERR/HBRMEAZAR

Generating of PDF using a lot

regional-scale using RCM5

KMM Model (Klibanoff et al. 2005)
* Formulation of scientific uncertainty by
second order probabilistic distribution
U=[APTEG (Elp wdy,
£lp w:Expected utility by probabilistic
distribution »
w:second order probabilistic distribution of
probabilistic distribution »
1

Probability

\ \& N Do
0 -

Economic loss

By Fujimi and Tatano

Steps towards National Adaptation Plan

Establish “Expert Committee on Climate Change Impact Assessment” at
114t Global Environmental Subcommittee, Central Environmental Council
(2 July, 2013)

* Further detailed projection of climate change in Japan to
monitor extreme events

¢ Assessment on climate change impacts in Japan
* Analysis on risk information

Summarize climate change impacts, risk assessment and future issues
(March, 2015)

« Extraction of priority areas/issues in short-term (- 10 years),

middle-term (10-30 years) and long-term (30-100 years)

Develop National adaptation plan as a government-wide integrated

effort (November 27, 2015)

[Slide drawn by MOE modified by Nakakia]

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.



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.

Sousei (BI4E) Program D (2012-2016)

SOUSEI

Targets: natural disasters, water resources, ecology and

biodiversity

Estimation of high accuracy probability (change of design

value)

— Estimation of Probabilistic density distribution using multiple
predictions (ensemble simulations) of coarse-resolution models of (Theme C
GCM60 (60km-Global climate model) and CMIP5)) =>d4PDF

— Conversion of coarse spatial resolution data into regional scale one using
high spatiotemporal resolution models of GCM20(20km-Global climate
rr;odel) or RCM5, 2(2km, 5km-Regional climate model) (provided by Theme
C

Assumption of the greatest external forcing — Survival chance

— Worst typhoons (Collaborated with Theme C for artificial global warming)

- Compound disasters

— Assumptions of social scenarios

Development of the consideration and philosophy of making

adaptation strategy

— Dt of isi king approach under large uncertaint

— Dt of isi king approach under the worst scenarios without
any probabilistic information

— Creation of new sense of values, e.g., economic index of ecosystem

Nakakita (2012, 2015)

Other collaboratlons

Collaboration with academic society
22 JSCE Earth Environment Symposium
Future perspective of climate change research for adaptation by the
viewpoint of civil engineering

Surugadai Memorial Hall,
Chuo University,
September 4, 2014

SOUSEI-RECCA-DIAS

(MEXT programs)
s-8 — 107
(Ministry of the Environment)
4min-11/12 4/7/4min

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.

Content of Theme D,
Relationship among Themes A, B, and C

Development and prediction
community of integrated climate
models (Theme A, B, C) 5 : b
+scientific foundations of atmospheric TN BRAERII, R OE
and climatic future change, andits j\/:s adap. stion policy
climatology =
Impact Adaptation
sm

\;/3

Practice authorities
+Assessment of future impacts
=1 2view of planning policy

Development community of Integrated hazarc models
(Theme D)
* Scientific foundations of future change and social impact of hazard

Creation of basic consideration of no-regret adaptation ' olicy
Nevelopment of evaluation method for no-regret adapation policy

4min-1/7 4min/7/4

Other collaboratlons

Collaborative symposium and research
meetings with governmental authorities

National Olympic Memorial Youth Center, May 29, 2015
Organizer SOUSEI Program, MEXT/ Water and Disaster Management Bureau, MLIT
Co—organizer Committee on Hydr and Hydraulic Ei ing, JSCE

4min-12/12 on Earth Environment, JSCE

4/7/4min



Thank you for your kind
attention

Joint Symposium between Sousei themes C and D

Photo: Uji, Kyoto

Content of Theme D,
Relationship among Themes A, B, and C

Development and prediction
community of integrated climate
models (Theme A, B, C)

*scientific foundations of atmospheric
and climatic future change, and its
climatology

Practice authories

*Assessment of future impacts

=1 =view of planning policy

“Ma e, Evaluation, Practice of
adap. ation policy

Impact

S
@, .
s %, Development community of Integrated hazarc models

(Theme D)

,gc.ennﬁcfuundanuns of future change and social impact of hazard
eation of basic consideration of no-regret adaptation * olicy
Nevelopment of evaluation method for no-regret adar .ation policy

-,

4min-1/7 4min/7/4

Perspectives of post—-SOUSEI Program

« Continuous support for the approach and scientific knowledge of
“Top—down” adaptation policy

* Requirement of enhancement and refinement of SOUSEI Program
for further extension

« Heading towards issues of “evaluation of adaptation strategy” and
“no-regret adaptation”

* Further, support of scientific knowledge for making and evaluating
adaptation strategy

¢ Contribution to South—east Asia—Pacific Region

4min-3/7 4min/7/4

APPENDIX

Integrated Research Program for Advancing
Climate Models
Theme D :Integrated Hazard Prediction

Principal Investigator:
Eiichi NAKAKITA

Atmosphere—Hydrosphere Research Group,
Disaster Prevention Research Institute,
Kyoto University

Sousei (Bl4) Program D (2012-2016)

SOUSEI

Targets: natural disasters, water resources, ecology and
biodiversity

Estimation of high accuracy probability (change of design

value)

- Estimation of Probablllstlc density distribution using multiple
predictions (ensemble simulations) of coarse-resolution models of (Theme C
GCM60 (60km-Global climate model) and CMIP5)) =>d4PDF

— Conversion of coarse spatial resolution data into regional scale one using
high spatiotemporal resolution models of GCM20(20km-Global climate
n‘;odel) or RCM5, 2(2km, 5km-Regional climate model) (provided by Theme

Assumption of the greatest external forcing — Survival chance
— Worst typhoons (Collaborated with Theme C for artificial global warming)

- Compound disasters

— Assumptions of social scenarios

Development of the consideration and philosophy of making
adaptation strategy

king approach under large uncertaint

- D of isi king approach under the worst scenarios without
any probabilistic information

— Creation of new sense of values, e.g., economic index of ecosystem

Nakakita (2012, 2015)

New part form SOUSEI Program(1)

* Requirement of enhancement and refinement for
extending SOUSEI program
* Full application of d4PDF

* Prediction and uncertainty analysis of extreme events
(SOUSEI only had partial analysis.)

* Probabilistic assessment of the highend—class disasters



New parts from SOUSEI Program (2)
Seamless impact assessment in the 21st century

steadily-increasing change of usual and extreme conditions
Heading towards . adaptation policy evaluation” and “no—
regret adaptation

Further, support of scientific knowledge for making and
evaluating adaptation strategy

finish
adaptation

apply
adaptation

Important to know:
= Time scale of global warming effect;
=Width of natural fluctuations;
= Time scale of adaptation strategy «— Topic V
Adaptation strategy

Research framework | &

Topic representative Involved institute

Assessment of forest hazard
Hideaki Shibata (Hokkaido U.)

i. Extreme phenomel
Nobuhito Mori (KU)
18 ppl

Supervisor

Assessment of coral
Masahiko Fujii (Hokkaido U.)

ii. 100-yrs seamless analysis
Kenji Tanaka (KU)

iii. Past hazards
Tstsuya Takemi (

Agricultural damage
Hirohide Kiri (NARO)

Support for adaptation of climate
change in Southeast Asia
Hisaya Sawano (ICHARM)

iv. Asia-Pacific Region
Yasuto Tachikawa (KU)

Eiichi Nakakita

v. Adaptation strategy
Hirokazu Tatano (KU)

in total

vi. Bias—correction & extreme
values analysis
Yoshikazu Kitano (NI

Theme A

Collaboration: U. Tokyo, Tohoku U., Niigata U., Nagoya U., Kanazawa U., Gifu U., Kobe U., Tottari U.,, Kumamoto U., Osaka City U.,
X Ishikawa Prefectural U., NILIM, PARI, The Institute of Statistical Mathematios, NiPR
4min-7/7

Topic (i): Long—term assessment of intensity and frequency of
extreme hazards

Targets Methods

Pathway ensemble, artificial
global warming, DS
probabilistic typhoon

Hazard Type
Mete
hazards

logical Kyoto U. & Kanazawa U

7 L

Kyoto U.

P River discharge model
Ensemble simulation

Kyoto U. & Ehime U.

Greatest-class flood River discharge model,
t dam operatiol ow

Kyoto U. & Chubu U

Scale-free, high speed mod
High tide probabilistic typhoon

Kyoto U, Tottari U. & Kansai U.

St Mechanical &
orm wave —
statistical model

Kyoto U.

7

Coastal hazards gl

@)
©
S
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=
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Nationwide map

| Research content & goals

Program content (Research topics)

Long—term assessment of intensity and frequency of extreme
hazards (extreme phenomena)
* Nobuhito Mori, DPRI, Kyoto University

Seamless hazard grediction until the 21st century (100 years
seamless analysis) (100 years seamless analysis)
+ Kenji Tanaka, DPRI, Kyoto University

Hazards analysis of past disasters and assessment of climate
change factors (past hazards)

« Tetsuya Takemi, DPRI, Kyoto University

v. Hazard assessment in Asia and Pacific countries and international

cooperation (Asia-Pacific region)
* Yasuto Tachikawa, School of Engineering, Kyoto University

v.  Non-regret adaptation strategjes with consideration for various
changes (Adaptation strategy
+ Hirokazu Tatano, DPRI, Kyoto University

vi. Development of a bias correction
methods and extreme values assessment techniques (Bias
correction & extreme values)
+ Yoshikazu Kitano, Nagoya Institute of Technology

Research framework | content & k

Main topic . X
Synergy categorized by space and time
1. extreme phenomena | ¢y

Nobuhito Mori (KU)

Hazard
Targets

2. 100-yrs seamless analysis
Kenji Tanaka (KU)

3. Past hazards
Tetsuya Takemi (KU)

4. Asia-Pacific Region
Yasuto Tachikawa (KU)

Eiichi Nakakita
Kyoto University

5. Adaptation strategy
Hirokazu Tatano (KU)

6. Bias correction
Yohsikazu Kitano (NIT)

Topic (ii). Seamless hazard prediction until the 21¢t century (100 years

seamless analysis)
Types
-

River & coastal hazards
Topics i and v)
Hydrology & water
resources

Sub-types Targets

| water social
vai

| dam & sediment pond
operation

river discharge, |

farm crop, inundation
damage

lake, bay area

water quality

experiments

landscape change

EeEEEm coral, mangrove, bottom
. sediment

Theme C 100-yrs seamless

Nationwide map



Topic (iii): Hazards analys
climate change factors

Subjects

alysis of triggers of past
iteorological disasters &

ate change assessmel
Meteorological
hazards
, Nagoya U., Gifu U., U.
ational Yokohama U.

of forest hazards &
hange assessmen

Forest hazards

kkaido U., Tohoku U.,
Kyoto U.

(S}
)
:
]

<

=
>

QO

=

>

QO

g

L

(@]

o

<

°

is of past disasters and assessment of

Targets Methods

Kyoto U., Nagoya U., Gigu U.
National Yokohama U.

Ecosystem functiol

Tohoku U.

Theme D Topics (i,

Topic (v): Non-regret adaptation strategies with consideration for

various changes
Subjects

Design of socio-
economic scenarios

Evaluation method of
adaptation strategy
design

d4PDF/GCM-RCM (Theme C)

Topic (v): Non-regret adaptation strategies

Targets Methods

Construct risk scenarios (frequency &
intensity) of flood and high tides

The risk of the worst scenario for
decision-making

Future prediction of exposure,
susceptibility, resilience on population,
industry and infrastructures (level for
watershed over city, township, village)

Allocation of budget considering
adaptations (national level)

Adaptation strategy regarding
structural measures as the core
(watershed level)

Ecosystem service functions

uture prediction

with consideration for various changes

d4PDF/GCM-RCM

averaged
case

Correct
indication
of similar
risks as
sal much as

possible
o= [rmme]

=

answerer

v |
o |

o
v

(cvm)

"

] auestionnaire

Inundation analysis

Assume
multiple
cases

Estimation of the weight (a) of decision-making using
» averaged and worst risk scenarios

V() = (1) [u(7(e))apo) + amip [ u(7(6))ape)

No-regret adaptation strategy g
Decision-making model considering adaptation strategy (f)

Research content & goal

/ generalization, software package

Topic (iv): Hazard assessment in Asia and Pacific countries and
international cooperation

Targets Methods & charge ppl
Subjects
1) flood & drought
in Indochina
peninsula
a) Prediction of the
change of water-
related hazards in
Southeast Asia-
Pacific region
(Kyoto U.)

2) flood, drought,
inundation
analysis in
specific regions

urge model

b) Prototype
development of
climate change
adaptation and field
implementation
(ICHARM)

1) flood, drought
2) inundation

d4PDF/GCM-RCM (Theme C)

Research content & goal

Topic (v): Non—regret adaptation strategies
with consideration for various changes

Viewpoint of adaptation strategy
to overcome warming influence

Capacity range

disaster

Trend of
Time scale of global warming

° finish
adaptation strategy

adaptation

apply
adaptation

Considering the change of hazard intensity
under warming effect, it is Important to know:
=Time scale of global warming effect;

=Width of natural fluctuations;

= Time scale of adaptation strategy;

- Cost effectiveness.

Topic (vi): Development of a bias correction
methods and extreme values assessment techniques

Subjects

Targets Main research goals

Trend-keeping correction i—

period extreme values, and [l
soon

Spatial correla
many locations

dependent

Extreme values
statistics

Multivariate extreme values

d4PDF/GCM-RCM (Theme C)



Meteorology

Summary and framework
of research content

Research subjects
Water-related | Coastal

disasters & agriculture

Water resources

Risk assessment

Topic (i) Typhoon, heavy  flood, inundation  High tide, Drought, anomaly high  River and coastal
Extreme rainfall, surge, temperature inundation
phenomena depression, strong. typhoon
wind, forest
Topic (ii) Heavy rainfall, Flood Sear level rise, Water demand, River and coastal
A 100yrs strong wind, forest dune, water  drought, hydropower  inundation
U ceamless quality, coral,
g i etc.
2 analysis
ol
> Topic (jii) Typhoon, heavy  Flood, inundation  High tide, Water demand, drought
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Lecture 1: Fundamentals of basin-scale hydrological analysis

Yasuto TACHIKAWA (Department of Civil and Earth Resources Engineering, Graduate School of
Engineering, Kyoto University)

Abstract:

"Hydrology is the science which deals with the waters of the Earth, their occurrence, circulation
and distribution on the planet, their physical and chemical properties and their interactions with the
physical and biological environment, including their responses to human activity. Hydrology is a
field which covers the entire history of the cycle of water on the Earth (UNESCO International
Hydrological Decade, 1964)". Water is the source of all life on the earth and is indispensable
resource for human social and economic activities. The water cycle and its temporal and spatial
distribution depend on solar radiation, topography and various conditions of the earth's surface.
Hydrology provides understanding of the physical processes of water movement and the foundations
for proper use and protection of water resources.

One of the main tasks of hydrologists is to predict river discharge from rainfall, snowmelt and
evapotranspiration information under an initial condition (initial soil water) and catchment physical
characteristics (topography, soil, vegetation) of a basin. The hydrologic cycle of a river basin can be
regarded as a runoff system in which hydrologic processes such as evaporation, transpiration,
infiltration, subsurface runoff, and surface runoff interact with each other. A straightforward way to
predict river discharge is to represent the runoff system by combining mathematical descriptions of
dominant hydrologic processes. This mathematical representation is called a rainfall-runoff model. A
rainfall-runoff model is essential for river planning and river basin management. Rainfall-runoff
models include conceptual runoff models, spatially distributed models and land surface hydrologic
models, which have been developed based on the advancement of observation technology such as

precipitation radar, land surface remote sensing, and other geographical information.

Key words: hydrologic cycle, runoff system, rainfall-runoff model, distributed

rainfall-runoff model, land surface hydrologic model.
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1. The Science of Hydrology

"Hydrology is the science which deals with the waters of the Earth, their occurrence,
circulation and distribution on the planet, their physical and chemical properties and
their interactions with the physical and biological environment, including their responses
to human activity. Hydrology is a field which covers the entire history of the cycle of
water on the Earth (UNESCO International Hydrological Decade, 1964)”. Water is the
source of all life on the earth and is indispensable resource for human social and economic
activities. The water cycle and its temporal and spatial distribution depend on solar
radiation, topography and various conditions of the earth’s surface. Hydrology provides
understanding of the physical processes of water movement and the foundations for proper
use and protection of water resources.

Keywords : hydrology, hydrologic cycle, waters budget, water resources

1.1 The Science of Water Cycle: Hydrology

Water circulates on the earth due to solar and gravitational energy, and changes
its phases (ice, liquid, and vapor). Hydrology clarifies the movement of water and the
distribution of water in time and space on and beneath the earth’s surface, involving
transports of sediment, dissolved nutrients, and contaminants. Hydrology provides the
basics for applied fields such as engineering and agricultural sciences, which aim for proper
development, protection, and management of water resources; mitigation of water-related
disasters such as floods and droughts; and agricultural production by drainage and irri-
gation.

Fig. 1.1 illustrates the major components of the water cycle. Precipitation falls
on the earth’s surface. Trees and vegetation intercept part of this precipitation; it does
not reach the ground surface, and is evaporated into the atmosphere. Precipitation that
reaches the land surface infiltrates into soil layers and forms subsurface and groundwa-

ter flow, and when it exceeds the soil infiltration capacity this forms surface runoff.
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Fig. 1.1: Hydrologic processes and water and energy movement with change of water phase.

Precipitation falling on the ground as snow accumulates as snow cover, which melts and
flows through similar routes to runoff from rainfall. The water in the surface soil layer
evaporates and returns to the atmosphere. Trees and vegetation absorb soil moisture
with their roots and release water vapor through stomata in the process of transpira-
tion. The collective term for the combination of evaporation with transpiration is
evapotranspiration.

The water cycle is associated with the energy cycle. When soil moisture on the
ground surface evaporates and changes phase from water to vapor, the latent heat moves
from the earth’s surface to the atmosphere. When the vapor changes to raindrops, the
latent heat is released to the atmosphere as condensation heat. Thus, the solar energy
provided to the earth’s surface is transferred to the atmosphere through evaporation and
precipitation. The solar energy reaching the earth’s surface is spatially and temporary
distributed, and determines the climate. The water and energy cycles are closely related
to climate and the spatiotemporal distribution of water.

To understand the water and energy cycles, it is necessary to understand the physical
mechanism of the water and energy movements by solar radiation as well as the mechanism

of water movement governed by the conservation of water mass (continuity equation) and
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the moment (momentum conservation). Water movement causes the movement of soils
and chemical substances dissolved in water. These movements are closely associated with
our lives and the environment. Therefore, the scope of hydrology includes the cycles of
water and energy, and the physical, chemical, and biological processes associated with

these cycles.

(Note) Hydrology as a science and a profession

Hydrology has both pure and applied aspects. The first aspect relates to questions
about how the earth works, and specifically about the role of water in natural processes.
The second relates to the use of scientific knowledge to provide a sound basis for proper
use and protection of water resources (Hornberger et al., 1998). The second aspect is

the main theme of water resources engineering. The research topics include:
e flood and drought
e flood risk management
e water resources management

e climate change and water resources

0 Example 1.10 Topics of hydrologic cycle and water resources
Describe any topics related to the hydrologic cycle and water resources in your
countries. For example, flood, drought, water quality, water resources development,

and climate change and so on.

1.2 Hydrologic Cycle and Water Balance

1.2.1 Water balance equation

To discuss the spatiotemporal distribution of water, consider a closed compartment
(referred to as a control volume) shown in Fig. 1.2. M,, is the rate of mass flowing into

the control volume [M T~']; M, is the rate of mass flowing out of the control volume [M

)
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Water flowing into Water stored in the Water flowing out of
the cor_1tr9| volume —» control volume —/| the control volume

per unit time (M, mass; V, volume) per unit time

(Min, mass; I, volume) (Mout, mass; O, volume)

Fig. 1.2: Water balance and continuity relation.

T~!]; and M is the mass stored in the control volume [M]. The equation of conservation
of mass is given by

AM = (Myy — Mou)At (1.1)

where AM is the change of water mass in the control volume over time At¢. Using the
density of water p, M = pV, M;, = pI, and My, = pO, where V is the volume of the
water stored in the control volume [L?]; I is the volume inflow rate [L*T']; and O is the

volume outflow rate [L3T~']. Canceling the the density from both sides of Eq.(1.1) gives
AV = (I - O)At (1.2)

By dividing both sides by At and taking the limit of A¢, the equation of volume conser-
vation (continuity equation) is given as:
av
—=1-0 1.3
Generally p is regarded as constant and that the continuity equation is expressed as
volume, not as mass. The continuity equation is often referred as a water balance

equation or a water budget equation.

1.2.2 Global water balance

We can develop a global water budget equation using Eq.(1.3). For the land, V is the
volume of water stored on and in the land, I is precipitation P [L3T~'], and O consists
of evapotranspiration E [L*T~!] and runoff @ [L*T~!]. Integrating Eq.(1.3) over a time

period 7, the continuity equation becomes

'/TdV:‘/TIdt—‘/T()dt:'/TPdt—‘/T(E_FQ)dt (1.4)
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The integration of dV over a year could be negligibly small. In this case, the continuity

equation becomes

/TPdt— /T(E+Q)dt (1.5)

and evapotranspiration is estimated from observed precipitation and discharge.

0 Example 1.20 Annual precipitation

The water balance is described in terms of reservoirs that store water and the
movements between them. Fig. 1.3 indicates the volume of water stored in the
atmosphere, ocean and land on the earth and its annual movement volume. Using
the values shown in Fig. 1.3, calculate the annual precipitation per unit area on
ocean, land, and the surface of the earth. The surface area of the earth is 5.1 x 108
km?, represented as 4772, where 7, is the radius of earth and about 6,371km, There

is 71% of earth’s surface that is ocean and 29% is land.

Atmospheric Air stream Atmospheric
water on the land <«— | water on the ocean
4.5 36 (8%) 11
Evapotranspiration
Rainfall Evaporation
Rainfall
. Runoff
Snow ice Vegetation
43,400 2
Ocean
Surface water river flow 1,400,000
360 groundwater
glacier
Groundwater 12 3
15,300 Storage 10 "'m
Water flow 1 012m3/year

Fig. 1.3: The water stored on the earth and annual movements. The percentages rep-
resent the ratio according to annual evaporation from ocean as 100%. (Takeda, T. et al.,
Meteorology in water environment, University of Tokyo Press, 1992)

(Solution)
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The annual precipitation per unit area on ocean is given by dividing the total
volume of annual precipitation on ocean by the ocean surface area:

398 x 10'2 m3yr !
=1.099 ayr !
5.1 x 10° x 0.71 km? 070 Mt

The annual precipitation per unit area on the land is given by dividing the total
volume of annual precipitation on land by the land surface area:

107 x 10'2 m3yr~—!
5.1 x 108 x 0.29 km?

= 723 mm-yr~'

The annual precipitation per unit area on the Earth surface is given by dividing
the total volume of annual precipitation on the Earth surface by its area:

(398 +107) x 102 m3yr—!
5.1 x 108 km?

1

=990 mm-yr~

The annual precipitation amount in Japan is approximately 1,700 mm-y ! on av-

erage, which is substantially greater than the average annual precipitation on the
land. Fig. 1.3 indicates that approximately 66%(=71/107) of precipitation on the
land originates from evapotranspiration from the land. Most precipitation in Japan
is brought in the rainy season and typhoons and the rainwater originates from evap-

oration on the ocean.

0 Example 1.30 Annual evapotranspiration
Using the values shown in Fig. 1.3, calculate the annual evapotranspiration per
unit area on ocean, land, and the surface of the earth.
(Solution)
The annual evaporation per unit area from the ocean is given by dividing the
annual total volume of evaporation from the ocean by the ocean surface area:

434 x 10" m3yr~!
' — 1,199 mm-yr~’
51 % 108 x 0.71 km? 000 Tyt

The annual evapotranspiration per unit area from the land is given by dividing the
annual total volume of evapotranspiration from the land by the land surface area:

71 x 10'2 m3yr !
= 480 mm-yr '
5.1 % 10° x 0.29 km? Ty
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The annual evapotranspiration per unit area from the Earth surface is given by
dividing the total volume of the annual evapotranspiration from the Earth surface

by its area:
(434 + 71) x 10" m?yr—!

5.1 x 108 km?

=990 mm-yr !

0 Example 1.40 Annual runoff and runoff ratio
Calculate the annual runoff per unit area and runoff ratio on the land using the
values in Fig. 1.3.
(Solution)
The annual runoff per unit area from the land is given by dividing the total volume
of the annual runoff by the land surface area:

36 x 102 m3yr—!
5.1 x 108 x 0.29 km?

x 10° = 243 mm-yr~"

or annual precipitation minus annual evapotranspiration (723 —480 = 243 mm-yr~").

The runoff ratio is given by dividing the annual runoff by the annual precipitation:

243 mm-yr—*
———— = 0.34
723 mm-yr !

1.2.3 Catchment water balance and water resources

A catchment, as shown in Fig. 1.4, is an area in which rain water drains into a
channel network (river network) and finally flows to the river mouth. A catchment is
separated by a topographically defined watershed boundary. Consider A is the area of a
catchment basin [L?]; r is the precipitation rate [LT '] (volume of precipitation falling on
the catchment basin per unit time per unit area); e is the evapotranspiration rate [LT™']
(the volume of water evaporating per unit time per unit area); and @ is the runoff rate

flowing out of the catchment [L.*T~']. The inflow rate into the catchment I in Eq.(1.3) is
I =Ar
and the outflow rate is

O=Ae+Q
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channel network

----- catchment boundary

Fig. 1.4: Watershed divide and catchment basin.

Substituting these into Eq.(1.3), the continuity equation in the catchment is defined as

as

m =A(r—e) —Q (1.6)

Integrating Eq.(1.6) from time ¢, to ., the continuity equation becomes

te te te te
/ ds = S(t,) — S(t,) = A </ rdt—/ edt> —/ Qdt
ts ts ts ts

Assuming the catchment storatge at ¢, and ¢, is the same, the continuity equation becomes

A (/tt rdt) _ 4 (/tt edt> + /: Qdt (1.7)

For the time period, the total volume of water flowing into the catchment basin is equal
to that flowing out of the basin. If we take ¢; in the dry season and ¢, after one year, the
time-integrated value of dS is negligible, and the evapotranspiration value for the time

period can be estimated using the observed precipitation and discharge data.

0 Example 1.500 Hydrologic characteristics in Asian regions
Table 1.1 shows the annual precipitation, evapotranspiration, and runoff for the
Chao Phraya River basin (CPRB) in Thailand (157,925 km?) and the Katsura River
basin in Kyoto, Japan (887 km?). Calculate the values in (1) and (2) in Table 1.1
and discuss the difference in the catchment hydrologic variables from the view point

of water resources.
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Table 1.1: Annual catchment hydrologic variables.

Region Precipitation Evapotranspiration Runoff
Chao Phraya River (Thailand) 1,144 962 (1)
Katsura River (Kyoto, Japan) 1,796 708 (2)
World (mean) 723 480 243

*unit is mm/year.

(Solution)
(1) 1,144-962=182 mm /yr. (2) 1,796-708=1,088 mm /yr.

0 Example 1.600 Annual surface water resources in Thailand and Japan
Table 1.2 shows the estimated mean annual runoff in Thailand, Japan and the
world. Calculate the per capita maximum water resources for one year for each area

and discuss the difference of the water resources.

Table 1.2: Annual water resources in Thailand and Japan.

Region Runoff (mm/yr) Area (km?) Population (person)
Chao Phraya River (Thailand) 182 513x103 69.5x10°
Katsura River (Japan) 1,088 378x10° 126.5x10°
World (mean) 243 147.9x10° 6,968 x 106

(Solution)
The maximum water resources per capita in the Chao Phraya River basin in Thai-
land is obtained by dividing the total annual runoff volume by the population, which
is
182mm /yr x 513 x 10°km? 93,366 x 10°m?®/yr
69.5 x 10%person 69.5 x 10%person

=1, 343m* /person /yr

The maximum water resources per capita in the katsura River basin in Japan and

the mean value of the world are

1,088mm/yr x 378 x 10°km* 411,264 x 10°m?*/yr
126.5 x 106person ~ 126.5 x 106person

= 3,251m?*/person /yr

243mm /yr x 147.9 x 10%m® 35,940 x 10°m?/yr

= = 5,158m"
6,968 x 10%person 6,968 x 10%person o /person/yr
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0 Example 1.70 Surface water resources under a changing climate in Thai-
land and Japan

Global warming can induce change in the hydrologic cycle. Assuming the amount

of annual evapotranspiration increases by 5%, estimate the decrease percentage of

river discharge, namely the maximum surface water resources for the Chao Phraya

River basin in Thailand and the Katsura River basin in Japan using the values in
Table 1.1.
(Solution)

In the Chao Phraya River basin, annual runoff is 1, 144 — 962 x 1.05 = 134 mm//yr.

The decrease ratio is
182 — 134

182
In the Katsura River basin, annual runoff is 1,796 — 708 x 1.05 = 1053 mm /yr. The

x 100 = 26%

decrease ratio is
1088 — 1053

1088

Increased evapotranspiration has a large influence on surface water in Thailand.

x 100 = 3.3%

1.3 Mean Residence Time

The mean residence time refers to the times that are required for the water in the
drainage basin to be completely replaced with new water flowing into the drainage basin.
The mean residence time provides a time scale of the movement of water and substances
that travel with water in the basin. Assuming the steady state condition (dS/dt = 0),
the mean residence time is easily calculated by dividing the volume of water stored in a
control volume by the volume of water that flows into the region per unit time, or by the

volume of water that flows out of the region per unit time.

0 Example 1.800 Mean residence time in global water budget
Calculate the mean residence time of water that exists on the land and in the
atmosphere, using the values provided in Fig. 1.3.
(Solution)
The annual mean precipitation on the lands (sum of annual evapotranspiration

and runoff from the land) is 107 x 102 m3yr—!. The total volume of water stored on




1.3 Mean Residence Time

and beneath the land is (43,400 + 360 + 15,300 + 2) x 10"m?*. Therefore, the mean

residence time of water on the land is:

(43,400 + 15,300 + 360 + 2) x 10'? m?
107 x 102 m3yr—!

= 552 year

The annual precipitation on the lands and oceans is (107 +398) x 10?m3yr—!. The
total volume of water stored in the atmosphere is (4.5+11) x 10"?m?. Therefore, the
mean residence time of water in the atmosphere is:

(4.5 4+ 11) x 102 m?
(107 + 398) x 10'2 m?yr—!

= 11.2 day

The mean residence time of water in the atmosphere is very short, indicating that
water is frequently exchanged with heat energy.

The volume of water in snow ice and groundwater accounts for more than 99%
of the water on and beneath the land, and runoff from snow ice and groundwater
accounts for less than 10%. Assuming only surface water and water in vegetation
move, the mean residence time of the water on the land is

(360 + 2) x 102 m?
107 x 10'2 m3.yr !

= 3.4 year

Most of surface water is stored in lakes and soil layers. Movement such water is
slower than that of water in rivers. Therefore, the mean residence time of water in

rivers is estimated as several ten days.

0 Example 1.90 Mean residence time in dam reservoirs

Table 1.3 shows the characteristics of the largest dams in Thailand and Japan.
How many years it take to completely replace the water in the full storage capacity
at the Bhumibol Dam, the Tokuyama Dam, and the Hiyoshi Dam? Use the annual
hydrologic variables in Table 1.1.

Table 1.3: Characteristics of the dams in Thailand and Japan.
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Dam Storage capacity(x10°m?®) Catchment area (km?)
Bhumibol Dam 13,420 26,400
Tokuyama Dam 660 254.5
Hiyoshi Dam 66 290
(Solution)

The annual inflow to the Bhumibol Dam is 182 mm/yr x 26,400 km?. The mean
residence time of the dam reservoir is given by dividing the storage capacity by the

annual inflow:
13,420 x 10° m?

—98
26,400 km? x 182 mm/yr vear
Similarly for the Tokuyama Dam
660 x 105 m?3 »
= 4. ear
254.5 km? x 1088 mm/yr Y
and for the Hiyoshi Dam
66 x 105 m?3
o — 0.21 year

290 km? x 1088 mm/yr
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2. Modeling of Rainfall-Runoff
System

One of the main tasks of hydrologists is to predict river discharge from rainfall,
snowmelt and evapotranspiration information under an initial condition (initial soil wa-
ter) and catchment physical characteristics (topography, soil, vegetation) of a basin. The
hydrologic cycle of a river basin can be regarded as a runoff system in which hydrologic
processes such as evaporation, transpiration, infiltration, subsurface runoff, and surface
runoff interact with each other. A straightforward way to predict river discharge is to
represent the runoff system by combining mathematical descriptions of dominant hydro-
logic processes. This mathematical representation is called a rainfall-runoff model. A
rainfall-runoff model is essential for river planning and river basin management. Rainfall-
runoff models include conceptual runoff models, spatially distributed models and land
surface hydrologic models, which have been developed based on the advancement of ob-
servation technology such as precipitation radar, land surface remote sensing, and other
geographical information.

Keywords : runoff system, rainfall-runoff model, distributed rainfall-runoff model, land

surface hydrologic model

2.1 Rainfall-Runoff System and Rainfall-Runoff Model

2.1.1 Rainfall-runoff system

Rainfall on a catchment moves through various pathways and flows into a river chan-
nel. This process can be regarded as a runoff system that consists of various interrelated
subsystems transforming inputs to outputs. The purposes of the Runoff analysis are to
characterize governing physical and statistical principles, to elucidate the interrelationship

among the subsystems, to create a mathematical model that represents a behavior of a



14 2. Modeling of Rainfall-Runoff System

Evapotranspiration

A

Precipitation

(Canopy interception)

River basin

v

Slope runoff system

! Surface runoff ———» Overland flow  }—|

River system

Subsurface runoff ——» Subsurface flow | —f

!

(Capillary rise) (Infiltration)

v

Groundwater system Groundwater flow

.
I

(Infiltration)
A4

Fig. 2.1: Rainfall-runoff system (Takasao, 1967, 1975).

subsystem and an interrelationship of subsystems, and to predict rainfall-runoff phenom-
ena. Takasao defined the runoff system and indicated the research direction to understand

the runoff system as described below (Takasao, 1967, 1975):

A runoff system refers to an ordered set of homogeneous subsystems that are gov-
erned by a physical or statistical principle. To understand the characteristics of a
runoff system consistently and quantitatively, it is necessary to clarify the mechanism
of subsystems and the interrelationship among the subsystems, and to describe the
entire system systematically.

Fig. 2.1 shows a block diagram of a runoff system, which represents the flow path
of precipitated water on a catchment and the interrelationship of the hydrologic sub-
systems. A rectangular block stands for a subsystem; a circular block for an input or
output; and an arrow for the direction of the input and the output. Three items that

characterize a runoff system are:

Input which is external forcing variables to drive the system, for example, rainfall;
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Output which is the resultant variables by the system, for example, slope runoff; and

System parameter which that control the dynamic behaviors of the system, for

example, topography gradient, runoff recession constant.

An output of a subsystem may serve as an input to other subsystems as the arrow
indicates.

To clarify the runoff system needs extensive researches, which include (1) observation
of runoff phenomena and (2) development of a mathematical model that expresses
the behaviors of the runoff system. These studies are closely related with each other.
Hydrologic variables to be observed and their observation criteria depend on structures
and descriptions of hydrologic models, and a representation of a mathematical model is
definitely based on the observation of runoff phenomena. To recognize the interaction
of hydrologic observation and the model development is the only way to understand a

runoff system properly.

A runoff system consists of the natural processes shown in Fig. 2.1. Human ac-
tivities affect the natural system such as water intake from river and groundwater, dam
reservoir operations. The transport processes of sediment, water quality and temperature
diffusion also interact with the hydrologic cycle. To predict the runoff phenomena, un-
derstanding of the subsystems and the interrelation among subsystems are fundamental.
The entire system model is developed by combining the mathematical subsystem models

which represent the hydrologic behaviors of subsystems.

2.1.2 Components of rainfall-runoff system and their modeling

Fig. 2.2 shows an example of a spatial division of a catchment to identify the sub-
basin that connect to each channel segment. A runoff system of each sub-basin as shown
in Fig. 2.1 is modeled as a sub-basin rainfall-runoff model and the sub-basin models are
connected to develop the entire runoff system model. Major subsystem components in a

runoff system are as follows:

Hillslope runoff system that receives precipitation and transforms it into surface runoff

and subsurface runoff.
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AU

Fig. 2.2: Sub-catchment that forms a part of the entire hydrologic system.

River flow system that receives hillslope discharge and groundwater discharge, and

routes them to downstream.

Groundwater system that receives infiltration from the hillslope system and provides
groundwater discharge to the river system. The groundwater system and the river
system interactively exchange water. In an alluvial fan and its downstream area,

the river water may be supplied from the river system to the groundwater system.

Inundation system that receives precipitation and flood water from the river system

and distributes flood water to a flood plain or urban district.

Human system that gives an impact on the natural hydrologic cycle such as dam reser-
voir control for flood disaster mitigation/prevention, water supply for agricultural,
industrial and urban use; water intake from the river system and the groundwater

system for agricultural, industrial and urban use.

Various subsystems in association with the hydrologic cycle such as sediment runoff,
substances movement, water quality and water temperature change, vegetation

growth.

A runoff model refers to a mathematical system model that expresses the hydrologic

behaviors of a subsystem using governing equations, which enables to predict runoff phe-
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Fig. 2.3: Water movement in a sub-basins.

nomena. Adding components of a runoff system described above, a rainfall system and
an evaporation system also play an important role of subsystems. Fig. 2.3 illustrates the
flow of water in a sub-basin, where hillslope flow and river flow routing are dominant hy-
drological processes. Runoff and flood routing of an entire basin are modeled by spatially
combining sub-basin models representing hillslope flow and river flow processes.

In the hydrologic cycle, people use the water and modify the natural hydrologic
cycle. Irrigation and drainage projects for agriculture, water supply and sewage system
development, reservoir operations for flood control and various water use are major human
intervention for the natural hydrologic cycle. These processes influence each other and
constitute an actual runoff system. River flow is no longer a natural process, which receives
impact of human activities. For river planning and river basin management, a hydrologic
simulation model that explicitly includes the effect of human activities on the hydrologic

cycle can reproduce actual runoff behaviors and predict future runoff phenomena.

2.1.3 Applications of rainfall-runoff models

One of the applications of a rainfall-runoff model is to understand a runoff system
and clarify the interrelationship of subsystems. Engineering applications include to de-
sign hydraulic structures for flood control and water resources, to predict river flow for
mitigation of flood and drought disasters, and to assess the impact of environment and

climate changes on hydrology. The applications are summarized as:

1. understanding of the hydrologic cycle
2. river flow prediction for river planning

3. realtime river flow forecasting
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4. long-term river flow predictions for water resources
5. prediction of the hydrologic cycle due to environmental change
6. predictions in ungauged basins

The appropriate structure of a runoff model can be different depending on the objectives.

(1) Understanding of the hydrologic cycle

Hydrological observation cannot provide all aspects the hydrologic cycle. To deepen
the understanding of a runoff system, not only to observe the runoff system, but also to
develop the theory that explains the runoff system in the river basin is important. A
rainfall-runoff model is a mathematical representation that expresses the theory. Runoff
Analysis includes observation of the hydrologic cycle, development of a theory that
explains it, and understanding it through the observations and the theory. A rainfall-
runoff model that provides a spatiotemporal distribution of hydrological variables inside
the river basin helps the understanding of the runoff system. A framework that enables
to simulate the spatiotemporal distribution of hydrologic variables is indispensable to link

the observation and the theory.

(2) River flow prediction for river planning

To prevent and mitigate flood disasters, construction of hydraulic structures such as
levees, flood control basins, and dam reservoirs are effective. For effective designs of the
sizes and locations, to predict a flood hydrograph (design flood) using a rainfall-runoff

model is essential.

(3) Real-time river flow forecasting

For issuing flood alert and efficient operation of hydraulic facilities, real-time river
flow forecasting is effective. A rainfall-runoff model and rainfall forecasts with several

hour lead time are helpful to forecast river flows.
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(4) Prediction of the hydrologic cycle under environmental change

The hydrologic cycle may change significantly due to the changes of river basin en-
vironment, social conditions, and climate. To predict the hydrologic cycle under environ-
mental change is one of the main tasks of a rainfall-runoff model. A runoff model for this
purpose should allow proper model parameter setting due to the environmental changes.
A conceptual model whose model parameters are determined only by observation data
may not be reliable for this purpose. Because it is impossible to determine the model pa-
rameters under the environmental change. A physically-based rainfall-runoff model may

be useful with physically reasonable model parameters under the change conditions.

(5) Predictions in ungauged basins

Hydrological observation is the basis of hydrologic predictions for flood prevention
and water resources. However, there are some regions that hydrological observation
is insufficient regardless the social needs of hydrologic predictions. A physically-based
rainfall-runoff model and a meteorological /climate model are effective tools to realize the

prediction in ungauged basins.

2.2 Classification of Rainfall-Runoff Models

A rainfall-runoff model is expressed as follows in general:
Q(z,t) = f(R(z,t), catchment characteristics, initial condition)

where Q(x,t) is the river flow rate at a spatial point = at time ¢; R(x, ¢) is the precipitation
intensity associated with the river flow at x and ¢; and f is a rainfall-runoff model that
represents the runoff process for transforming rainfall intensity to the river flow rate.
The catchment characteristics include topography, land use, geology of the river basin
and these characteristics are introduced as model parameters of the rainfall-runoff model.
The initial condition means the initial values of state variables in the rainfall-runoff model
such as soil moisture which represents the wet and dry condition of the river basin.

A rainfall-runoff model is constructed by combining the hydrologic processes, such as
evapotranspiration, interception, infiltration, hillslope runoff, and channel routing. Con-

sider a rainfall-runoff model that aims for flood prediction in small river basin (several
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o Duration of forecasting

— Short-term runoff model

— Long-term runoff model
o Model structures

— response model
— conceptual model

— physically-based model
o Lumped and distributed

— Lumped model

— Distributed model

Fig. 2.4: Classification of rainfall-runoff models.

thousand km?). Rainfall amount which causes a flood disaster reaches 100 mm or greater
per day. Meanwhile, the amount of evapotranspiration is as small as 6 mm per day even
under the conditions in summer sunny day. Therefore, the important hydrologic processes
in the rainfall-runoff model is the hillslope runoff and the channel routing. Meanwhile,
taking into account the long-term river flow prediction, evapotranspiration plays a major
role to determine the river flow rate. In such a case, a rainfall-runoff model needs to
include the process of evapotranspiration.

As described above, hydrological processes and data required for a rainfall-runoff
model vary depending on the purpose. The type of a rainfall-runoff model is also different
depending on whether the runoff model is aimed at forecasting the river flow rate only at
the outlet of the river basin or spatiotemporal changes of hydrologic variables. Fig. 2.4

shows the classification of rainfall-runoff models.

2.2.1 Short-term and long-term rainfall-runoff models

In terms of the duration of forecasting, runoff models are categorized into the short-

term and long-term runoff models. A short-term rainfall-runoff model is used for
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reproducing /forecasting runoff with the duration of several hours to several days. A
short-term runoff model is often called a flood runoff model. A long-term runoff
model is used for predicting water resources conditions. The model is requested to

reproduce/forecast for long-term flow conditions over several months to years.

2.2.2 Response, conceptual and physically-based rainfall-runoff

models

In terms of model construction, runoff models are categorized into a response
model, a conceptual model, and a physically-based model. Taking a short-term
runoff model as an example, the input to the model is rainfall intensity, and the output
from the model is flow rate. Only realizing the input and output as a time series data,
a response model aims to determine the relationship between input and output just
systematically. A response model is sometimes called a black box model, because it
does not explicitly treat the physical processes in the runoff system.

A conceptual model expresses rainfall-runoff system conceptually. The Tank model
(Sugawara, 1972), the storage function method (Kimura, 1962), the TOPMODEL (Beven
and Kirkby, 1979) are the examples of conceptual models. The Tank model treats catch-
ment storage as combinations of several tanks.

A physically-based model consists of the physical equations of the continuity and
momentum conservation. The kinematic wave model is one of physically-based rainfall-

runoff models.

2.2.3 Lumped and distributed rainfall-runoff models

In terms of the spatial structure of a rainfall-runoff model, it is classified into a
lumped model and a distributed model. When the priority is placed on forecasting at
a specific point and the spatial distributions of rainfall and other geographical conditions
within a basin can be assumed to be uniform, a lumped rainfall-runoff model may be
selected. The input data to a lumped runoff model is a spatial average of rainfall and
evapotranspiration intensity in the basin. A lumped model does not include the space
dimensions in the governing equations, which are generally formed as ordinary differential

equations with time as an independent variable.
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On the other hand, sometimes predictions of spatial distribution of soil moisture and
flow movement is requested. For the purpose, a rainfall-runoff model that predicts a
spatiotemporal distribution of hydrological variables is required. A runoff model of this
type is called a distributed runoff model. The input of a distributed rainfall-runoff
is the spatiotemporal rainfall observation such as radar observed rainfall, the spatial
distribution of topography, land use, geological condition of the river basin. A rainfall-
runoff model that takes into account spatial hydrological variables can also be realized
by spatially combining several lumped models for sub-basins. Including these hydrologic
models, a hydrologic model that can consider spatial distributions of hydrologic variables

is called a distributed runoff model.

2.3 Lumped Rainfall-Runoff Model

2.3.1 Rational formula

A relational formula is used for estimating the maximum flow rate from a drainage
basin during a rainstorm. Suppose that spatial mean rainfall intensity in the study basin
is R [mm-h']; the area is A [km?]. Then the maximum flow rate @) [m?*s~!] from the

outlet is expressed as
1
Q= fxr [mmh']x A [km?] = %fRA [m3s™!]

where f is a non-dimensional coefficient having a value of 1 or less, called the runoff
coefficient, considering rainwater that does not contribute to the flood runoff by inter-
ception and infiltration etc. The constant 1/3.6 is a coefficient required to transform the
unit.

The rational formula expresses the relationship between the rainfall intensity and
the flow rate at the time at which the flow rate reaches its maximum when the rainfall
continues at a constant intensity. Theoretically, as explained by the kinematic wave
model, this formula assumes the steady state condition, meaning that the characteristic
curve departing from the upper end of the hillslope has reached the lower end when the
rainfall continues at a constant intensity. The rational formula is used for the design of

hydraulic facilities for small-scale basins (10km? or smaller).
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Fig. 2.5: Concept of unit hydrograph method

2.3.2 Unit hydrograph method

Suppose that in the case where rainfall whose size is 1 at time ¢t — 7,7 > 0 is applied.
Then, the runoff intensity at time t is expressed as u(7), and the runoff intensity at time ¢
due to the rainfall intensity (¢ —7) at time ¢ — 7 is expressed as u(7)r(t — 7). This u(7) is
the unit hydrograph method and is known as the unit impulse response function. The
unit hydrograph method is a way of modeling the process of transformation of rainfall to
runoff by overlapping the runoff intensities.

When the rainfall intensity is expressed as 7. (t), the runoff intensity (height of runoff)
is expressed as ¢(t), the runoff intensity at time ¢ due to the rainfall intensity r.(t — )
at time ¢ — 7 is expressed as u(m)r(t — 7), and the runoff intensity at time t due to
the rainfall intensity r.(t — 7») at time ¢ — 75 is expressed as u(72)r.(t — 72). Add them

together, and we find the runoff intensity at time ¢, as shown in Fig. 2.5, as follows:
q(t) = u(m)re(t — 1) + u(m)re(t — m)

Therefore, the runoff intensity due to the continuous rainfall intensity r.(¢) is given by

integrating the runoff intensity due to the rainfall before time ¢:

q(t):/ooou(T)Te(t—T)dT, /Ooou(f)dfﬁ (2.1)

Here, we derive an equation using the unit hydrographs of discrete time. Consider

specific time T', and suppose that when 7 > T, u(7) = 0, and that

/0 D) = 1

We set At = T /N, where N is a positive integer. Suppose that an amount of rainfall

is obtained at an interval of this time, and the amount of rainfall P,_pA; between time
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t—(k+1)At tot — kAt is
(k+1)At
P gt = / re(t — 7)dT
kAL

Suppose also that the rainfall intensity is constant at an interval of time divided by At
and that the amount of rainfall between time ¢ — (k+ 1)At to t — kAt is P,_ga¢/At. Here,
on the basis of Eq.(2.1), ¢(t) is expressed as

q(t) = /OOO u(T)re(t — 7)dr = /OT u(r)re(t — 7)dr

At 9AL
_ h u(r)dr + Fia / u(T)dr + - -

Kt 0 At At
Py kas /<k+1)m Py (N—1)at /NAlt
+ u(T)dr + -+ —— u(r)dr
At Jpa (7) At (N=1)At (7)
Here, suppose that
1 kAt
Uy = —/ uw(r)dr, k=1,2,--- /N (2.2)
At J(k—1)at

Uy is the offset of the hydrograph of the discrete time. Using Equation (7.7), we can
express the height of runoff ¢(¢) of time ¢ as

qit) = PU +P_nUp+---+ Pr_x—1yatUx + -+ P_(n—1)atUn

N
= Y Prg-nalk (2.3)
k=1

and the amount of runoff from the drainage basin is given by multiplying ¢(¢) by the
area of the drainage basin. As shown in Fig. 2.6, a flow rate hydrograph represents the
addition of unit hydrographs multiplied by the amount of rainfall per unit time for every

specific period of time.

2.3.3 Tank model

Tank models express the runoff from a basin conceptually by combining several tanks
with outlets at their side and bottom. While there are various combinations of tanks with
different outlet settings, a four-layer tank model as shown in Fig. 2.7 is often used in
Japan. Conceptually, runoff from the upper tank is considered surface runoff, from the
upper to lower tank as infiltration, and the runoff from the lower tank as groundwater

discharge.
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Fig. 2.6: Estimation of runoff by overlapping unit hydrographs

In Fig. 2.7, r is the rainfall intensity; e is the evapotranspiration intensity; s; is the
height of storage for the first tank; ¢, ¢o and g3 are overland flow, subsurface flow, and
infiltration to the lower tank for the first tank. Suppose that h; and h, are the heights
of the outlets of overland and subsurface flow; ay, as and a3 are the parameters of the
runoff to these outlets and the bottom of the tank. Then, the continuity equation of the

first tank is given by
dSl

At

The amounts of runoff of the side flow and the downward flow are

=r—e—q —4q2 — g3

01(81 — h,l), if s1 > hy 0,2(81 — hg), if $1 > ho
q2 = 43 = azsy
0, if S1 S hl 0, if S1 S h/2

<
'S
I

2.3.4 Storage function method with effective rainfall model

A storage function method with an effective rainfall input is often used for flood
simulation for Japanese catchments. Suppose that the height of storage is s; the direct
runoff height is ¢; the effective rainfall intensity is r.; and model parameters as k, p and
Tr. The storage function method consists of the continuity equation and the relation

between the storage and runoff as:

d
d—‘; =r.(t—T,) —q, s=kq" (2.4)
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Fig. 2.7: Structure of the tank model.

Suppose that r(¢) and ¢, denote the catchment average rainfall intensity and the initial

time of calculation, respectively. The effective rainfall intensity 7.(¢) is given by

fir(t), when 0 < /tT(T)dT < R,
Te(t) = y Tt (2.5)
r(t), when / r(T)dT > Ry,

to
where f; (0 < f; < 1) is the parameter relating to effective rainfall. The value of f; is
usually determined by the relationship between the total amount of rainfall observed in
the basin and the direct runoff height. The total amount of runoff Q(¢) is expressed as
the sum of direct runoff ¢(¢) multiplied by the area of the basin A and the base flow rate

Qp as
Q(t) = Aq(t) + Qs(1)

Note that this storage function method is different from Kimura’s storage function
method in terms of the model structure. Kimura's storage function method deals with
two types of storage amount: the amount of storage in the runoff region and that in the
infiltration region. f; means the ratio of the area of the runoff region to the area of the
entire drainage basin. Effective rainfall is considered a part of the model of flow. On
the other hand, this storage function method deals with one type of storage amount. f;
and R, are used as parameters of the effective rainfall model that is separated from the
model of flow. Several effective rainfall models were adopted to calculate direct runoff for

the storage function method.
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Fig. 2.9: Catchment modeling.
2.4 Distributed Rainfall-Runoff Model

2.4.1 Open-book type catchment modeling

A simple representation of basin topography is provided by an open-book catchment
model as shown in Fig. 2.9(a). As its name implies, an open-book catchment model
consists of two rectangular planes and a stream. Rain water flows on the planes and flows
into the stream, and then the stream flow is routed to the basin outlet. The flows on the
rectangular plane and the stream are routed using a flow model such as the kinematic
wave model. This forms a simple approximation of catchment hydrology. The entire

system model is constructed by a cascade of the open-book element models as shown
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Fig. 2.10: Flow direction information generated from a digital elevation model.
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Fig. 2.11: Flow direction map for the Maruyama River basin.

in Fig. 2.9(b). Spatial distribution information of topography, soil characteristics, land

cover and rainfall intensity are used for each modeling of sub-catchment.

2.4.2 Catchment modeling using digital elevation models

Digital elevation models (DEMs) are available at any catchments with a high spatial
resolution enough to describe local catchment topography. For example, HydroSHED
(Hydrological data and maps based on SHuttle Elevation Derivatives at multiple Scales,
http://hydrosheds.cr.usgs.gov/index.php) provides hydrographic information for regional
and global-scale, which includes digital elevations, flow directions determined by the steep-
est gradient with the eight direction method (Fig. 2.10), and flow accumulation with the
spatial resolutions of 3 arc-second (about 100m), 15 arc-second (about 500m) and 30

arc-second (about 1km).
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Fig. 2.12: Slope element based on flow information.

After deriving the flow direction information, it is easy to define a river basin to
contribute the outlet of a basin as shown in Fig. 2.11, which is formed a set of slope units
connected according to the flow direction using a 250m resolution DEM. Fig. 2.12 is a
schematic drawing of distributed flow modeling on the derived flow direction information.
For each slope unit, its area, length and gradient used for a flow model are easily calculated
using DEMs. A rainfall-runoff is applied to slope units and generated runoff is routed
according to the flow direction information. Not only water movements, sediment and
substance movements are also calculated based on the spatial distribution of rainfall
intensity, topography, geography, and land use. One of typical distributed models is the
1K-FRM http://hywr.kuciv.kyoto-u.ac.jp/products/1K-DHM /1K-DHM.html.

2.4.3 Flow modeling in hillslope and channel network

To represent flows in a hillslope and a channel network, various numerical models
are used. To calculate runoff from a hillslope, rainfall-runoff models such as Tank Model,
TOPMODEL, the kinematic wave model are used. To calculate river flow, a flow routing
model such as Muskingum method, kinematic wave model, dynamic wave method is used.
Model selection is due to the purpose of hydrologic and hydraulic analysis.

A physically-based flow model for hillslope flow is the kinematic wave model. Assum-
ing a rectangular slope as shown in Fig. 2.13, z is the distance measured perpendicularly
from the upper end of the hillslope ¢ is time; r(z,t) is rainfall intensity; e(x,?) is evap-

otranspiration rate; p(x,t) is infiltration rate; ¢(x,t) is unit width flow rate from of the
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Fig. 2.13: Flow modeling using the kinematic wave model.

hillslope; h(z,t) is water depth measured perpendicularly from the hillslope; and L is
the hillslope length. Subtraction of evaporation and infiltration intensity from rainfall
intensity forms the effective rainfall intensity r., and suppose that it is supplied to the
hillslope. The equation of continuity and the equation of motion of the hillslope flow are

%4égzn@¢¢4ﬂﬁn_m%w—4%nhwe
q:f(l',h,)

The unit width flow rate at the lower end of the hillslope is given as ¢(L, t).
The hillslope runoff is the input to the river routing model. The continuity and

momentum equations of the channel flow routing are expressed as

04 0Q
ot + 8—y =qr(y.t)

where ¢, (y,t) is the slope runoff at distance y along the river channel, Q(y,t) i the flow
rate of the river channel, A(y,t) is the flow area. By connecting flow routing model

spatially, an entire distributed rainfall-runoff model is constructed.

2.5 Land Surface Hydrological Model

Land surface hydrological models have been introduced as the bottom layer of atmo-

spheric general circulation models (AGCMs) and meso-scale atmospheric models (MSMs).
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Fig. 2.14: Coupling of atmospheric model, land surface model and river routing model.

These models, known as soil-vegetation-atmosphere schemes (SVATSs), describe
transfer of water and thermal energy among the atmosphere, vegetation, and soil, as
shown in Fig. 2.14. A typical land surface hydrological model is the simple biosphere
(SiB) model.

This model supposes that vegetation consists of two layers: the vegetation layer (the
upper layer) represents the canopy of trees and shrubs and the land surface (the lower
layer) represents the grass land and the bare soil. The soil underneath the land surface
is considered to consist of three layers: the first layer undergoes significant daily changes
in soil moisture and is several centimeters thick; in the second layer soil moisture changes
due to transpiration from trees, shrubs, and grasses; and in the third layer soil moisture
changes due to transpiration from trees and shrubs. The latent heat transport, the sen-
sible heat transport, the soil moisture content, the canopy temperature, the land surface
temperature, and the soil temperature are given by a system of the energy balance
equation and the water balance equation with the temperature and the moisture

quantity in each layer as unknown variables.

2.5.1 Energy balance equation

Fig. 2.15 shows hydrological quantities relating to energy balance, except snow cover

and snowmelt, among the variables used in the SiB model. The energy balance equation
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Fig. 2.15: Energy balance of land surface model SiB (Simple Biosphere Model) (excluding
snowfall and snowmelting).

of the canopy layer at temperature 7, is expressed as

drT.,
CC% — Rn,c - Hc - )\(E'wc —|— Edc) (26)

where C. represents the heat capacity of the canopy layer; R, . represents the net radiation
supplied to the canopy layer; H. represents the sensible heat flux from the canopy layer;
and E,,. and E,. represent the interception evaporation and the evapotranspiration from
the canopy layer.

The energy balance equation of the land surface that combines the grass land and
the bare soil land, at the land surface temperature 7, is expressed as

AT,

Cos dt

:Rn,gs_Hgs_)‘( wg T dg T+ s)_G

where Cy; is the heat capacity of the land surface that combines the land cover and the
bare soil base; R, 4, is the net radiation supplied to the land surface; H,, is the sensible
heat flux from the land surface; F,, and E,, are the interception evaporation and the

evapotranspiration from the land surface; and E is the evaporation from the bare soil.

2.5.2 Water balance equation

Fig. 2.16 shows hydrological variables relating to the water balance, except snow

cover and snowmelting, among the variables used in the SiB model. When the interception
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Fig. 2.16: Water balance of land surface model SiB (Simple Biosphere Model) (excluding
snowfall and snowmelting).

precipitation amounts of the canopy layer and the grass land are represented by M, and

M,, respectively, the water balance equations are expressed as follows:

dM, 1
= P,—D,— —E,, (2.7)

dt Pu

dM, 1
L = P-Dy- Ly (2.8)

where P, and P, represent the precipitation amounts to the canopy layer and the grass
land; D, and D, are the water drainage from the rainfall storage intercepted by the canopy
layer and the grass land; and p,, is the density of water. P, and P, are determined by
factors including the fractional areas covered by the canopy layer and the grass land cover.

When the saturated ratio (=volumetric soil moisture content /porosity) of each of the
three soil layers is represented by Wi, W5 and W3, the time variation of saturated ratio

is expressed as follows:

AW, 1 1
dt = HSD] {Pl - QI,Z - p_w(Ee + Ed(},l + Edg,l)} (29)
dW. 1 1
dtQ = 4., {Q1,2 — Qa3 — z(Edc,? + Edg=2)} (2.10)
dWs 1 1
- s F 2.11
dt 0,Ds {Qz,s Q3 u dc,3} ( )

where 6, is the soil porosity; D;, Dy and D3 are the soil depth of each layer of the soil;

Py is the infiltration of rainfall into the first layer; ;9 and ()3 are the soil moisture
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transfers from an upper layer to a lower layer; Py — P; is the precipitation excess to the
outside of the region; and ()3 is the gravitational outflow to the outside of the region.
Ejc 23 represents the transpiration absorbed by the root system spreading each layer of
the soil, and Fg4 12 is the transpiration absorbed by the root system of the grass land
spreading in the first and second soil layers.

When P represents the precipitation intensity on the canopy layer and P, represents

the precipitation intensity supplied to the soil, Py and P; are expressed as
PO:P—(PC+PQ)+(DC+D9)
Pl = min(PO, k’l)

where £y is the hydraulic conductivity at the land surface. This expression indicates
that the precipitation intensity less than the hydraulic conductivity at the land surface
infiltrates into the soil layer, and that the precipitation amount exceeding the hydraulic
conductivity outflows to the outside of the region. Therefore, the runoff @,,; flowing out
of the region is given by
Qout = Po — P1 + Q3

Here, eight equations, Eq.(2.6) — Eq.(2.11), and eight variables, T,, T,s, T4, M., M,, W1,
Wy and W3 need to be solved. The right-hand side of each of Eq.(2.6) — Eq.(2.11) is
expressed as functions of these eight variables. By solving this system of ordinary differ-
ential equations, the land surface temperatures and the moisture contents are obtained.
The runoff flowing out of the region ), is routed through river channels using a slope

runoff model and a river routing model.
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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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SECTION 1

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 b_y 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.

Chao Phraya River Flood, Thailand
Rangsit Canal on 12 Nov 2011

Shigenobu Tanaka
Water Resources Research Center, DPRI, KU

Explanatory Hazard Variable for Flood Damages

What is the key variable for representing flood magnitude?

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
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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 )



Peak discharge

Flood frequency can be Catchment average rainfall

expressed in terms of during design rainfall duration Good relationship |F|00d Damage $|

Inundation volume !

Expected Annual Flood Damage

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.

Inundation frequency in Chao Phraya basin
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rainfall and calculated Inundation volume in the
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Discharge and water level of the Mekong River in
Campong Cham, in Cambodia.
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SECTION 2 Relationship between how much rainfall
’ and how often

When you have a set of observations (X, X,, . . ..,X, . . ., X ), select arbitrary bin
TERMINOLOGY y (X%, , ") &
width, for example, 20 mm in the following example and count the number of X; which falls in
* Histogram each bin such as 6 for from 40 to 60 mm and 30 for 60-80 mm. Histogram plots these numbers
* Random variable : usually expressed by T T T T T T T againSt bin speciﬁcations. HiStOgram
X, lower case x a possible value of X F — . 1 shows relative frequencies of variables.
* PDF : Probability Density Function, 2sh Hlstogram 1 Total of the number of each bin is equal
usually expressed f(x) to sample size n. It is seen that the
* CDF : Cumulative Distribution Function, g or ] frequency of big rainfall becomes
usually expressed by F(x) ;: 15 1 small, that is, extreme event occurs
* Non-exceedance probability : usually b 2 seldom.
expressed by F or p
- Exceedance probability : 1-For g 5 ] Next, if we consider total area of the
. . . . . histogram as 1, the height of each bin
* Quantile : x, is expressed inverse form of 0% 100 150 200 250 300 350 0 lati f heiht of
L(xp)=p Annual maximum daily rainfall will be relative requeHCY( eight o

‘ ‘ ‘ each bin divided by sample size)

* Return period : - s . X . .
! 0010 divided bin width. So, the dimension of
T = - N . 1 . . .
- /\ Hlstogram y ?;;els )wI111 hpe 1/(;11mﬁn510n of
Z 0.008 - — . variables). In this sample, there are no
2 with PDF :
3 data between 280-360 mm. It is
2 0.006 - R .
B 0006 expected when the sample size become
2 oooaf 1 very big and the width of bin become
very small, the envelope will be rather
0002 - 1 smooth.
0005 50 0010 w0 0w
Annual maximum daily rainfall Flg 2.1 Hlstogram and PDF ﬁttlng

5

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 7 is defined as 1/(1-p), the
reciprocal of the exceedance probability. When p=0.95, 1-p=0.05, for example, then 7=20.

* Mean of a random variable X

=E[X . . . .
#e = EIX] Confirm the relationship between PDF and CDF in the pictures below.
*Variance : Var(X) or o‘f ‘
2 .y
oy = Var(X) = E[(X — 1) ] 0010 PDF : Probability
Density Function
* Sample : a set of observations L. 0008 1
(XX - . X .. LX) E
2 0006]
. Samole size : n E exceedance
am: ze : ..
' 2 ool Probability :1-p |
PR R & Mean
. Sample estimatorsj, =X =— ) X;
n = 0002 [ ]
1 n 2
A2 _ @2 e
=s?= (X - X) ‘ ‘
* n—1 g‘ ! 00005 100 200 300 400
B Annual maxim‘m daily rainfall
(unbiased estimator)
pd 3
- CDF:
S 081 . i
5 Cumulative
E ool Distribution ]
B Function
2 o4l ]
2
= po
Eloaf h
00 , , .
0 AI00 200 A 300 400
Annual maxindm daily|rainfall
no damage design .
level level Fig. 2.2 PDF and CDF
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SECTION 3

e )

EXTREME VALUE
THEORY

* Block Maximum : Annual Maximum

Series(AMS)

Generalized Extreme Value(GEV)
distribution

e\ Wk
F(x) = exp |:—<1 —k£> :|
a

Gumbel distribution

F[x] = exp [7exp{fx =< }]
a

POT

* Peaks Over Threshold
Generalized Pareto (GP) distribution

o\ Kk
G(x):l—(l—k“‘ é)

a

Exponential distribution

Gx)=1- exp{—ﬁ}
a

Threshold Selection : SMEF(Sample Mean

Excess Function)

Relationship between AMS and POT

F) = exp{ ~A(1- Gw) }

Extremes and Extreme Value Theory

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

1/k
F(x) = exp [—(1 —k%) ] G-1)

which is called Generalized Extreme Value(GEV) distribution, and where ¢:location parameter, a:
scale parameter, k : shape parameter. When k < 0, GEV is Fréchet-type distribution and has a
finite lower bound x > & + a/k, on the other hand, when k& > 0, GEV is Weibull-type distribution
and has a finite upper bound x < & + a/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 =0, this equation becomes Gumbel distribution.

F(x) = exp {—exp(—x ~ é) } (3-2)
a

where —c0 < x < 0.

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
GEYV 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.
1k
Gy =1- (1 - ku> (3-3)
[04
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where ¢:location parameter, a: 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).

Gx)=1- exp{—ﬁ}
a

(3-4)

-1
Xy
a

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

g = (3-5)

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
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Fig. 3.1 Example of AMS and POT
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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.
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Fig. 3.2 Histogram of AMS and POT
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There is an equation (3-6) which connects AMS and POT.

Fx) = exp{ —2(1-Gw) } (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, A: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.

> (x5 = u)I(u < x;)
) = ——;
Z,-:11(” < x;)

where, /(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

(3-7)

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

SECTION 4

[

PRODUCT MOMENT
+ Mean

j= r; f(x) dx
*Variance ¢°

ot = r; (x = 1) f(x)

*Gumbel Distribution’s mean u and
variance ¢

n=0572a+¢
,  nla?
o- =
6

11

Product Moment and [.-Moment

Product Moment

When PDF of variable x is denoted as f{x), Mean u and Variance ¢? of x are expressed as,

u= J xf(x) dx (4-1)

ot = J_ (x — 1) *f(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 fx). 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.

x—¢&
0 -
- [l

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

p=05T72a+¢ (4-4)
2.2
o= ”6“ (4-5)
12



PWM & L-MOMENT

* Basic idea is integration in probability
space.
1

EX) = J x(u) du

0
* Order Statistics

X= {Xm zn 2 X(n)}

L-MOMENT

* L-Moment (4-11)

A =5

=2 -F

43 =60, = 6} + [y

Ay = 2083 =306, + 126, — f
L-skewness 73 = A3/4,

L-kurtosis 74, = A4/2,

Gumbel Probability Paper
s ? T

L L L L L
50 100 150 200 250
Rainfall  (mm)

Fig. Outlier and its effect

*Unbiased PWM Estimators (4-12)
by=X

nl (n—j
- = n(n — 1)
bl § (n=j)(n=j-1)X;
- = nn—-1)n-2)
Q (=) =i 1) (=i =2)x;)
by =

P n(n — (n —2)(n —3)

general formula (4-13)
PR Al

r
n = (n— l)
J= r

When we replace product moments  and ¢ with sample mean and variance, respectively, we get
the simultaneous equations for two parameters, a and ¢&.

"X
ZaXi =057T2a+¢ (4-6)

Zle (Xi - Y>2 _ r’a? -7
n—1 6

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 x”. 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.

EX)= J xdF(x) = j xf(x) dx (4-8)
With the transformation of u = F(x), then, du/dx = f(x), we can write as follows.
1
EX) = J x(u) du (4-9)
0

For higher r-th order moment,

1
b = J X" du (4-10)
0

13

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)

)“1 :ﬁo
=265
A3 =060, =60, + fy 4-11)

Iy = 208 = 308, + 126, - fy
3 =031, 1=,
The r-th order unbiased PWM estimators are shown in Eq.(4-12).

by=X
n—1 ).
b =5 X
= n(n—1)
:n—z n ]—1) () @12
s n(n -1Dn-2)
P ~ e e e et A AT
A m =D -2 -3)
And Eq.(4-13) is the general formula of Eq.(4-12).
ar (P77 )X
15 ()
— ;Z ( ) (4-13)

(n:l)

Sample estimators /i are obtained by replacing /- by sample estimators b from Eq.(4-12).

14
—81—



PARAMETER ESTIMA-
TION BY L-MOMENT
FOR AMS

* Gumbel Distribution
A =05TT2a+¢
Ahy=a ln 2
* GEV Distribution
2 In2 24, In2
“T3%n 3 3h+4 I3
k ~ 7.859¢ +2.9554¢>
E=1 —a{l -r(1 +k)}/k
dok
(1=279)1 (1 +k)

*Quantile Estimator
*Gumbel Distribution
x=¢(—a ln(—lnF)
*GEV Distribution
a k
x _§+;{1 = (=1nF)*} (K #0)

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

* Exponential Distribution
1
Mh=¢+a, /12=5a

* GP Distribution

when € is known

¢
-9
}'2
a=(1+k)(4 -¢)
\v]len E iS unl{novvn
k:I—3r3
1+

a=(1+k)(2+k)i,
E=2—(24+k)4,

Parameter Estimation by L-Moment for AMS

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

A =05T2a+¢& (@14
Jy=aln 2 14

The quantile x of Gumble distribution is obtained by following equation,
x =£—a In(-InF) (4-15)

where F'is non-exceedance probability.

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

1.0
n=é+a{t-r(1+1) bk 0s
(4-16) = o0

dy=a(l=27%)r(1+k)/k
7 =2(1-3%)/(1-27%) -3 0

0 2 4 6 8 10
The relationship between 73 and £ is not easy to solve but is in

k
simple decreasing function as Fig. 4.1. By defining ¢ with 73 as  Fig. 4.1 relationship between

Eq.(4-17), we can get the approximation of shape parameter k. k and 73
2 In2 2, In2
c=—7—-——=———-—"—,
3473 In3 3A4,+4; In3
k =~ 7.859c +2.9554¢2 (4-17)

After obtaining k, we can easily get scale and location parameters o and ¢ by Eq.(4-16).

15

. S— g=n-a{l-r(1+8) bk

(1=24) (1 +k) 19

Note that Eq.18.2.22¢ 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 =5+%{1 - (-1nF)"} (4-19)

(k% 0)

where F is non-exceedance probability.

[Note]:approximation of gamma function

I'w+1)=wl(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 4 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,

M =¢+a (4-20)
1

Jy=— 4-21

2= 4-21)

and for GP distribution, we need following three equations,

16
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PARAMETER ESTIMA-
TION BY L-MOMENT
FOR POT(2)

* Quantile Estimator
* GP Distribution
x=¢+a{1 —a —G)"}/k

*Exponential Distribution

x::f—aln(l—G)

*POT to AMS transformation
Flx) = exp{ —i(1-Gw) }
*AMS to POT transformation

G =1+ —lni(x)

SECTION 5

PROBABILITY PAPER
& PLOTTING POSI-
TION

* AMS :Gumbel probability paper

¥ = —ln[—ln(l —q,-)]
probability)

i—a

*Cunnane Plot : #=0.40
*Weibull Plot : 2=0
*Gringorten Plot : 2=0.44
*Hazen Plot : 2=0.50

Plotting Position (exceedance

Mh=E+al(l+k) (4-22)

a

A= — 4-23
2T (1+k)(2+k) @29
_ 1=k 4-24
5755k (“-24)
The solution of L-Moment for & is, when ¢& is known,
A=
k:(‘l_f)_z, a=(1+k) (k-2 (4-25)
2
when ¢ is unknown,
1—31;
k= R a=(1+k)(2+k)/12, 5:11—(2+k)/12 (4-26)
1+

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

GP

x=§+a{1—(1—G)k}/k (4-27)
Exponential Distribution

x=¢&— aln(l - G) (4-28)

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

InF
G = 1 + T (4-29)

17

How to use a probability paper

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 ¢; is
plotted at y; in probability axis. And also Gumbel distribution function F(x) is expressed in a straight

¢ =—-"
" n+1-2a
where n : sample size, 1 : order of the
order statistics, « : plotting-position
parameter

line.
3= =In[-In(1-4)] (5-1)
In Japan, generally, probability paper has variable on horizontal axis and cumulative probability
Table 5.1 Plotting Positions
Name Formula a T: Motivation
Weibull i/(nt1) 0 n+l 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

T is the return period each plotting position assings to the largest observation in a sample of size n.

18




on vertical axis(Fig. 5.1). In U.S., probability lies on horizontal axis.

Gumbel Probability Paper

When you plot a sample on a probability paper, you have to know the Gumbe
exceedance or non-exceedance probability for each data of the sample. 99.5
Plotting position shows them. Several plotting position formulas(Table 5.1) GEV
have been proposed to show exceedance probability g; and they are P 9o
expressed in an equation with different a.
i—a % A
= 5-2
= 1" 2a -2
You have to decide which plotting position you use. Cunnane plotting %5 ] /-'
position is recommended for wide range of distribution. After plotting your 77
sample data, you can overlay fitted probability distribution function on it. If FI%] % ;‘.
you do so, you can easily find any return level corresponding return period j
and vice versa. And you can also check the goodness of fit and reason of less 80
performance(Fig. 5.1). 70 /
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 %0 /
Cunnane plot. It is seen the maximum data is plotted about return period 50 30 }
years. Generally, a sample including outliers is fitted by GEV with negative 20 /
shape parameter & in case of the definition as Eq.(3-1). 10 /’l
5
100 200 300 400 500
Rainfall mm
Fig. 5.1 Probability Paper in Japan
19
Table 5.2 Plotting Positions
for sample size 30
(Cunnane plot)
order q F
1 0.02 0.98
2 0.053 0.947
3 0.086 0.914
4 0.119 0.881
5 0.152 0.848
6 0.185 0.815
7 0.219 0.781
8 0.252 0.748
9 0.285 0.715 Gumbel Probability Paper _Gumbel Probability Paper
10 0.318 0.682 . N
11 0.351  0.649 L Gumbel 200 935 Gumbe]
12 0.384 0.616 GEV
13 0.417  0.583 ” / 1 ”? GEV
14 0.45 0.55 98 50 98
15 0.483 0.517 /
16 0.517 0.483 95 . 20 95
17 0.55 0.45 . /
18 0.583  0.417 FLel %0 : 10 Fuer %0
19 0.616 0.384 80 / 5 80 //
20 0.649 0.351 i Z o S/
21 0.682 0.318 / 7/
22 0.715 0.285 50 A 50 f
23 0.748 0.252 30 7 014
24 0.781  0.219 4 o
25 0.815 0.185 s A st
26 0.848  0.152 LA el
27 0.881 0.119 100 200 300 400 100 200 300 400 500
28 0.914 0.086 Rainfall mm Rainfall mm
29 0.947 0.053 Fig. 5.2 Examples of Probability Plot and Gumbel/GEV fitting
30 0.98 0.02 on Gumbel Probability Paper
20
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SECTION 6

>

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

fr()m a tlme Series Sh()ul(l S]"l(’\v alln(’st
identical exceedance probabilities.

GEV is apt to have long tail than GP in

hydrological frequency analysis.

SECTION 6

[

e —

EXERCISE (AMS)

Draw Histgram

Draw Probability Plot

* Obtain Plotting Position ¢;

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, 1/560 and 1/100 Quantiles by
Gumbel and GEV, respectively

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

Frequency Analysis Procedure of a Time

Series

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
L]
Exercise

Groupl 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

Groupl Group2 Group3 Group4 Group5 Group6
A1 103.587 114.13 123.57 123.87 112.183 131.283
Az 19.1547 21.6617 25.3174 32.0489 32.8746 33.573
A3 2.31475 1.66655 4.3902 9.74123 12.9197 6.14245
Aq 0.153344 0.723629 3.436 7.59988 8.65103 1.68383
Az /A1 0.184915 0.189799 0.204883 0.25873 0.293044 0.255729
A3/ Ay 0.120845 0.0769353 0.173407 0.303949 0.393001 0.182958
Ag /Ay 0.00800556 0.0334059 0.135717 0.237134 0.263153 0.0501542
Gumbel distribution
| Groupl Group2 Group3 Group4 Group5 Group6
a 27.6344 31.2513 36.5252 46.2367 47.428 48.4356
parameters:
& 87.6361 96.0918 102.488 97.1822 84.8079 103.326
| Groupl Group?2 Group3 Group4 Group5 Groupb6
1/30 181 202 226 254 245 267
. 1/50 195 218 245 278 270 292
quantiles:
1/100 215 240 271 310 303 326
GEV distribution
| Groupl Group2 Group3 Group4 Group5 Group6
a 29.559 35.2881 36.3413 37.0641 31.7826 47.5198
K 0.078271 0.150927 -0.00543864 -0.199204 -0.320914 -0.0202833
parameters:
& 88.6616 98.4029 102.397 93.4794 79.2591 102.883
| Groupl Group?2 Group3 Group4 Group5 Group6
1/30 177 192 227 273 274 269
. 1/50 188 202 246 312 327 296
quantlles:
1/100 203 215 272 373 414 332
23
REFERENCES Gumbel Probability Paper
99.5
99
98
Hosking, J.R.M. and J.R. Wallis : Regional Frequency Analysis —An
Approach Based on L-Moments—, Cambridge Univ. Press., p.207,
1997. 95
Reiss, R.-D. and M. Thomas: Statistical Analysis of Extreme Values,
Birkhéuser, p.316, 1997.
Fl%] 90
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, o
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Lecture 3: Fundamentals in rainfall-runoff-inundation modelling

Takahiro SAYAMA (4ssociate 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.



Fundamentals in
Rainfall-Runoff-Inundation Modelling

Disaster Prevention Research Institute, Kyoto University

Takahiro Sayama

Water Level Criteria for Flood Warning (Ja

Forecasted water level] |

! Description of the drawing

{[Observed waterlovett

Bupusem pool
Busem pools
Busem pools
Bupusem pool
Bupusem pool

Title of the forecast

Panowas A10SIApe ooty

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
¢ (MLIT)
3

MIKE

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

*  MIKE11
— One-dimensional river routing model

— NAM: A lumped, conceptual rainfall-runoff model
simulating overland flow, interflow and baseflow as a
function of the water storage in each of four mutually
interrelated storages representing the storage capacity of
the catchment.

— SHE: Complex fully distributed process-based oriented
modeling

*  MIKE21
— Flows, waves, sediments and ecology in rivers, lakes,
estuaries, bays, coastal areas and seas in two dimensions

Water Level Criteria for Flood ning (Japan

Flood Danger Water Level

Bank Evacuation Alert Water Level

Flood Watch Water Level

Riverbed Usual water level

When Flood advisory information is issued, 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.

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

Flood Forecasting

Numerical Weather Prediction Model « Numerical Weather Prediction
Model: Quantitative Precipitation
l Precipitation l Forecasting (QPF).
Rainfall-Runoff Model
* Rainfall-Runoff Model: simulating
streamflow discharge with rainfall

input.

Discharge
* River Routing Model: tracking
flood wave movement along a

Flood Inundation Model open channel with upstream
hydrograph.

River Routing Model .
* Flood Inundation Model:

simulating flooded water
spreading on floodplains with
inflow discharge.

Water Level

Inundation

HEC

US Army Corps of Engineers
Hydrologic Engineering Centers (HEC)
http://www.hec.usace.army.mil/

*  HEC-RAS (River Analysis System)
(1) steady flow water surface profile computations
(2) unsteady flow simulation
(3) movable boundary sediment transport
(4) water quality analysis

*  HEC-HMS (Hydrologic Modeling System)
— Elements: subbasin, reach, junction, reservoir, diversion,
source, and sink
— SCS curve number, Green Ampt
— linear quasi-distributed unit hydrograph method
— kinematic wave or Muskingum-Cunge
— Priestley-Taylor method (PET)
— Snow melt



Steps in the Modeling Process
Revise perceptions | The Perceptual Model: J
> deciding on the procssses
v
Reviso equations | The Conceptual Model:
deciding on the equations
v

Debug code

<— uonewxoidde Buisealou|

The Procedural Model:
getting the code fo run on a computer

v
Revise parameler Modei Calibration:
Valuos getting values of parameters

Model Validation:
good idea but difficult in practice

Declare
Success?

Yes

Figure 1.2 A schematic outline of the different steps in the modelling process

“Rainfall-Runoff Modelling, The Primer”, by Keith Beven

Surface Runoff Generation

Importance of Perceptual Modeling



Peter Kienzler, ETH Zurich

Variable Source Area (VSA) Concept

@

Petra Fackle, ETH Zurich

Courtesy J.J. McDonnell

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

Tank Model

Surface

—

Subsurface

|

Deep G.W.

|

Runoff Generation Mechanisms

14
Bloschl et al., Runoff Prediction in Ungauged Basins, Cambridge Press.

Storage Function Model

Catchment is represented as a single storage tank

| elt) i
E =r(t-T,)-q

s =kq?”,

r,=Jr k (3ro<r.)
q(t) o (3roee]
Example of fnite difference scheme

r,: effective rainfall (mm/h)
q: specific discharge (mm/h) s(t+At) - ()
Q:qxA/3.6: discharge (m¥s) A =n=T,)-qlt)

A: catchment area (km)



Kinematic Wave Rainfall-Runoff Model ] ] )
Grid-cell based Kinematic Wave

Continuous Equation Rainfall-Runoff Model
Oh 9q _
Jat  ox

Kinematic wave model

Ji
Nt s
7 n

q : discharge

h : water depth

r: rainfall

i: slope

n : Manning’s roughness

KINEROS
14 20

Kinematic Wave Rainfall-Runoff Model Lumped Model vs. Distributed Model
for subsurface and surface flow

Continuous Equation
oh 9

oh g _

Jat  ox

Kinematic wave model
for saturated subsurface and surface flow

kih (h<d)
a=1i | ! | What are the limitation of lumped models?

7(}! -d)" +kih  (h>d) - cannot reflect the spatial distributions of
- rainfall, topography, state variables
- cannot obtain stream flow at various points in a basin

21 ”

Distributed Flood Forecasting System

Introduction to Rainfall-Runoff-
Inundation (RRI) Model

Flood Forecasting with a Distributed
Model using Quantitative Precipitation
Forecasting: 3 hours read-time, every 10
minutes,

at every a few kilometer

(Hyogo Prefecture)

23 24



Rainfall-Runoff-Inundation

Motivations of using Rainfall-Runoff-Inundation Model

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

25

Kinematic wave RR model vs RRI model

[Distributed RR Model] [(RRI Model]

Kinematic Wave Diffusion Wave

Rectangular “ |

Courtesy by Nakamura at ICHARM and MCC

Basic Equations

/ Shallow water equations Momentum equations \
for typical 2D inundation ) 9 9 oH T
Jq, , ouq, Vd. _ —gh—" =
Mass balance equation at ax dy x p,
aq, a ou v T
oh 04y %y _ i_,_i.Fi:_ghﬁ_ y
o a ox dy v p,)

0

Cell storage based model ~ Momentum equations

~

it difusion wave approx. 1,5, J@ e [ﬁ}
Mass balance equation ' n dax dx
% = 4. -4/ + q;H 4 +r' g = —lhw ﬂ‘ sgn [ﬁ]
\dt Ax Ay " on dy Ay Y,

7 Rainfall, "/ : Water depth, q‘/‘ : Discharge between grid-cells 0

Rainfall-Runoff-Inundation Model
1D Diffusion
in River
Subsurface + Surface
Vertical Infiltration

2D Diffusion

on Land

* Two-dimensional model capable of simulating rainfall-runoff and flood inundation simultaneously
* 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

Sayama, T. et al.: Rainfall-Runoff-Inundation Analysis of Pakistan Flood 2010 at the Kabul River Basin, 20

Hydrological Sciences Journal, 57(2), pp. 298-312, 2012.
One-dimensional Saint-Venant Equation

dq dug oh . gn’q’
—+—+gh—-ghi+=——>—=0
o ax  Sax ST g

Kinematic Wave

Diffusive Wave

Dynamic Wave

Three Conditions of Surface / Subsurface Flow

‘ Surface / subsurface flow conditions ‘

|

(A) Only overland flow (B) Vertical infiltration (C) Saturated subsurface
(no infiltration loss, no + Infiltration excess + Saturation excess
subsurface flow) overland flow overland flow




Rainfall-Runoff-Inundation
Prediction
of Thailand Flood 2011
(conducted on 2011/10/14)

Simulation Domain : 163,293 kr®
rid Size - 60sec (1776 x 1884 m)
Simulation period
2011/07/01-2011/11/30
Input Rainall:
2011/07/01-2011/10/34.
384287 (satelie Based Rainfal)
(Every 3hours, Spatial Resolution: 025 deg)
2011/10/14 - 2011/10/21
JMA-GSM Weekly Weather Forecasting
(Forecasting Lead Time: 8 days, Update every 12 hours)
2011/11/15 - 2011/11/30
(Previous year's 3842RT rainall i the same period)

W. Depth

1:Julyl
31:Augl
62:Sep1
92:0ct1
123:Nov 1
152 : Nov 30

hitp:/iwww.icharm.pwri.go jp/news/news._j/111024_thai_flood 4 htm

Example of RRI Model Application (2)

1. Flood Risk Assessment with RRI

Frequency
Analysis

Design Rainfall
(1/50, 1/100 ...)

Counter measures

Topography
P —

RRI Model

Inundation

]
Damage
Assessment

Damage Curves

Example of RRI Model Application (1)

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 32

Example of the RRI Model Application

X-RAIN

Inundation
Depths

River Discharge
or Water Level

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

Northern-Kyushu Severe Storm Disaster 2017.07




One day cumulative rainfall distributions

Terauchi Hashidate Ooshiro
Gauge:302 mm Gauge:394 mm Gauge:461 mm
CX :280 mm CX: 376 mm CX: 432 mm

\ < /
\
v

4
\
\
| Tsunoeda
Asakura Gauge(MLIT) :303 mm
Gauge(AMEDAS) :516 mm CX: 279 mm
CX: 474 mm
Rainfall [mm]
W High: 700
10 km low:0

C-X Composite Rainfall Data Product (7/5 0:00-7/6 0:00 Cumulative)

Maximum: 698.1 mm
Spatial Res.: 250 m, Temporal Res: 10 min. o

Gauged Rainfall Record

Maximum rainfall: 829 mm/24 hours, 124 mm/hour at Kurokawa by Fukuoka Pref.

B SR E MRS © FR294E 7 AAMILAIRTIC &3 TINEORE SERI> Vo. 640

Application to the Kyushu area

| River Discharges at Tributaries |

Simulated Inflow to the
Terauchi Dam Reservoir

Water Depth at Tributaries

With CX Radar Rainfall Composite

Meteorological Conditions

« Due to the Baiu-front, hot and
humid air mass was blown into
100-200 km south of the front.

Upper atmosphere (at the level
of 5,500 m), air temperature
was about 3 deg colder than
average, causing unstable.

+ Cumulonimbus clouds were
continuously generated and
produce back-building type rain
band.

Meteorological Research Institute, July 14, 2017.

Our Target Area: Tributaries of the Chikugo River

Terauchi Dam

I

Merging point of Sata and Chikugo Rivers X

Yoake Dam

10 km

> A 7/15 GPS observation point
River width, depth and

190.4 km? (incl: Terauchi Dam: 51 km?) max. inundation level were measured

Input Rainfall: CX composite, RRI model (50 m resolution)

Simulated inundation depths

Shirakitani RB:
3.45 km?

0.1-04 This simulation suggests

m04-08  Maximum no significant inundation
mo0g-12 Inundation . i
1216 Depthml along the tributaries,
:1 620 Something wrong!
m20-24



Simulated inundation depths with altered topography Simulated inundation depths with altered topography

Background With Original Topography Background With Original Topography With Altered Topography
Maximum Maximum
Inundation Inundation
Depth [m] Depth [m]
0104 0104
m04-08 m04-08
mos-12 mos-12
m12-16 m12-16
1620 1620
m20-24 43 m20-24

Simulated inundation depths with altered topography

Backgons Wit Orgat Topograshy Wit At Topogapty RRI_VIEWER

With Altered Topography

River Discharge Inundation Depths

Maximum
Inundation
Depth [m]
0.1-04
m04-08
m08-12
mi216
1620
m20-24

Key Steps in RRI Modeling

1. Input Topography

) ; Digital Elevation Model ~ Flow Accumulation Flow Direction
dem, dir, acc rain
dem acc dir
RRI Control File
RRI_Input.txt
mo
m!
=
RRI Execute ™ -
me
hs, hr, qr W 4500 ISOO mi6
-3
-, 0 -ot
e
These three datasets can be obtained from HydroSHEDS
hydro hpeak

(SRTM based topography and flow direction dataset)



2. Input Rainfall 3. RRI Control File (RRI_Input.txt)

Rainfall Data Thiessen polygon _
1 RRL Input_ 2
(mput) (OUtpUt) : Jrain.txt '
1 Jadem.txt
| Jace.txt
1 Jadir.txt
10 # utm(1) or latlon(0)
! # d-direction (0), 8-direction(1)
I #lasth
| #dt
' # dt_riv
H # outnum
# xllcorner_rain
# yllcorner_rain
# cellsize_rain
Prepare rainfall data with time and location information (e.g. above excel file) Prepare RRI control file (RRI_Input.txt), which includes parameter settings,
and execute rainThiessen.exe program to create rainfall input file and execute 0_rri_1_4_1.exe to run RRI model

4. Visualizing Results Key Terms

hs hr

* State Variables

— Avariable in the model that is part of the solution of the model equations and which
varies with time during a simulation but which is not a flux or exchange of mass.

* Boundary conditions

— Constraints and values of variables required to run a model for a particular flow domain
and time period. May include input variables.

* Initial conditions

water depth on ground [m] river depth [m] river discharge [m%/s] — Values of storage or pressure variables to initialize a model at the start of a simulation
period.

Inundation Hydrograph * Calibration

— The process of adjusting parameter values of a model to obtain a better fit between
observed and predicted variables.

* Validation

— A process of evaluation of models to confirm that they are acceptable representations
of a system.
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Exercise 1 & 4: Rainfall-runoff-inundation modelling

Takahiro SAYAMA (4ssociate 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.
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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




1) RRIis 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.

0
Oh 04, %4,

— =r—f (O

o e Ty

oq, N ouq N ovg ., ~ _gh OoH T, @
ot ox oy ox p,

aq, . ouq, . ovq, :_ghﬁﬂ_f_y )
ot Ox oy o p,

where A is the height of water from the local surface, gx and gy are the unit width discharges
in x and y directions, uz and v are the flow velocities in x and y directions, ris the rainfall
intensity, £is the infiltration rate, H is the height of water from the datum, pwis the density
of water, g is the gravitational acceleration, and 7z and 7y 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.
T, gnzuxlu2 +v° )
pw - h]/3 4
T, gnzvxlu2 +v? (5)
pw h1/3

where nis 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:

oH sgn(a—HJ (6)

1
— __h5/3
q. o

n ox

1-2

—100—



oH

1 5/3
q,=——h &

n

sgn(aa—i[j (7

where sgn is the signum function.

The RRI model spatially discretizes mass balance equation (1) as follows:
i-1,j

' g -q 4, -4
dt Ax Ay

where g/, ¢//7 are x and y direction discharges from a grid cell at (7, ).

=r Y ®)

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) (& < d») describe the
saturated subsurface flow based on the Darcy law, while the second equations (d: < A)
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.

OH

~kh—, (h<d,)
a ax a
=1 oH|  (oH oH ©
—=(h-d,)" || sgn(—]—kah—, (d, <h)
n ox ox ox
—k ha—H, (h<d,)
a ay a
%= 1 OH OH OH a0
——(n-d,)" = sgn(—J—kah—, (d, <h)
n oy oy oy

where k. 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 A (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 A = du, the lateral hydraulic
conductivity in unsaturated zone (k) can be computed by km = ka/ f3, so that kum 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 £ with the Green-Ampt infiltration model (Raws et al.,

1992).
f= k{l +M} (13)
F

where kv 1s the vertical saturated hydraulic conductivity, ¢is the soil porosity, &;is the initial
water volume content, Sris the suction at the vertical wetting front and #'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
fequals 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 fis 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 £

As one can see from the equations, the parameter values of ks, &km and 4k, decide which
equations to be used; i.e. (6) and (7) are used when k. and 4w 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 H.. When detailed geometry information is not available, the width and depth are

approximated by the following function of upstream contributing area A4 [km2].

W=C,A (14)

D=C,A4% (15)

where Cw, Sw, Cp and Sp are geometry parameters. Here the units of Wand 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 (gs) or from river to slope (g:s), 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).
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(a) When the river water level is lower than the ground level, gs is calculated by the

following step fall formula.

qsr = /’llhs V ghs (16)

where u;is the constant coefficient (=(2/3)3/2), and As 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 ¢ from river to slope.
HohA|2gh, hy/h <2/3

— a7
why2g(h —hy) hy/h >2/3

rs

where w2 and us are the constant coefficients (=0.35, 0.91), and A; 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 gs from slope to river. In this case,

hi is the elevation difference between the slope and the river, and Az 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

k, = Atf(t,h,)
k, = Atf (t + a,At,h, + b, k,)
(18)
ko = Atf (¢ + a At h, + by, +---byk, )
By = h, + ek, + ey, + ek, + ek, + csks + kg +O(Ar)

while the embedded forth-order formula (Cash and Karp 1990) is
By =h vl e vk ek, ek ek +O(A) (19)

By subtracting A+ minus A *-+;, the error can be estimated by using &; to ks as follows,

6

S=h,,—h = Z(ci —cj)ki (20)

i=1
The constant values (a;, by, ¢;, ¢i”’) used in this study are the ones introduced by Cash and Karp

(1990). If Sexceeds a desired accuracy Jq, A1 is recalculated with a smaller time step (Atposs).

0.25

,0.5A¢ | (21)

At . =max 0.9At%"

post

As described above, the RRI model calculates slopes, rivers and slope-river interactions.
Model users specify the time step for slope-river interaction Az, 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 (4#) can be also specified by model users as the common
divisor of Az In this study, d¢= 0.01, A¢= 600 sec. and Az = 60 sec. were used.

References

Sayama, T, Ozawa, G., Kawakami, T., Nabesaka, S. Fukami, K. (2012
Rainfall-Runoff-Inundation analysis of the 2010 Pakistan flood in the Kabul River basin,
Hydrological Science Journal, 57(2), 298-312.

Sayama, T., Tatebe, Y., Tanaka, S. (2015a) An emergency response-type rainfall-runoff-
inundation simulation for 2011 Thailand floods, Journal of Flood Risk Management,
doi:10.1111/jfr3.12147 (in print).

1-7

—105—



Sayama, T., Tatebe, Y., Iwami, Y., Tanaka, S. (2015b) Hydrologic sensitivity of flood runoff and
inundation: 2011 Thailand floods in the Chao Phraya River basin, Nat. Hazards Farth Syst.
Sci., 15, pp. 1617-1630, doi:10.5194/nhess-15-1617-2015.

Hunter, N.M., Bates, P.D., Horritt, M.S., Wilson, M.D. (2007) Simple spatially-distributed
models for predicting flood inundation: A review. Geomorphology, 90, 208-225.

Takasao, T., Shiiba, M. (1976), A study on the runoff system model based on the topographical
framework of river basin, Proceedings of the Japan Society of Civil Engineers, 248, 69-82, (in
Japanese with English abstract).

Takasao, T., Shiiba, M. (1988) Incorporation of the effect of concentration of flow into the
kinematic wave equations and its applications to runoff system lumping. Journal of

Hydrology, 102, 301— 322.

Ishihara, T., Takasao T. (1962) A study on the subsurface runoff and its effects on runoff
process, Transactions of the Japan Society of Civil Engineers, 79, 15-23, (in Japanese with
English abstract).

Tachikawa, Y., G. Nagatani, K. Takara (2004), Development of stage discharge relationship
equation incorporating saturated-unsaturated flow mechanism (in Japanese), JSCE Annual

Hydraulic Engineering, 48, 7T— 12, (in Japanese with English Abstract).

Sayama, T., McDonnell, J. J. (2009) A new time-space accounting scheme to predict stream
water residence time and hydrograph source components at the watershed scale, Water

Resour. Res., 45, W07401.

Raws, W.J., Ahuja, L.R., Brakensiek, D.L.. & Shirmohammadi, A. (1992) Inflitration and soil
water movement. Handbook of Hydrology, McGrow-Hill Inc., New York, 5.1-5.51.

Iwasa, Y., Inoue, K. (1982) Mathematical simulation of channel and overland flood flows in

view of flood disaster engineering, Journal of Natural Disaster Science, 4(1), 1-30.

Cash, J.R. & Karp, A.H. (1990) A variable order Runge-Kutta method for initial value
problems with rapidly varying right-hand sides. ACM Trans. on Math. Software, 16(3),
201-222.

Press, W.H., Teukolsky, S.A., Vetterling, W.T. & Flannery, B.P. (1992) Adaptive stepsize
control for Runge-Kuta. Numerical Receipes in Fortran 77, The Art of Scientific Computing

Second Edition, Cambridge University Press, 708-716.

1-8

—106—



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.

Yes
Use GUI
No v
Section 2 Getting Started Model Building
¢ ¢ Section 9
Section 3 Topographic Data Result Viewing
Section 4 Input Rainfall
Section 5 Condition Settings
Section 6 Running RRI
Section 7 Result Viewing

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.
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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.

2
3.
4

Select Computer from the Start menu

Choose System Properties from the context menu

Click Advanced system settings - Advanced tab

Click on Environment Variables, under User’s Variables, find PATH, 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.

In the Edit windows, modify PATH 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.

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 2 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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-
RRI_Input_Format_Verl_4_2

RRI_Input.txt

|

1

: Jrain/rain.dat
I ./topo/adem.txt
: Jtopo/acc.txt

| ./topo/adir.txt
|
|
|
|
|
|
|

0 # utm(1) or latlon(0)

1 # 4-direction (0), 8-direction(1)
360 # lasth [hour]

600 # dt [sec]

For example, L3 specifies the path to an input rainfall file and L.4 — 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.

cd ¢:/RRI/RRI-CUI/Project/solo30s

Type in “O_rri_1_4_2.exe” and enter to execute RRI Model with RRI_Input.txt.

0 rri 1 4 2.exe
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Confirm the output files are successfully created inside the directory of
“RRI/RRI-CUI/Project/solo30s/out/”. Note that “hr_000001.out” represents the spatial
distribution of river water depths [m] at the output time step 1. “hs_000001.out” and
“qr_000001.out” represent those of slope water depths [m] and river 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-CUl/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. .Jout/hs_***.out) to gif files to visualize inundation depth

distributions.

hs_plt.txt

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"

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

set output "./hs/hs_000002.gif"
splot ".Jout/hs_000002.out" matrix t "000002 / 000096"

set output "./hs/hs_000003.gif"
splot "./out/hs_000003.out" matrix t "000003 / 000096"

- e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ey
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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

N
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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. .Jout/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.

calcHydro.exe

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

0.00789
0.04591
0.08256
0.10557

; disc_cepu.txt
3

4

5 0.12529

6

7

8

9

0.14543

0.24838

0.56375
69.88281

10 967.36834
11 1322.37727
12 1429.53330
13 1518.85970

...........
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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”.

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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Nnrows 204
hpeak.txt
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

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]

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

e.g. Output: C\RRINRRI-CUI\Project\solo30s\gis\hpeak_30s

3) For the input data, select “hpeak.txt”. For the output raster, a user may use

“RRI/StudySite/solo30s/gis/hpeak_30s”.
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Right click here and select properties

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.
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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.

|
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
I project name under “RRI-CUI/Project/”.

|

I

Note: In the package, “RRI-CUI /Project/solo15s” is prepared in advance for the tutorial.

The flow of the procedure is as follows.

[ Download HydroSHEDS dataset ]

v

[ Create a Point Shapefile to identify a catchment outlet ]

v

[ Delineate a target catchment with the outlet and flow direction information ]

-

[ Using the catchment raster, extract dem, dir and acc ]

v

[ Convert the dem, dir and acc to ASCII data ]

v

[ 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] =

[Hydrologyl = [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.

7

-

@ 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).
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® 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.
s 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)

(D Start ArcMap, and read in the unzipped files by selecting [File] >[Add Datal. (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.

O

X 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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-6.6

110.2 e.g) Solo River 113.0

-8.3

(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).

C_

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

35
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1. Start Editing

CJ

1

2. Choose “Outlet” to start

editing the point coverage

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.

1. Click “Create Features”

2. Click “Outlet” on right,

D/ then click the target outlet

3. Editor = Save Edits
- Stop Editing

® Using [ArcToolbox] = [Spatial Analyst Tools] = [Hydrologyl & [Watershed], delineate a
watershed with the defined outlet.
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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].

/Jras_dir_15s j
/mtlet (i.e. a created point Shape file

/Jf/RRI/Project/solows/ gis/wsd_solo_15s

Environments

o

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

Processing Extent 2 As Specified Below -2
Then type in the range you decided in @
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right click
wsd_solo_15 s to
check layer
properties

(@ 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 Maskl], prepare dem (elevation), acc

(flow accumulation) and dir (flow direction) masked by the delineated watershed.
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/J/as_dem_15s j
/wasd_solo_l(")s j

RRI/Project/solo15s/gis/dem_solo_15s

Environments

L]

/J/as_dir_l 5s j
/ersd_solo_l 5s j

RRI/Project/solo15s/gis/dir_solo_15s

Environments

L]

/Jfas_acc_15s j
/ersd_solo_l 5s j

RRI/Project/solo15s/gis/acc_solo_15s

Environments

L]

(IMPORTANT) Analysis range must be specified from the “environment” the same as above.
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Make sure the
same columns
and rows for all
the topo data

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]l & [Conversion from Raster] 2

[Raster to ASCII], perform conversion from raster to ASCII for all the three types of
topography data.

The output files should be named as “dem.txt”, “dir.txt” and “acc.txt” to be saved under

“topo” folder in your project folder (e.g. “./RRI-CUI/Project/solo15s/topo/”).

J/RRI-CUI/Project/solo15s/gis/dem_solo_15s
J/RRI-CUI /Project/solo15s/gis/dir_solo_15s
J/RRI-CUI /Project/solo15s/gis/acc_solo_15s

JRRI-CUI/Project/solo15s/topo/dem.txt
JRRI-CUI /Project/solo15s/topo/dir.txt
/RRI-CUI /Project/solo15s/topo/ace.txt

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”.
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Nrows 409 dir.txt
xllcorner 110.2

yllcorner -8.3

cellsize 0.004166666667

-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

|
|
|
|
|
|
|
1 NODATA value -9999
|
|
|
|
|
|

DEM data (dem)
Flow accumulation data (acc)

Flow direction data (dir)

e o o e e o e o e mm mm mm mm e mm o mm mm e mm e mm mm mm e mm e mm e e mm e e e mm o e e e e e = e
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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.)

(D 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.

-

’ \

N -
Input your project location.

@ Select “Select coordinate system parameters from a list” and “Latitude/longitude

(Pseudo-projection)” as a projection.
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©® Select “WGS 1984” and as a geodetic datum and click “NEXT”.

Choose WGS 1984

@ Click “OK” on “Select datum transformation” window and click “FINISH” on Summary

window. (Select “Cancel” for default resolution setting).

-———

SN ——

Click “Start GRASS” to start GRASS GIS.

-———

-
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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.
ElRs

)

Settings
Load settings: [ '] [ 1#7F (5) ] [
soures P Select Arc/Info ASCII Grid
@) File () Directol
Source settings
Format: r[%rq‘lnfo ASCII Grid v]
Filez [rassdaG¥refDL¥asﬁdem71szgrid¥asﬁdem71Wasﬁdemﬁls@iwoﬂlool.adfl Browse
List of GDAL layers . N
: | Select unzipped “*** adf” file
Layer id Layer name Mame for GRASS map (edrmL
1 w001001.adf [|as_dem_15s

Input raster file name

Options
|| Keep band numbers instead of using band color names

[Tl Extend region extents based on new dataset

|| Force LatfLon maps to fit into geographic coordinates (90N,S; 180E,W)

[C] override projection (use location's projection)

[T Allow output files to overwrite existing files w

[¥] Add imported fayers into layer tree

[Tl close dialag on finish
Command diak)g] [ BALS (C) ][ | Tmport I]

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

AJ select
@ ( J

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”.
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—
—— Check

@ of color mapj
(

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.)
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Adjust region cells to
— cleanly align with this
— raster map > choose
— one of the files
3

- =

~ -

— e

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.

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

@ 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] > [reclassifyl: Select

“DIR_ESRI2GRASS.txt”, prepared in package (/RRI/etc), as “File containing reclass rules”
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Select “DIR_ESRI2GRASS.txt”

4 )

~ -

—_— e

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.

1. Select “acc”.

3. Click outlet
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[112.6352781-7.064493] | 74406 |

4. User can get coordinates of the

outlet.
(Long. | Lat. | Flow accumulation®)

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”.

&) 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.
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Basin boundary of Target
river basin

g2 Clip target river basin by using basin boundary layer.

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

g3 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.
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~ -

2) Export the three layer data (dem, dir, acc).
[File]>[Export raster map]>>[ESRI ASCII grid export]

&> Select three layer data (dem, dir, acc) and input output file name in “Name for output

ARC-GRID map” and click “Run”.

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

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

Jtopo/dem.txt - -

Jtopo/dir.txt input files scaleUp.txt
Jtopo/ace.txt

3 »| multiple factor for upscaling

Jtopo/dem_90s.txt
Jtopo/dir_90s.txt
Jtopo/acco_90s.txt

output files

@ 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;
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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 s0lo30s).

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].

” &« N1

“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 (/fetc/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.

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

Latitude and longitude of
the rain gauges

ﬂumber of rain gauges

Time step of the data in second Rainfall data

(Note: start from zero) [mm/dl  or [mn,l/ h]
The data is not necessary to be regardless the time
in constant intervals interval

A
\ 4

Number of rain gauges

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.
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Jrain/gauge_1d.txt

o4 \Ii) rainfall data prepared above

Jrain/rain.dat Divide parameter
Jrain/gauge_map.txt set 1 if the input rain data is in [mm/h],
neols 336 set 24 if it is in [mm/d]

nrows 204 Output file names Y
x11110.2 L3 : output rainfall (i.e. input for RRI) [mm/h]
yll -8.3 L4 : output map file (to check the spatial

cellsize 0.0083333333333333 \_distribution of rain gauges) S

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.

@ 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)

(D 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”.

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.
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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 [degl, 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”.

r
horizontal resolution [d] :  0.1000000 out_by_calc_area_by_gsmap.txt

|

I temporal_resolution [h] : 1

|

I

1 x11 : 110.2000

:yH : -8.300000

| Xur : 113.0000

: yur : -6.600000

|

I x]]_rain : 110.1250 Information that is necessary to
: yll_rain : -8.375000 delineate GSMaP

| xur_rain . 113.1950 (jleft, ibottom, iright, itop)
|

|

|

|

yur_rain © -6.375000
IEEE_______Z&fn
I: ibottom : 273 : Rainfall location information to
Iijright 452 be specified in the RRI_Input.txt
I: itop 265 : (xllcorner, yllcorner, cellsize)
|
:: xllcorner_rain (raster)  : 1 110.0000 |
|: yllcorner_rain (raster) : -8.500000 :
:I-Ee—l_l-Si:Z e:_r;_ai_n_____ == —_-_—:: == —_-242:520—2 Q_O—I _______________

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 “letc/GSMaP/makeList.bat” under “gsmap” folder and execute it to list up all the

unziped files as "list.txt”
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I dir /b infile > list.bat

Revise the pass, then
save and execute.

When executed,
[list.txt] is created

r

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

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

4.3 Prepare Input Rainfall Data from 3B42RT

@ 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/

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.

D 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
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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 .14, L.17
and 120 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 G.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.

FrLE RED TG BRE YD BEEQ R AL
"

DE-Hd R ﬁéerumber of XY gridﬁ

1 ‘Ii . HU L el v eeld o el4m TSN WSV DOV OIS | L-VNTUNION L TONONN
zhu.ss 1.98 18— 0l 04 T4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 @0.00 0.00 0.00 0.00 Q.00 0.00 Q.18 0.44 0.48 0.26
aMh0.40 0075 0.91 0.72 0 0.91  0.00 0.00  0.00  D.00  0.00  D.00 0.00  0.00  0.00  0.00 0.00 0.00 0.00 0.00  0.12  0.27  0.29  0.18
0.15 0.30  0.87 0.26  0.00 0.0 0.00 0.0 D.00 0.00 D.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00
0 00 000 0.00 0.00 0.0 .00 0.0 000 0.0 000 0.0 000 0.0 000 0.0 0.00 0.0 0.00  0.00 0.00  0.00 0.00 0.0
= 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
= 0.00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0.00 0,00 0.0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00
B 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 D.00 0.00 D.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 .00
0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.0 D.00 0.00 D.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00
- 0.00 0.0 0.00 0.0 0.00  0.00 0.00  0.00  D.00  0.00  D.00  0.00  B.00  0.00  0.00  0.00  0.00  0.00  B.00 0.00  D.00 .00 0.00
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5] 0.00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0.00 0,00 0.0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00
< 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 D.00 0.00 D.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 .00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 D0.00 0.00 D0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00
o 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0.00 0,00 0.0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00
=] 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 D.00 0.00 D.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 .00
Z, Opll— el 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00p 0.00 0.00 0.00 0.00 .00
T LTI i Tge }
21| 1T @EY 1.3 0.55 0.0 000 Q.00 0.00 Q.00 0.00 , 0.00 0.0 0.00° 0.00 0.00 0.0 0.00 0.00
| 2 1S 0.0 o.o0 o000 o.o0 o000 0.0 Number of X g'nds 0.00 0.0 0.00 0.00  0.00 0.00 0.00 0.0
13| 0.54 0. 0.00  0.00  0.00  0.00  D.00  0.00 0.00 0.0 0.00 0.00  0.00 0.0 0.00 0.0
t4| 0.0 0. 0 0.00  0.00  0.00 .00  0.00 0.00—prer—vTr—rr—vTre—w 000 0,00 0.00  0.00  0.00  0.00  0.00 .00
25| 0.00 0. i 22 —aaa_ 990 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00
26| 0.0 0. i b.oo o.o0 o.00 o.on 000 0.00 0.00 0.00  0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00
07| 0.0 0. 0 booo @.00 000 0.00  0.00  0.00 0.00  0.00 0.00 @.00 0.00  @.00 0.00 ©.00 0.00  0.00  0.00
tg|0.00 0. 0 b.oo  e.00 o.00 @.00 0.00  0.00  0.00  0.00 0.00 @.00 0.00  @.00 0.00 @.00 O0.00  0.00  0.00
2d| 0.00 000 0.00  0.00  €.00  0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.0 .00  0.00 0.00 0.0 0.0 0.00 0.0  0.00  0.00 0.0
80| 0.00 0.00 0.00 0.00 .00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00
i1 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a2| 0.00 0.00  ©.00 0.00  @.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
85| 0.00 0.00 @.00 0.00  @.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
g4 0.00 000 0.00  0.00 0.0 .00 0.0 000 0.0 0.00 Q.00 0.00 0.0 000 0.0 0.00 0.0 0.0 0.00 0.00  0.00 0.00 0.0
8| 0.00 0.00 0.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.00 0.00 O0.00 0.00 0.00 0.00 0.00
%| 0.00 0.00 0,00 0.00 0,00 0,00 Q.00 0,00 Q.00 0,00 Q.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.0 0,00 O0.00 0,00 0,00
47| 0.00 0.00  ©.00 0.00  @.00 0.00 Q.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
88| Opp0— é<0fa 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.00 ©0.00 0.00 0.00 0.00
]
i 0.00 Q.00 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00
41 0,00 0.0 0,00 Q.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.0 0,00 0.00 0,00 0,00
I 0.00 0.0 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0
4 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.0
44 0.00 0.0 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00
45 0.00 Q.00 0.00 Q.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00
4 0.00 0.0 0.00  0.00  0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0
47 0.00 0.0 0.00 0.0 0.00 0.00  0.00 0.00  0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.0
4 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
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P mmm e e e e e
:>< The input unit of rainfall must be always mm/hr regardless the data interval.

13 The time interval is not necessary to be constant.
1
1% Rainfall between 3600 and 7200 is written under the time stamp of 7200

| (ust like rain gauge data).

-
RRI_Input_Format_Verl_4_2

RRI_Input.txt

Jrain/rain.dat
Jtopo/adem.txt
Jtopo/acc.txt

|

1

|

I

|

1

|

| ./topo/adir.txt

|

|

1 O # utm(1) or latlon(0)

11 # 4-direction (0), 8-direction(1)

! 360 #lasth

1 600 # dt Coordinates and grid size of the

: 60 # dt_riv south-west end of the rainfall data range

1 96 # outnum 1

___________________________ .

| 110.2d0 # xllcorner_rain :

| |
I
|

I
-8.3d0 # yllcorner_rain :
: 0.00833333d0 0.00833333d0  # cellsize_rain :

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.

| . .
Jrain/rain.dat

rainBasin.txt

|
I /topo/adem.txt

| 110.2d0

1 -8.3d0

: 0.00833333d0 0.00833333d0
| ./rain/rain_hyeto.txt

: Jrain/rain_dist.txt

|

Jrain/rain_cum.txt

L1 : [in] rainfall file (RRI format) [mm/h]
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L2 : [in] catchment mask file (e.g. dem file)
L3 : [in] rainfall xII 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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5.1

5. Conditions Setting

for RRI Simulation

Folder Configuration

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

[.//RRI-CUI/Project/solo30s]

! gis

. hs

J obs

J out

J rain

J riv

, topo
B calcHydro.bxt
) calcPeak.txt
A% coordinate.xlsx
B demAdijust2.txt
[ hs.plt
2 hydro.plt
] location. bxt
@ rainBasin.t«t
B rainThiessen. kxt
8 RRI_Input.txt

[Control files])

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_
*hs_
" qr_

" qu_
TqQV_

: River water depth [m]
: Slope water depth [m]
: River discharge [m?/s]

: Slope discharge for x direction [m?/s]

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

* RRI Input.txt : RRI model control file for O rri_ 1 4 2.exe

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

* rainThiessen.ixt : 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/prepHsPIt)

- 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
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5.2 RRI Model Control File (RRI_Input.txt)

: L1 | RRI_Input_Format_Verl_ 4_2 :
I 12 RRI_Input.txt |
: L3 | ./rain/rain.dat :
I L4 | ./topo/adem.txt I
: L5 | ./topo/acc.txt 1
1 L6 | ./topo/adir.txt :
I L7 |
: L8 |0 # utm(1) or latlon(0) :
119 |1 # 4-direction (0), 8-direction(1) I
! 110 360 #lasth [hour] !
1 L11| 600 # dt [sec] I
: L12| 60 # dt_riv [sec] !
1 L13| 96 # outnum [-] :
: L.14] 110.2d0 # xllcorner_rain 1
y L15] -8.3d0 # yllcorner_rain :
I 16| 0.00833333d0 0.00833333d0  # cellsize_rain 1
1 117 !

Note that #comment i1s 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.
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L13 : Number of output files
Simulation period specified above is equally divided for simulation output.
L14 — LL16 : South west coordinate and resolution of rainfall data

Number of col and row are written in the rainfall data.

: L.18] 0.03d0 # ns_river RRI Input.txt I
1 .19 1 # num_of landuse I
: L.20] 1 # diffusion(1) or kinematic(0) :
1 L21| 0.4d0 # ns_slope 1
: L22| 1.0d0 # soildepth :
1 L23] 0.475d0 # gammaa 1
: L24 :
 L25| 0.d0 # kv (m/s) I
1 126 0.3163d0 # Sf (m) |
| .27 !
1 L28] 0.0d0 # ka (m/s) I
: L29| 0.0d0 # gammam () :
1 L30| 0.0d0 # beta (-) |
: L31 :

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.

120 : 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]
123 : Effective porosity [-]

L25, 126 : Green-Ampt infiltration model parameters

Set ksv = 0 for inactivating Green-Ampt infiltration model.
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“ksv” : vertical saturated hydraulic conductivity [m/s], "faif” is the suction at the wetting front
defined by Sz

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 — .30 : 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. 1.33-1.36 become inactive with ksg = 0.d0.

L38 — LL44 : River channel geometry setting by equations
width=c, A"
S
depth=c, 4™

The above equations are used as default settings for river channel widths and depths.

Note that 4 in the equations is the upstream catchment area [km?2] for each river grid-cell.

L46 — 149 : 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 .46 and prepare the files in ESRI/ASCII format.
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r----"=-"- """ -"-"=-""="-"=""="="="="=-"=-"=-"="="="="=""="""="="="=-=-==== 1

; L38|[ 100 # riv_thresh 1
1 L39| 5.0d0 # width_param_c RRI Input.txt !
: L40| 0.35d0 # width_param_s :
1 L41| 0.95d0 # depth_param_c 1
: L42| 0.20d0 # depth_param_s :
1 L43] 0.d0 # height_param 1
: L44] 20 # height_limit_param :
 L45 |
:L46 0 :
y L47| Jriv/iwidth.txt |
| L48| ./riv/depth.txt 1
| 49| riv/height.txt ;
1 L50 1
e e e e e e e e e e e e e e e i |

L51 — 155 : 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 L.52, L.53, .54 and L55. Note
that the format of the files is the same as RRI model output.

L5111 0000
L52| ./init/hs_init_dummy.out

RRI_Input.txt

L53| ./init/hr_init_dummy.out

L54| ./init/hg_init_dummy.out

L55| ./init/gamptff init_dummy.out
L56
L571 00

L58| ./bound/hs_bound.txt
L59]| ./bound/hr_bound.txt
L60
L61| 00

L62| ./bound/qs_bound.txt
L63 | ./bound/qr_bound.txt
L64

L57 — L59 : Water depths boundary conditions (optional)

L57 : Slope water depths boundary conditions, .58 : 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,
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time stamps in the boundary condition can vary within the file.

L61 — 163 : Water discharge boundary conditions (optional)
(Same as L57 — L59)

: 1650 :
I L66 | ./topo/landuse.txt RRI_Input.txt I
| L67 !
1 168 0 I
: L69 | ./dam.txt 1
1 L70 :
: L71 |0 |
; L72 | /divitxt :
I L73 |
' 174 0 !
I L75 | ./infile/PET.txt I
: L76 ] 110.2d0 # xllcorner_evp 1
1 L77| -8.3d0 # yllcorner_evp :
: L78 | 0.00833333d0 0.00833333d0  # cellsize_rain |
; L79 :
1.80|0 |
: L81 | ./riv/length.txt :
1 L82 |
1 183 | 0 I
1 L84 | ./riv/sec_map.txt :
: L85 | ./riv/section/sec_ |
; L86 :
o e e o o o o o o e e o o o e e e e e e e e e e e e e e e e e e e o

L65 — L66 : Landuse setting (optional)
If one would like to use multiple parameter sets for different grid-cells, set 1 in L.65 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)

5-6

—153—



Prepare ET file and specify the path on LL75. The format of ET file is the same as rainfall. The
resolution and xIl 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).

-~ ==~ T T T T e e e = 1
8711101000001 RRI Input txt

|

I 1.88 | ./out/hs_
| 189 | Jout/hr_
1 L90 | ./out/hg_
:L91 Jout/qr_
1 L92 | .Jout/qu_
:L93 Jout/qv_
1 L94 | Jout/gu_
|
|
|
|
|
|
|
|
|

L95 | .Jout/gv_

L96 | .Jout/gampt_ff
L97 | .Jout/storage.dat
L98
L99 |1

L100] ./location.txt

L87 — L97 : Output file settings
Change the settings of LL87 to “1” to output different sets of simulation results listed in the

same order between LL88 and L.97

L99 — LL100 : Output hydrographs at specified locations (Optional)
Set 1 in LL99 to read the location file and output hydrographs at the specified locations.
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6. Running RRI Model

@O Prepare “RRI_Input.txt” under your project folder (e.g. “./RRI-CUI/Project/solo30s)”

@ Move current folder to your project folder and type in “O_rri_1_4_2.exe” and return.

gis

hs

obs

out

rain

riv

topo
i8] calcHydro.txt
i8] calcPeak.txt
B3 coordinate.xlsx
B8] demAdjust2.bxt
2] hs.plt
2] hydro.plt
B location. bxt
@ rainBasin.txt
i8] rainThiessen. txt
B8] RRI_Input.txt

Prepare “RRI_Input.txt” before

executing 0_rri_1_4_2.exe

Calculation status is

displayed

e G:¥RREMode¥rriexe
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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
(gr_) on river at a particular time step. The units of the output are [m] for water depths and

[m3/s] for discharge.

Number of grids in X direction (col)

Number of grids in Y direction (row)

T col

(1,1 (1, loc_j) (1, loc_j)

<« (loc_i, 1) (loc_i, loc_j)

loc 1

(row, 1) (row, col)

2¢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 wusing a Fortran program named

“prepHsPlt.f90” saved in “RRI/etc/prepHsPIt”.
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@ Edit “hs.plt” file to change the configurations.

N
reset
hs_plt.txt

set terminal gif medium size|672, 408 crop

Thesizeof
set pm3d map output GIF file,
set palette defined| (0.0 "gray", 1.5 "blue", 3 "green") XandY

direction.

- Use the same X

set xrange [0:] @lo/rpattern settings j and Y ratio as
set yrange [:] reverse DEM’s col and
set zrange [0:] reverse row. /

|
|
|
I
|
|
|
I
|
|
|
|
|
|
|
: #set xrange [180:200]
| #set yrange [435:455] reverse
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|

set cbrangel0.:3]

set zrange[0.0:]

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

set output|"./hs/hs_OOOOOl.gif' |
splot "./out/hs_000001.out" matrix t "000001 / 000096"

set output "./hs/hs_000002.gif"
splot ".Jout/hs_000002.out" matrix t "000002 / 000096"

set output "./hs/hs_000003.gif"
splot "./Jout/hs_000003.out" matrix t "000003 / 000096"

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

GNUPLOT

Select “hs.plt”

-
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RRI/Model/hs Right click and preview

— O\

-

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.

O Edit “RRI/Model/calcHydro.txt” (see more details “RRI-CUl/etc/calcHydro/00_readme.txt”)
L1 : [In] location file (e.g. ./infile/solo30s/location_solo_30s.txt)
L2 : [In] RRI output file (e.g. .Jout/qr_)
L3 : [Out] hydrograph file (e.g. ./infile/solo30s/disc_)

|
| -/infile/solo30s/location_solo_30s.txt

I out/qr_

| Jinfile/solo30s/disc_

r
| Cepu 68 167
I (list all target locations)

@ 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
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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.

2) Click identify “7’ button

1) Click target point

I

3) Read the coordinate lon and lat

(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

1 txt
xllcorner 110.2 acc_solo_30s.tx
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
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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-CUT/etc/coordinate.x]sx).

@ 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”.

3

©@ 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)

7.51

Preparing KML File

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

3.75
Jinfile/solo/adem_30s_solo.txt
Jrunoff.kml

N

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

: Dem file name (for lat,lon)

: Output file name

: Start time (Year Month Day Hour Min (UTC ))
: Number of gif files( = "outnum" of RRI_Input.txt )
: Timestep (hourly) ( = "lasth / outnum" of RRI_Input.txt )

Kml_input.txt

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

<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>

runoff.kml

2% The output of “runoff.kml” reads gif files created in the folder of “hs_km]l”.
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7.5.2 Preparing GIF Files with GNUPLOT

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

O 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 (.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.

t
rese hs_kmlplt
modify
set terminal gif medium size|672, 408 krop

add

set Imargin 0

set bmargin 0

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

set rmargin 0

set tmargin 0

set notics This part must be added
set nokey to the original hs.plt file.
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] The folder name, “hs_kml”

should be input here.

set zrange[0.0:]

modify

set output "Jhs_kml/hs_000001.gif"

splot "./Jout/hs_000001.out" matrix t "000001 / 000096"
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@ Start “GNUPLOT” and run “RRI/Model/ hs_kml.plt”.

Select hs_kml.plt

@ An image file is prepared in the “RRI/Model/hs_km]” folder. (Note that a new folder

hs_kml must be created in advance.)

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

& hs 2014/01/14 20:33  T7AIL T lL...
i hs_kml 2014/01/14 22:43 77l TA )l
L infile 2014/01/14 18:31 27 AL TA ...
j out 2014/01/14 18:42 77l TA ...
jg source 2014/01/14 18:31 7L TA ...
[ET 0_rri_1_4_l.exe 2014/01/14 18:33 P TUL -3 936 KB
= calcHydro.exe 2013/11/05 20:24 FTUH—i33 623 KB
&} calcHydro.bxt 2012/01/16 17:20 FFEAMIFAIL 1KkB
[ calcPeak.exe 2013/11/05 20:24 FTU&H—3> 635 KB

alcPeak.txt 2013/11/15 10:46 FFARIF7 Il 1KB
bo.sh 2012/03/1215:30 SH Z7-TIL 1KB
pit 2014/01/14 20:42  gnuplot O ... 1KB
plt.pl 2014/01/14 20:06  PL I7 1)L 1KB
drograph.plt 2012/11/259:36  gnuplot O >-... 1KB
=rKml_input.txt 2014/01/14 21:42  FFABIF Il 1KB

runoff.kml.

make_1_4_1.bat 2013/11/04 11:31  Windows J(w&... 1KB
D Makefile 1.4 1 2013/11/05 6:30 27 1KB
[ makeKml3.exe 2014/01/14 20:51 FFUs—i3> 508 KB
8| makeKmi3.fo0 2014/01/14 19:59  F90 J7-TIl 5KB
makePostProcess.bat  2013/01/11 19:11  Windows J (w3 ... 1KB
2 RRI Inputtxt . _ o 2013/11/0523:48  FERRTT AL 3KB
L @ m_noﬁ_kml_ ——a 2014/01/14 20:53 KML JF7-7JL 33KB
5 solo.pl 2014/01/14 18:38  PL 27 1KB
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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.

e =

2. Set the permeability with the
permeability slider.

X 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.

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

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

Set the animation
speed by this slider.

—_———

— -
e e - - —_—————

2% <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.

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

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.

7.6 Visualize Results with Tecplot (Optional)
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calcTecplot.txt

2007 12 24 00 # start time : Year, Month, ])ay7 Hour

360 #lasth [hour] : calculation time (1.10)

96 # outnum [] : output file number (1.13)
./Model/infile/solo30s/rain_solo_30s_gauge.dat : Rainfall file (1.3)
/Model/infile/solo30s/adem_30s_solo.txt : Dem file (1.4)

110.2d0 # xllcorner_rain grid data of Rainfall

-8.3d0 # yllcorner_rain (from1.14 to 1.16)
0.00833333d0 0.00833333d0  # cellsize_rain

1101110001 Output file from RRI
/Model/out/hs_ (from 1.87 t0 1.96)
./Model/out/hr_

/Model/out/hg User needs to edit these lines in “calcTecplot.txt”.
/Model/out/qr_ All the lines except for the first line (start time)
./Model/out/qu_ can be copied from “RRI_Input.txt” to be
/Model/out/qv_ compatible with simulation setting.
./Model/out/gu_

./Model/out/gv_

/Model/out/gampt_ff_

Output file name for Tecplot

JealcTecplot,_out.dat (use “dat” for the extention)

TITLE = "Internally created data set"

VARIABLES = "X" All data outside the red border are
myn header information, which is not
"DEM (m)" necessary to be modified.

"Rainfall (mm/h)"
"Water depth hs (m)"
"Water depth hr (m)"

" " “VARIABLES =" ...” shows the variables to
Water qemh hg (m) be displayed on Tecplot. Edit this if
"River discharge qr (m3/s)" necessary.

"Slope discharge qu (m3/s)"
"Slope discharge qv (m3/s)"
"Ground discharge gu (m3/s) "
"Ground discharge gv (m3/s)"

"g'ampt (m)u

ZONE T="Contour T ="

STRANDID=1, SOLUTIONTIME=

1=336, J=204, K=1, ZONETYPE=0Ordered

DATAPACKING=POINT

DT=(SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE SINGLE
SINGLE SINGLE SINGLE SINGLE)

e Y e
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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.

(D 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.

mTTTTIITOR TS \
Choose “Tecplot Data

Loader” format, and | ~—~—=73~
Click OK.

_

Select the output file of
“calcTecplot.f90”.

1=~ =7 ~—

[ |
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Choose“3D  Cartesian”,

and Click “OK”
3D elevation data is
displayed on Tecplot.

@ 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.

| .\Write Data FiIeOpt\ons! [

Details to Save
[ Text
[ Geometries \
[ Custarn Labels
Field D ata

[] Data Sharing Linkage [If Possible)
Face Meighbor Information Generated by Tecplat

File Format “ersion: | Current [Tecplot 2003] -

ChOOSG Sye D ata File Using: Zone/Geomety Fomat:
Binary 4 @ Binary Point
o) AsCI @ Black
\ Frecision D

Select  “Binary” 1
“Save Data File Using”
and Click “OK”.

Zone(s|: Wariable[s]:

r---

——

Layout Association
Azsaciate Layout with Mewly Saved Data File

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

\;Tl [omel | [ Hee )
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Edit your layout file
name, and Click “Save”

(D 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.

[F— |

After selecting “XY
Dependent”, set “Size
e femmo Factor” of Z as around 0.1.
| T — |
r-—=—=1

| RS |
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@ Fit the data display range to the target range.
[View] > [Data fit]

SN

@ Edit point of sight angle.
[View] > [Rotate...]

Uncheck “Edge”

Set as follows;
Psi1 5.00
Theta -90.00
Alpha 0.00
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@ Delete unnecessary frame

[Frame] > [Edit Active Frame...]

Uncheck “show Border”
checkbox.

——

~ '

—_— = =

r-—=—=—1

[F— |

(® 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%).

="
e — -

rh-----—

- _———

’
\_’/
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D 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 .

Legend ID and Selected variables

selected variables

I
| *¢Following variables are selected as an

I example.
' 1. DEM
Rainfall(mm/h)

2

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)

@ 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.
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@ Edit legend.

User can edit color legend of contour as follows;

—— = =

Set “Contour level Range”

@ 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.

r==-i

r==-i
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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.

@ 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 1s about 340,000 km? 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.

Tarbela
Kabul
4

Panjnad

/

RRI Target Area

1 Area : 340,000 km?
Length : 1400 km

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] = [Conditionall = [Conl]) 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.
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dem acc dir

mo
ml
2
me
(m) me

™ 4500 I 500 m 16
32

o 0 —_
128

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.

Rain gauge

d
<«

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.
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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).

gauge_map_lower_indus.txt

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

r
Jindus/gauge_1d_2010.txt
24

rainThiessen.txt

|

|

: Jindus/rain_lower_indus_gauge_2010.dat
I ./indus/gauge_map_lower_indus.txt
:ncols 80

| nrows 120
: xll 66.0

1 v1123.0

I cellsize 0.1 —| in degree

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.
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ncols 960

Nnrows 1440

xllcorner 66

yllcorner 23

cellsize 0.00833333333333
NODATA _value -9999

35.0 66.0
Topography Rainfall
66.0 0.0083333 degree 74.0 66.0 0.1 degree 23.0
resolution resolution
23.0 23.0

No need to be the same extent or the same resolutions,

as far as rainfall data covers entire simulation domain

RRI_Input_Format_Verl 4_1 RRI Input.txt

Jinfile/lowerindus/rain/rain_lower_indus_gauge_2010.dat
Jinfile/lowerindus/adem?2_lid1k.txt
Jinfile/lowerindus/ace_lid1k.txt
Jinfile/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 xllcorner_rain, yllcorner rain
23.0d0 # yllcorner_rain [¢ cellsize_rain (x, y) are specified
0.10.1 # cellsize_rain in RRI Input.txt

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.
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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.

011

1 0.166667 evp_4mm.txt
| 10000000 1 1
1 0.166667

I- ——————————————————————————————————— -
|

To read the evapotranspiration input file, set flag 1 on the L'71 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.

: L71]1 :

I 172 | ./infile/lowerindus/evp_4mm.txt RRI_Input.txt 1

: L73 | 66.0d0 # xllcorner_evp xllcorner_evp, yllcorner elvp

I L74 | 23.0d0 #yllcorner_evp ~ <«— L T

: L7511 1000.d0 1000.d0  # cellsize_rain cellsize_rain (x, y) are specified
—_— e e e e e e e - = = in RRI_Input.txt

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 17, depth D and levee height /), the following two options are available.

hy . 1H,

D hr

VN

A\ 4
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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

I-L38 100 # riv_thresh A k
L39| 2.5d0 # width_param_c RRI_Input.txt
L.40] 0.4d0 # width_param_s
L41| 0.1d0 # depth_param_c > Option A
L42( 0.4d0 # depth_param_s
L43] 0.d0 # height_param
L44 | 20 # height_limit_param )
L45

L46| 1 € 0:OptionA / 1:Option B (Read from files)
L47| ./infile/lowerindus/width_lid1k.txt

L48| ./infile/ lowerindus /depth_lid1k.txt Option B
L49| ./infile/ lowerindus /height_lid1k.txt
L50

A) For the first option. the parameters of the following empirical equations must be

appropriately set to represent target catchment condition (38 — L44 of RRI_Input.txt).
width=c, A™
— Sa
depth=c, A
where 4 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.
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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
/ete/makeRiver2/ can be used. The program reads “acc” file to calculate the upstream
catchment area A [km?] 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.
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 “heigh?’ 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 “Aeigh?’ 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 1.46.

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.

g Cropland
[ Sparsely Vegetated
. Floodplain

For re-classing the original land cover data, ArcGIS function [Spatial Analyst Tools] =>
[Reclass] 2 [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.
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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”.

e el el e I
I I
: Lookup Table Legend of GLCC-V2 :
: (Indus Example) — :
I USGS Land Use/Land Cover System Legend (Modified I
I Level 2) I
: Value Description :
| 1:1 1 Urban and Built-Up Land I
| 2:1 2 Dryland Cropland and Pasture |
: 3:1 3 Irrigated Cropland and Pasture :
1| 401 4 Mixed Dryland/Irrigated Cropland I
! 5:1 5 Cropland/Grassland Mosaic !
: 6:1 6 Cropland/Woodland Mosaic :
| 7:1 7 Grassland I
: 8:2 8 Shrubland :
| 9:1 9 Mixed Shrubland/Grassland I
| 10:1 10 Savanna !
: 11:1 11 Deciduous Broadleaf Forest :
I 12:1 12 Deciduous Needleleaf Forest I
I 13:1 13 Evergreen Broadleaf Forest !
: 14:1 <:| 14 Evergreen Needleleaf Forest :
| 15:1 15 Mixed Forest |
Ll 1601 16 Water Bodies !
I 17:1 17 Herbaceous Wetland I
I 18:1 18 Wooded Wetland I
1l 19:2 19 Barren or Sparsely Vegetated :
| 20:1 20 Herbaceous Tundra I
! 21:1 21 Wooded Tundra !
V2201 22 Mixed Tundra :
| 23:1 23 Bare Ground Tundra |
2411 24 Snow or Ice !
I 99:1 99 Interrupted Areas |
: 100:1 100  Missing Data :
I I

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.
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/V

Surface / subsurface flow conditions

(A) Only overland flow
(no infiltration loss,

no subsurface flow)

\

(B) Vertical infiltration
+ Infiltration excess

overland flow

(C) Saturated subsurface
+ Saturation excess

overland flow

Example of parameter values (their recommended ranges)

Parameters Notation A) (B) (©)
n (River) (m'V/3s) ns_river 0.03d0 (0.015 ~ 0.04)
n (Land) (m-1/3g) ns_slope 0.3d0 (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
Sr St inactive 0.273d0 inactive
ka (m/s) ka 0.d0 0.d0 0.1d0 (0.01-0.3)
Unsat. porosity ()  gammam Inactive 0.d0
p beta Inactive Inactive nactive

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).
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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

:- L18| 0.03d0 # ns_river RRI Input.txt :
1 1.19| 3 # num_of landuse |
: 20 111 # diffusion(1) or kinematic(0) I
1 L.21| 0.15d0 0.15d0 0.15d0 # ns_slope :
: L22| 1.0d0 1.0d0 1.0d0 # soildepth I
1 L23| 0.4d0 0.4d0 0.4d0 # gammaa :
I .24 I
: L25| 5.556d-7 6.056d-7 0.d0 # kv I
I 126 0.273d0 0.1101d0 0.d0 # Sf :
| 127 I
1 L.28| 0.1d0 0.1d0 0.1d0 # ka !
: L29| 0.0d0 0.0d0 0.0d0 # gammam I
1 L29| 8.0d0 8.0d0 8.0d0 # beta :
I .31 1
! 132 0.d0 0.d0 0.d0 # ksg l
: L33 L36 are inactive under ksg = 0.d0 :
U 1

Reference Table : Green-Ampt Infiltration Parameters for different soil texture

Soil texture class kv (m/s) ¢ [gammaal Sr(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
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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.
@D 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.

8-13

—189—



@ Prepare a 1D boundary condition file with the following format.

Kabul

Tarbela

The number of boundary condition setting points

loc_1
loc_j

0
21600
43200
64800
86400
108000
129600
151200

o

110 119
803 719
3936.041733
3936.041733
3936.041733
3879.408039
4813.86399

4700.596602
4842.180837
4672.279755

@ Settings in RRI_Input.txt

boundary conditions

The loc_i and loc_j of all points to give

680
602
3007.249151
3007.249151
3007.249151
3044.061053
3015.744206
2944.952088
2899.645133
2922.29861

917.4658428
917.4658428
917.4658428
917.4658428
917.4658428
917.4658428
917.4658428
1093.030294

\ 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.

L51( 0000 RRI_Input.txt
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]1 00

L58| ./infile/wlev_bound_dummy.txt
L59| ./nfile/hr_bound_dummy.txt

e e e e e e e e - ==y

L60 Write the file name of river discharge boundary
L61| 0(1)

|
L62 [ ./infile/gs_bound dummy.txt y |
L63| ./Anfile/lowerindus/bounds/bound_lid_2010.txt :
L64 |

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.

..[../Model/infile/lowerindus/adem_lid1k.txt
..I...Model/infile/lowerindus/acc_lid1k.txt
..I../Model/infile/lowerindus/adir_lid1k.txt
/infile/lowerindus/disc_Constant.txt
..I...Model/infile/lowerindus/disc_lid1k Constant.txt
3

119 719

110 803

680 602

setBound.txt

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.
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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
157 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, L.49 to LL52 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.

(D 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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i =1 \ . . .. . _ .o _
Diversion origin cell (loc_i =1, loc_j = 2)
=2 b\ //_\ Added diversion channel

(Diversion destination (loc_i = 2, loc_j = 3)

dir = 2, width > 0, depth > 0, height > 0

1=3
. 64
dir 32 198
1=4
16 1
1=5
8 2
4

(@ 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..

div_sample.txt

loc_i_org loc_j_org loc_i _dest loc_j_dest div_rate

@ 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.

@D Prepare a dam parmmeter file by the following format.
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12 :
: Sirikit 135 166 3510000000 500 :
1

1
dam names, loc_i_dam, loc_j_dam, storage volume [m3], constant discharge [m?/s]

@ Activate the dam model by setting flag 1 on L65 and specify the dam file name on L66 in
RRI_Input.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”
@O w_fcompxe_redist_intel64.msi
@ vcredist_x64.exe

(for 32 bit, install veredist_x86.exe and w_fcompxe_redist_ia32.msi )

For “veredist_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

The first screen of the “RRI_BUILDER_64.exe” is to choose “New Project” or “Load Project”.

New project

Select “New Project” in this exercise.

Type in a new project name (e.g. “s0lo30s”) with the selections of “Use HydroSHEDS” and
“Asia30”, then click “OK”.

:l /fProject name j
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Move and zoom

Move: Ctrl + mouse left drag
Zoom: Ctrl + mouse scroll

]

Zoom into Java Island in Indonesia
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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.)
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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”.

— O
( ] @

)

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.
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After confirming the three green signs, close this window.

@ 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 (I.4-)

1s 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.

9-8
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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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@ Click on any location in the basin

—
@ Cancel

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.

9-10
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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

9-11
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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.

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 1s 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.

9-12
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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.

9-13
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(Optional)

File output for maximum
flood inundation depths

To change the color

9-14
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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.

River discharge (qr) or
river water depth (hr)

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).

9-15
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To visualize the longitudinal profile of river water level, first select hr (River WD) and click

“Set River Path” on the left pannel.

D Select hr

 I— ® Click Yes

@ Click Set River PatD

® Click Yes

@ Click here as
the Upstream end
point

9-16
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® Click here as
the Downstream
end point

@ Show Profile j

Change the vertical range of
the graph, e.g. to 100 m then
redraw

9-17
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@ Change the plotting time by animation or
move this button to show the longitudinal profile
of river water level (blue).

Click “Delete Path” to delete the selected longitudinal path.

To visualize the profile of flood inundation depth, one can draw a profile line (e.g. red line

below) as “Shift + Left Draw”.

@D Draw a line at the interest
section to display flood
inundation depths by

® Click Set River Path Shift + Left Draw

@ Change the range of
the figure (e.g. from 5

c—/ to 10 m) and Redraw

9-18
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Lecture 4: Fundamentals in land surface processes

Kenji TANAKA (d4ssociate 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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Lecture 4

Fundamentals in
land surface processes

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.

*AS=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
AS : change in the surface water and soil moisture

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

€™
S I
‘
Canopy energy fluxes ’ X
Sensible  Latent precipitation Radiative Fluxes
Top of Interception 1 I,(
canopy by canopy  Shortwave Longwave

Energy budget [transpiratio

Bare soil energy fluxes
Sensible  Latent

‘Radiation budget

Surface runoff

—_—
—

l, Infiltration
Water budget

Diffusion/drainage

A Ground y Throughfall
roun

¥ heat flux

Heat exchange

A
> >

4
>Baseflow

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).

« Whv enerav partitionina is important?
Rn=H+AE+G

H - heating lower atmosphere

AE - heating middle atmosphere

G - surface (time lag between RB & EB)
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Evapotranspiration = Evaporation + Transpiration

. Evapotranspiration is an interface
evaporation

Interceptio

Between water cycle and energy cycle

n
water ! Water cycle:

Rainfall reached to surface go back to

stomata_,_ L1ANSPIration  atmosphere as water vapor.

Evaporation is a loss term in terms of

evaporation water resources.

Energy cycle:

soil moisture Transfer the energy of vaporization to
atmosphere. Energy absorbed by
surface is redistributed to
== RoOt ZONe

atmosphere.

Water vapor from surface will
condense
(latent heat release) and fall down

Leaf Area Index (1995/7)

Flux (W)

Flux (Wi

60E 0L 10E B0E 3 1dox 1108 1306 1308 1408 1608

Surface energy fluxes (5day average)

Jan Apr Tl Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jn Apr hul Oct Jan Apr Jul Oct
1998 1999 2000 2001 2002 2003

Sensible heat flux (30 minutes)

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Ot Jan Apr Jul Oct
1988 1999 2000 2001 2002 2003

Date (Year—Meonth)
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GEWEX Continental Scale Experiments

O

Turbulent flux

\

a) Map of Thailand 12
b) Topographic map of northern Thailand and study sites.



Result of Observation

Dry condition

@ Transpiration peak in the late dry season !
@ Stomatal closure is open!
@ Sap flow shows it!
4 Simulation also shows it!

Wet condition

Hydro-meteorology: H. Takizawa
Canopy interceptiol

Rain / N. Tanaka

Transpiration
Discharge \

Sap flow measurement
N. Yoshifuji

Stomatal Closure
C. Tantasirin

S. Piman

N. Tangtham

Huaihe River Basin Field Experiment
(GEWEX/GAME/HUBEX)

* mesoy scale
Shouxian area (140kmx150km)
Intensive observation area
* meso [ scale
Huaihe River basin area
(700kmx500km) 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)

GAME-HUBEX flux measurement at 4 landuse
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Numerical Simulation (by [ 7ol & A)

m— Canopy interception pamT—

Sap flow
Intereeption Tree |  wmmmm Soil evaporation
Rainall \ Tree2 Transpiration
* Tree 3
1099 + 1999 U 2
Dry Dry Dry
——> <>
taee % S
20

mm 5days’

Soil evaporation | 15 -
10 'V\ R &
s w VS

JFMAMJJAS ONDJFMAMI J AS

average soil depth =4.5m

Soil surface

Dry season

Water table

Depth (m)

Bodrock

1995 December

ONDJFMAMJJ AS OND

Rooting depth= 1 m

Deeper root can get water
from the deeper soil layers 14

Many cups of “Kanpei”
Make-up friendship

1996 March

1997 March

In-situ Flux station (Lake Biwa Project)

e 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

@)

o

©)




. . 1996 Foleyetal. 2006 Hanasaki et al.
FIUX measu rement N the Paddy F|e|d 1984 Dickinson 1995 Bonan 2003 Sitchetal. 2008 Hanasaki et al
1986 Sellers etal. 1996 Sellers et al. 2003 Bonanetal. 2011 Pokhrel et al

History of Land Surface
Model Development

1969 Manabe

Land By Dr. Hyungjun Kim (Univ. of Tokyo)

LSS (Land Surface Scheme) -Gree” area model ( SiB )

Prognostic variables
temperature (canopy, ground, deep soil)

interception water (canopy, ground)
InpUt soil wetness (surface, root zone, recharge)
Surface meteorological variables + Time in\t/arialnt pararr}eter
(Prec, SWdown, LWdown, Tair, Eair, Wind, Psfc, etc.) optical parameter
Surface parameters ph')llsiglogicelal pararneter
: f soll physical properties
(Vegetation type, Soil type, LAI, reflectance, etc.) . Time varying parameter (LAI etc.)
estimate from satellite data
« Physical processes
O Utp ut radiative transfer
Surface energy balance components (H, AE, G, etc.) intg?rﬁeé)ticlm loss
Surface water balance components (Evap, Qs, Qsb, etc.) §g'nogy;g§igtyance
Surface state variables (Tsoil, SoilMois, SWE, etc.) transpiration

turbulent transfer,
snow, freezing/melting,... etc.

21 22

Physical Processes expressed in SiB Surface resistances (rc, rsoil)
« the reflection, transmission, absorption and emission of

direct and diffuse radiation in the visible, near infrared and Soil surface resistance (rsoil) is a
thermal wavelength intervals (radiative transfer) f{é”“g”, of SL;rface soil wetness

» the interception of rainfall and its evaporation from the leaf ry = large .
surfaces (interception loss) Stomatal resistance of single leaf

« the infiltration, drainage, and storage of the residual rainfall |ts a funcpon of Pf‘R flux, I%aff. it
in the soil (soil hydrology) leat water potential.

¢ the control by the photosynthetically active radiation (PAR) . N
and the soil moisture potential over the stomatal ﬁ’:?glfalteeag lsjiéci)rr]nalteaallfrgilsfgnces are
functioning (canopy resistance) 9 9 g

! - distribution function to produce bulk
e transfer of the soil moisture to the atmosphere through the canopy resistance (rc).
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) 2

24
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Increasing water use

Sensible and latent heat fluxes

e 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

O Rapid growth of world population

— major increase in food and water demand.
O Key word: Irrigation
0O Good : Producing much food (about 2.5 times)

O Bad : Requiring much water

irrigation

Food Production of The World (FAOSTAT)

Ratio compared with 1960

Area of Irrigated
cropland

Area of Food
cropland Production

Water control in farmland |

World Water Use (Shiklomanov, 2000)

27

} Irrigation
| Precipitation [ I
R

— Ik

9th irrigation
6th precipitation|

Soil moisture

Days

stagel stage2 | stage3 | staged

stage5

Water control in paddy field |

| Irrigation
{ Drainage
‘ Precipitation

Water depth
T Days
BN

staget stage2 stage3

stage4 | stage5
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Prognostic equation of green area model

Temperature c aaz -R_-H -JE,
t

Rn: net radiation T
H : sensible heat CgT:=Rng—Hg—Mg—Mg(Tg—Td)
AE : latent heat

i
T R

Soil Wetness W _ 1 lp_o,-E _E
= 1 1,2 de,1
o at 0.D, P
P1: infiltration aw, 1

[ 1,2 — Q243 - Ed(u2]

Qi,j : water exchange

Es : soil evaporation a  6.D,
Edc : transpiration aw, 1 [ ]
Q3 : drainage ot oD, T o, "

Irrigation

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.

Paddy field model

* Water depth and water temperature are added

& Rp—H-IE

ot
CWDWLTW=Rnw-Hw-le-kw L-Tg

at W
8Tg Tw—Tg

Co— = kw -wC (Te-Ta

ot Dy 502 =T)
aTu

Cd?=a)cd(Tg—Td)

30



Applied condition

Crop type | Growing stage | 1st | 2nd | 3rd 4th 5th
Spring Periods(%) 23 14 14 14 35
wheat Soil wetness | 0.70 | 0.60 | 0.80 0.80 0.55
Winter Periods(%) 25 20 22 13 20
wheat 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
Periods(%) 25 13 33 13 16

Rice Watc(ar:1 rY(?)epth 20-50 | none | 20-60 | 1 ictening | intermittent
Periods(%) 3 26 16 28 27

soy bean .

Soil wetness | 0.75 | 0.65 | 0.65 0.70 0.65

Periods(%) 4 21 13 26 36
cotton -

Soil wetness | none | 0.5 | 0.55 0.55 0.5

Chart by required water for cultivation in China

Irrigation efficiency

IRRIGATION SCHEME = Application efficiency is considered.

Perfect irrigation
(Drip irrigation)
(Application efficiency is 100%.)

Realistic irrigation
(Furrow irrigation)
(Application efficiency is considered.)

dl
dl+d2

ASM?2 = waterin s 42
dl+d2

Irrigation
add1
add2

ASM1 = waterin* p0 = waterin

o Water is supplied from ground.

o Huge amount of water is supplied
around once a week.

*  Water is directly supplied to the root zone.
*  Small amount of water is frequently
supplied.

Application to the Lake Biwa Basin (Japan)

e Biwa Basin

Lake Biwa Basin
Catchment area =3848km?
Lake Surface = 670km2 55
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Investigation

TYPICAL IRRIGATION IN UZBEKISTAN

Water canal Canal for drainage water

Furrow irrigation Drip irrigation

Irrigation efficiency

WATER BALANCE IN IRRIGATED FARM

Drip irrigation

Evapotranspiration Zvaporation/ Infiltration to Soil moisture
Evapotranspirati deeper layer
on
Furrow irrigation
Evapotranspiration £vaporation/ Infiltration to Soil moisture

FEvapotranspirati
on

deeper layer

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 (670km?) 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



Mixed forest Needle-Coniferous Paddy field Urban area

LAI(2000/01)  LAI(2000/07) Soil Type Slope angle ¥

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 L (lake surface)

Heat budget (10day) Albedo (10day)

Heat Budget (1hr) Albedo (1hr) “
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SDP & AMeDAS Short-wave rad Long-wave rad Wind speed

Air temp. Vapor Press. Rainfall Snowfall

Grid P (paddy field)

Heat budget (10day) albedo (1day)

Water depth (1day) Water depth (1hr)

Grid W & Grid H (snow depth)
Grid W

Snowfall is
underestimated?

Grid H

38

40
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Evapotranspiration (mm/year) Irrigation water (mm/year)
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Impact of EXAM short-wave radiation

Correlation R: between EXAM—JRASS Solar Radiation

K p - y B B
¥ (e) RadT| ® (f) SWE | ¥ (g) Qs ; (h) Qsb
130E 135E 1406 145€ 130E 1356 140E 145E 130E 1356 140E 145E 1308 135€ 1408 145€
R YEAR
05 07 08 09 095
Large Impact Small Impact
— ———

Sensitivity experiments to forcing data

Comparison of SiBUC output relative to flux observation
@ four sites in Japan

w JRASS + Satellite

SWn LWn SHF LHF SWn LWn SHF LHF SWn LWn SHF LHF

R 0413 0.790 0478 0779 0.689 0.767

RMSE 394 379 323 271 280 245

R 0720 0483 0233 0528 0899 0837 0434 0653 |0.953 0879 0566 0.699

RMSE 529 286 366 423 329 216 317 372 228 195 294 347

R 0740 0386 0833 0.724 0922 0.783

RMSE 580 350 462 239 339 210

R 0676 0396 0486 0762 0856 0726 0.532 0828 |0.945 0781 0.663 0.893

RMSE 650 406 305 369 465 306 272 258 284 284 232 227

SWhn: net short wave rad., LWn: net long wave rad., Best experiment !
SHF: sensible heat flux LHF: latent heat flux

Thanks to ASIA-FLUX Kotsuki et al. (2015, HRL)
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The 1%t 37 generation
Geostationary
Meteorological

Satellite
HIMAWARI-8

Impact of EXAM short-wave radiation

Seto Mixed Forest Site

----- : Exp.1 GPV/IMSM, -----: Exp.2 JRAS55,
——: Exp.3 JRAS5+EXAM

(http://sharaku.eorc.jaxa.jp/GSMaP/)




Validation of Land Surface
Temperature by

MODIS-Terra(10:30)

Applied condition

Crop type | Growing stage | 1st | 2nd | 3rd 4th 5th
Spring Periods(%) 23 | 14 | 14 14 35
wheat [ Soil wetness | 0.70 | 0.60 | 0.80 | 0.80 0.55
Winter Periods(%) 25 20 22 13 20
wheat [ Soil wetness | 0.70 | 0.70 | 0.80 | 0.80 0.55

Comn Periods(%) 8 48 6 14 24
Soil wetness | 0.75 | 0.65 | 0.70 0.75 0.65
Periods(%) 25 13 33 13 16

Rice Wat?r:1 ncll)epth 20-50 | none | 20-60 | gictening | intermittent
soy bean Periods(%) 3 26 | 16 28 27

Soil wetness | 0.75 | 0.65 | 0.65 0.70 0.65
Periods(%) 4 21 13 26 36

cotton =
Soil wetness | none | 0.5 | 0.55 0.55 0.5

Chart by required water for cultivation in China

—222—

Output from SiBUC

Surface Soil Wetness Rootzone Soil Wetness

Latent Heat Flux Snow Water Equivalent Surface Temperature

Data sets for global application

Land surface parameter Meteorological data sets
*Land cover +Precipitation [kg/s m?]
GLCC version2 GPCC,APHRODITE,GSMaP
+Soil physical parameter *Short wave radiation [W/m2]
Ecoclimap Long wave radiation [W/m?]
Temperature [K]
-Crop type Specific humidity [kg/kg]

FAOQ (crop type fraction) Hirabayashi et al.(2008)
*Remote Sensing (NDVI) *Atmosphere pressure [Pa]
SPOT vegetation Wind speed [m/s]
JRA25
-Crop Calendar
Analysis of NDVI

52

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




Climate Indicator
(Aridity Index & Evaporation Ratio)

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.

Aridity Index 5 <Al<12 Ard
2 <Al< 5 SemiArid
Energy Rnet 0.75 <Al<2  SubHumid
balance L P 0.375 <Al <0.75 Humid
(Ponce et al. 2000)
Evaporatlon Ratio Rnet: annual mean net radiation
Water E P : annual precipitation
balance = L : latent heat of vaporization
E : annual evapotranspiration

Global Distribution of Evaporation Ratio (ER)

Annual IWR (Irrigation Water Requirement) [mm/
yr]

0.01 1 10 100 250

Model
Annual IWR for each grids are

aggregated into country,
then compared with AQUASTAT

% Using irrigation efficiency (Doll et al., 2002)
68

Global Distribution of Aridity Index (Al)
GCM20km

180 1200 a0 [ 60E. 120E 180

0.1875 0.375 0.5625 0.75 1.375 2 3.5 5 8.5 12

Humid Sub-humid Semi-arid Arid

Precipitation products over Eastern Asia

(a-1) APHRODITE (obs.) (a-2) GPCC (obs.) (a-3) HO8 (obs.)

(a-4) GPCP (obs. + satellite) (a-5) GSMaP (satellite) (a-6) JRA25 (reanalysis)

(mm/year)

200 400 600  BOD 1000 1200 1500 2000 2500 3000
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Precipitation products over Eastern Asia

(mmf/year)
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.

Need for high quality data

1600 -\

\ A [~ \
N A NN\ - E

A A
A\V4 WVI A\ \2

mEvap ®Runoff

| Average value depends
200 || ON data used (selected)

Full(c2)

— Limit(C2)

Small difference in rainfall S
makes large difference in runoff

« 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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Runoff Ratio

Presem Climate

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



Exercise 2&3: Processing method of geographical and meteorological data

Kenji TANAKA (A4ssociate 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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27th IHP Training Course(2017/12/7-8)

Exercise 2&3
Processing method of
geographical and
meteorological data

Kenji Tanaka

Water Resources Research Center,
DPRI, Kyoto University

tanaka.kenji.6u@kyoto-u.ac.jp

Soil parameter (from ECOCLIMAP)
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Geographical data for hydrological analysis

* Land use/Land cover

* Topography Many rgsearch institute and
Operational agencies are

* River basin Producing many products.

* Soil Type
* Vegetation index (NDVI)

It is strongly recommended to download several
products and make comparison.

According to your knowledge and local information,
please select suitable product for your target basin.

Landuse fraction (ClassFrac)

Paddy field

Dam Catchment Area 3 {
%




GPCC (Global Precipitation Climatology Center)

MEteorOIOglcal data fOf' hydrologlcal analYSIS ftp://ftp.dwd.de/pub/data/gpcc/html/Gate to the GPCC Products.html

* Precipitation
Gauge based (accuracy depends on observation density)
GPCC Long history (monthly, 0.5deg 1degree)
APHRODITE Long history (daily, 0.25degree)

« Satellite based (need bias correction) :] :]

GSMaP Real time (hourly, 0.1degree)

* Air Temperature
CRU
APHRODITE ......

Depending on your purpose suitable product is selected
or several products are merged

Download page for Monitoring Product

01-12 1986 (archive) download download
01-12 1987 (archive) download download
01-12 1988 (archive] download download
01-12 1989 (archive] download download
01-12 1990 (archive) download download
01-12 1991 (archive) download download
01-12 1992 (archive] download download
01-12 1993 (archive) download download
01-12 1994 (archive) download download
01-12 1995 (archive) download download
01-12 1006 (archive’ download download

Download page for Full Data Reanalysis

(01.1901 - 12.1910 (archive download download download
[01.1911 - 12.1920 (archive! download download download
(01.1921 - 12.1930 (archive) download download download
01.1931 - 12.1940 (archive) download download download
[01.1941 - 12,1950 (archive, download download download
[01.1951 - 12.1960 (archive, download download download
[01.1961 - 12.1970 (archive, download download download
01.1971 - 12.1980 (archive) download download download
(01,1981 - 12.1990 (archive download download download
(01.1991 - 12.2000 (archive) download download download
(01.2001 - 12.2009 (archive) download download download

GPCC 1 degree monitoring product (1986/01)

0

GrADS: OOLA/IGES a.1 0.25 0.5 0.75 1 2 3 4 5 GrADS: OOLA/IGES T 10 30 50 100 150 200 300 400 500 600
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(http://sharaku.eorc.jaxa.jp/GSMaP/)

Procedure of data analysis

StepO: unpack the data (gzipped file )
Stepl: select the region for analysis (GSMaP)

(GSMAP/daily/cutgsmap.f)

Step2: select the region for analysis (GPCC)

(GSMAP/daily/cutgpcc.f)

Step3: calculate climatological value and correction factor

(GSMAP/daily/climanal.f)

Step4: select the region for analysis (gsmap hourly)
(GSMAP/hourly/cutgsmap.f)

Step5: change resolution to fit to the model grid

(GSMAP/hourly/chgres.f)

Step6: bias correction of GSMaP by GPCC climatology

(GSMAP/hourly/bcgsmap.f)

Step2: select the region for analysis (GPCC)

(GSMAP/daily/cutgpcc.f)

parameter(IDIM=360, JDIM=180)
parameter(latN=35.,latS=-5.,lonW=20.,lonE=45.)

Set the analysis region

j=IDIM

i1=int(lonW+180.)+1
i2=int(lonE+180.)
jl=int(latS+90.)+1
j2=int(latN+90.)
mx=i2-i1+1
my=j2-j1+1

=1

Size of target area ! 80
Is calculated automatically

do iy=1986,2011  loop for year

write(cy,'(i4.4)") iy write the year information in cy
open(22,file="NILE/GPCC-Nile-1mon'//cy//'.gad'
,form='unformatted',access="direct',recl=mx*my*4)

Use cy (year information) in
file name automatically

i=IDIM
NS0

You can access to the GSMaP products after registration.

Stepl: select the region for analysis (GSMaP)

(GSMAP/daily/cutgsmap.f)

parameter(IDIM=3600, JDIM=1200)
parameter(latN=35.,1atS=-5.,lonW=20.,lonE=45.)

i=1

Set the analysis region

j=1
=il =2
il=int(lonW/0.1)+1 =il g latN
i2=int(lonE/0.1) my
j1=int((60.-1atN)/0.1)+1
j2=int((60.-1atS)/0.1)
mx=i2-i1+1

my=j2-j1+1

j=j2 lats
lonW  lonE

Size of target area j=IDIM
Is calculated automatically

do iy=2000,2010 loop for year

write(cy,'(i4.4)") iy write the year information in cy
open(22,file='NILE/GSMAP-Nile-1mon'//cy//'.gad"
,form='unformatted',access="direct',recl=mx*my*4)

Use cy (year information) in
file name automatically

Step3: calculate climatological value and correction factor

(GSMAP/daily/climanal.f)

loop for 1 degree data
-1)*10+1 ji

bias(ii,jj,imon)=1.

avevar(ii,jj)=0. U .
vevar(i,j) Initialization for averaging

icon2=0
do !=!1’!2 loop for 0.1 degree data
do j=j1,j2

if(clim2(i,j,imon).ge.0.) then
avevar(ii,jj)=avevar(ii,jj)+clim2(i,j,imon)
icon2=icon2+1

endif

enddo

enddo

avevar(ii,jj)=avevar(ii jj)/real(icon2)
if(avevar(ii,jj).ge.1..and.clim1(ii,jj,imon).ge.1.)
bias(ii,jj,imon)=clim1(ii,jj,imon)/avevar(ii,jj)

1 degree grid box

j2

j1

N
E360

i=IDIM
N60

60

calculate 1 degree average value

Correction factor (GPCC/GSMaP)



Comparison of monthly mean precipitation

monthly mean Precipitation (Jan)
GPCC(1.0deq) GSMaP(0.1deq) GPCC/GSMaP | Correction
= 7 factor

40E 256 30E

110 30 50 100 150 200 300 400 500 600 0.20509 1.1 2 5

Step6: bias correction of GSMaP by GPCC climatology
(GSMAP/hourly/bcgsmap.f)

correction factor (1 degree)
model grid (1/6 degree)

parameter(mx1=25, my1=40)
parameter(mx2=150, my2=240)

do imon=1,12

read(11,rec=imon) ((bias(i,j,imon),i=1,mx1),j=1,my1)
do i=1,mx1

do j=1,my1 loop for 1 degree data
i1=(i-1)*iave+1 J
i2=i*iave

j1=(j-1)*iave+1

j2=j*iave

doii=il,i2 loop for model grid

do jj=j1,j2 (1/6 degree data)
bias2(ii,jj,imon)=bias(i,j,imon)

if(bias2(ii,jj,imon).gt.5.0) bias2(ii,jj,imon)=5.0
if(bias2(ii,jj,imon).It.0.2) bias2(ii,jj,imon)=0.2

reading correction factor

1 degree grid box

GrADS

OThe Grid Analysis and Display System (GrADS)

OFree Software to display 2 Dimensional data

Oinstall
OActivate :grads-2.0.2.0ga.2-win32_superpack.exe

Source : http://sourceforge.net/projects/opengrads/files/

grads2: OpenGrADS Bundle Distribution (Windows/Mac/Linux/
Unix)
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Step5: change resolution to fit to the model grid
(GSMAP/hourly/chgres.f)

parameter(mx1=250, my1=400) GSMaP grid

parameter(mx2=150, my2=240) model grid 3£m,jm+1) :(im*'lll'm*'l)

do ii=1,mx2 data matching )
im(ii)=nint((xlon2(ii)-lonW-0.5*res1)/res1)+1 .

enddo model grid

do jj=1,my2
jm(jj)=nint((xlat2(jj)-lats-0.5*res1)/res1)+1 ] [ ]

enddo 1 (im,jm) 2 (im+1,jm)
dis1=(xlon2(ii)-xlon1(im(ii)))**2+(xlat2(jj)-xlat1(jm(jj))) **2 GSMaP grid

dis2=(xlon2(ii)-xlon1(im(ii)+1))**2+(xlat2(jj)-xlat1(jm(jj))) ¥ *2
dis3=(xlon2(ii)-xlon1(im(ii))) **2+(xlat2(jj)-xlat1(jm(jj)+1)) **2
disd=(xlon2(ii)-xlon1(im(ii)+1))**2+(xlat2(jj)-xlat1(jm(jj)+1)) **2
www=1./dis1+1./dis2+1./dis3+1./dis4
weight(ii,jj,1)=1./(dis1*www)
weight(ii,jj,2)=1./(dis2*www)
weight(ii,jj,3)=1./(dis3*www)
weight(ii,jj,4)=1./(dis4*www)

distance x distance

weight for interpolation
Total weight should be 1

ZOOO/OB/OW O0GMT
GSMaP (20km) Bias Corrected

7

Precipitation (mm/hr)
GSMaP(0.1deg)

How to use “Grads” ?

1. Activate: Command Prompt

2. Change Directory to C:\GSMAP/hourly/NILE/ |
3. Activate: Grads
= Grads

* yes



Please test grads by following command

Data description file (ctl file)

Ex. BC-GSMAP-Nile-20km-1hr200003.ctl

DSET ABC-GSMAP-Nile-20km-1hr200003.gad
TITLE bias corrected GSMaP 20km hourly

Data file name

Y axi
UNDEF-9999.9  Undefined value '»D‘Q P (Lz)gtsude)
OPTIONS LITTLE_ENDIAN é/l //»"b(o%b

XDEF 150 LINEAR '20.05 0.166667 {Q@\e N

YDEF 240 LINEAR -4.95 0.166667 X QA/’ XMIN =20.05

DX =0.166667

zdef 1 levels 1000

tdef 744 linear 00:00z01mar2000 1hr
VARS1  Number of variables

rain 0 99 hourly precip(mm/hr)

TENDVARS Tdef =744
ef =
(24 hours x 31 days) DATA

Variable name Start from 2000 Mar 1

X axis
(longitude)

T axis (time)

You can easily make the similar figures using grads script

'set display color white'

‘open SiBUC_JLDAS1km_Haku_SWE.ctl’ ::; tdf;'e 2
‘open Soil_JLDAS1km_Haku.ctl' | ,
. o set gxout contour
open basmaskTedori.ctl | N
-1 set clab off
m’“’e( =) ‘set clevs 50 100 250 500 750 1000 12!
'reset'yyy ‘delev’ <draw elevation
B . \ 'set dfile 3'
set string 1 set lor 1
'set strsiz 0.23 0.25' Zzt Elc:t %’ i
‘draw string 6.5 8.1 Hakusan ('yyy+2004'-'yyy+2005')' . P .
‘draw string 0.4 8.1 annual SWE max (mm)' ,2 ;‘::,k draw basin boundary
‘set mpdset hires printim GIFfile/SWE'yyy+2005".gif'
set gxout grfill vyl
'set grads off' YYYEYYY
| I endwhile
set dfile 1
. Tt return
sett'yyy

'set parea 0.590.5 8'

'set clevs 1 200 400 600 800 1000 1200 1400 1600 1800 2000'
'setccols015149453107826°

‘dswe’  <—draw SWE

'cbar.gs'
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1600
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‘open SiBUCJLDAS1km_Haku2006.ctl'

'open SiBUCJILDAS1km_Haku2007.ctl'
(€-1:))

'open SiBUCJLDAS1km_Haku2012.ctl'

‘set display color white'

'reset’

'set strsiz 0.27 0.3'

'draw string 1 8.1 SWE (Hakusan Midagahara)'

'set grads off'

yyy=1

while(yyy<=7)

'set dfile 'yyy"

'set lon 136.76'

'set lat 36.15"

'sett 1365

'set vrange 0 1100'

'set parea 0.5 10.5 1.0 8.0

'd swe'

yyy=yyy+1

endwhile

'printim GIFfile/SWEtime.gif'

return

You can draw line graph
by GrADS

GrkDS: COLA/KAS
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Creating gif animation of GrADS figures

if(month<10) ; 'printim TEMPfile/im'varnum®yyy’0'month'.gif' ; endif
if(month> 9) ; 'printim TEMPfile/im'varnum®yyy’'month'.gif' ; endif
month=month+1

endwhile

=yyy+1
yyy yy_y Repeat number time interval of each file (mil sec)
endwhile /

'l convert -loop 1 -delay 30 TEMPfile/im* ANIMfile/anim'varnum’.gif'
'Imv TEMPfile/im* GIFfile/'
return

ImageMagick download site
http://www.imagemagick.org/script/binary-releases.php

color mark line






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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Fundamentals in Optimum
Reservoir Operation

T. Hori
Water Resources Research Center
Disaster Prevention Research Institute
Kyoto University

Modeling of the Interaction
between
‘Water Resources and Socio-economic systems

Tomoharu HORI, Professor
Water Resources Research Center,
Disaster Prevention Research Institute,
Kyoto University

Recent Research Interest

» Modeling of the Interaction Between Water Resources and
Socio-economic Systems

» Optimal Reservoir Operation scheme using Global Information

» Modeling of Human R to Flood Emergency and Quantitative
Performance Evaluation of Non-facility-based Countermeasures

» Optimal Design Framework of a Flood Control System Including In-
floodplain Countermeasures Based on Distributed Risk Assessment

1.

3.

contents

Functions of Reservoirs
Multi-purpose reservoir - an example —
Mathematical expression of reservoir operation

Optimal operation by deterministic dynamic
programming

Optimal operation by stochastic dynamic programming

What is a reservoir for ?

discharge Time-discharge curve = hydrograph

m'/s

Flood control
New Resource level — --f--
T(— '
Natural Resource level -- -

Newly developed water

Water supply

Time (year)

© T. Hori, Kyoto University

What is a reservoir for ?

1. to protect flood disasters
Keep reservoir empty during non-flood period
2. tosupply water, to generate power

Keep reservoir full during non-drought period

© T. Hori, Kyoto University

A sample of multi-purpose dam reservoir
- Hiyoshi dam — (1)

(Japan water agency)

© T. Hori, Kyoto University
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A sample of multi-purpose dam reservoir
- Hiyoshi dam — (2)

(1apan water agency)

© T. Hori, Kyoto University

A sample of multi-purpose dam reservoir
- Hiyoshi dam — (3)

(1apan water agency)

© T. Hori, Kyoto University

A sample of multi-purpose dam reservoir
- Hiyoshi dam — (3)

(1apan water agency)

© . Hori, Kyoto University

Capacity allocation of multi-purpose dam reservoir

(1apan water agency)

© T. Hori, Kyoto University

(1apan water agency)

© T. Hori, Kyoto University

(1apan water agency)

© T. Hori, Kyoto University
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Key variables to describe state of a reservoir
i O(t) : Inflow discharge at time ¢
S(#) : Storage volume at time ¢

l, R(?) : Release discharge at time #

ds(t
Continuity equation of a reservoir 75) =0()—R(?)

© T. Hori, Kyoto University

Objective Function (1)

Evaluation function

Damage or Loss in case of flood control
==) Minimization problem

Benefit or Income in case of water supply and power
generation

=) Maximization problem

Conceptually can be expressed as an function
of release discharge and storage

J(R(®), 5(1))

© T. Hori, Kyoto University

Objective Function (2)

Evaluation of the performance of operation

Analyticaly expressed when the assessment can be
done directly in terms of reservoir variables:

SR, S(1) = {R(O) = Riype}” +{S(1) = S}’

In many cases, some simulation process such as flood
routing and runoff is included :

J(R(),S(1)) = [%x 100)

where D(#) denotes the demand at intake (reference) point

J(R(#),S(t)) = f(mximum inundation depth)
R(#) — flood flow — inundation

© . Hori, Kyoto University

Formulation

max [ IOTJ(R(t),S(t)) dt }

0<t<T

subject to
das(r)
——==0(t)—R(t
o - CO-RO
0<R()<R,,
Smin < S(t) < Smax

(0<t<T)

© T. Hori, Kyoto University

Design operation and Real time operation

Inflow discharge sequence Q(¢):0<¢<T
Known for all time horizon

Design operation (off-line operation) : to derive
optimum release sequence for historical hydrographs

Unknown in future from the current time

Real time operation (on-line operation) : to derive
optimum release at current time in consideration with
future income (current release which maximizes total
benefit for the period between current time and time
horizon)

© T. Hori, Kyoto University

Discretization in time and volume

From actual viewpoint, release cannot be changed
continuously in time

Discrete time system is introduced
10
I LT O I
T I 1

I
Si l Sm
R.

i

Hydrologic variables such as storage,
inflow, release are also discretized in
level expression

© T. Hori, Kyoto University
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The most fundamental case

The case where values of inflow discharge sequence

O, (i=1,---,1) is known (given).

» Design operation

» Inflow values (levels) are explicitly given
-> Deterministic

» Single reservoir system

—

Deterministic Dynamic Programming
Operation (referred as DDP hereafter)

© T. Hori, Kyoto University

Deterministic DP operation

Problem Formulation

max[zf( 5 ’“)}
i=1end =
subject to
S.,=8+0-R
O0<R <R,
Sn <S8, <8,

(=11
where

O, and R, :inflow and release at step 7, S, :storage at the beginning of step i

J(e,®) : assessment function

R, :upper limit of release, S,;, and S :lower and upper limit of storage.

‘min

© T. Hori, Kyoto University

Deterministic DP operation

max{zJ(R ‘“)}
i=leed
—max{gf(& St Sy, yr,, 5, + 2R ZR’)}
o S, I S I1+1
et |
s =)
12
O N;~O
5 "0

© . Hori, Kyoto University

Deterministic DP operation
max{z Ik, >

l+l):|

& S+, -R
,max[z ‘/(R”tTm)JrJ(RI’SIJr%)}
i=1

i=led

I I1+1

w1

~

OO@@-@
A

&

© T. Hori, Kyoto University

Deterministic DP operation

max[ S w5 s r, s, +Q';R'>}

i=le

- max{z IR, ‘”)+max [J(R,,S +& ZR')H

R,
i=led

= max{ Z J(R,, ”‘)+f(S )}
where
£45)= max [J(R,,S — )}

for g [,wcn s,

© T. Hori, Kyoto University

Deterministic DP operation

7059 max | /.5, + 225 |

for b, s,

M 7 S I+1

| | |

1 1 1 1
1.8, =level )= @\ b Q
£.(S, =level 2) = 18>4C>
1S, =level 3) = 10

£(S, =level 4) = 8

© T. Hori, Kyoto University
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! S +S
max{z SR, == ”')}
R, i=1
i=leee
1-2

S+,
= max{ IR, ===+

R, i=1
i=l -2
TR, S, + 2Ry s -R
+ MAX SR S, TS (8,40 R
for gV .
Si -1 S 1

| 15 (D)
O N @

O ®
O

© T. Hori, Kyoto University

Defining
500~ max {8+ 22 s, o0, )

1
for given S,

produces

L S +S
max{ZJ(Ru’T’*')}

8 S+,

i+l

= max{ J(R,»T)+

9,-R,

+ max {J(RH,S,,Z+f)+/},.(S,,z+QH *R,,z)} .

R,
for given S,

© T. Hori, Kyoto University

Recursive functions derived

. - R,
J12(8.) = max {J(Rl—n S+ 9 ) =
R

,
for giver

V1S + 0 =Ry, )}

fori=0,---,1—1
Jra(80)=0.

Applying the recursive function backward from the end
period to the beginning one gives the optimal release as
the function of storage levels at the beginning of each
period.

© . Hori, Kyoto University

Consideration of uncertainty

In the Deterministic DP model, values of inflow level are
given. Actually the inflow level differs year by year even
in the same day in the year.

et

Stochastic approach is required.

Inflow level in each period is not independent: High
correlation between inflow levels at neighboring time
periods is usually observed.

© T. Hori, Kyoto University

One-order Markov Chain

Conditional probability of inflow levels during time period 7, O,,

for the levels of inflow in the previous perid, O, ,.

PO | 0]
PrQ =110 =1 PO =20 =1] PQ =30, =1]
= | PO =1]0.,=2] PiQ =2[Q,,=2] PrQ =3|0,=2]
PO, =110, =3] PrQ,=2|0,,=3] PiQ =30 =3]
0.6 03 0.1
= 103 05 02
03 03 04

One-order Markov Chain

0.6 03 0.1
P{Q |0, = |03 05 02
03 03 04
03Y
If the probability distribution of O, is given as Pr[ O] = 0.5
0.2
you can get the probability distribution of O, as follows
0.6 03 0.1
Pr[Q,]1=Pr[Q_]-Pr[O,|0,,]1=(0.3 0.5 0.2)-[03 0.5 0.2
03 03 04

0.3x0.6+0.5x0.3+0.2x0.3)
=1 03%x03+0.5x0.5+0.2x0.3
0.3x0.1+0.5x0.2+0.2x0.4

© T. Hori, Kyoto University

© T. Hori, Kyoto University




One-order Markov Chain

Once you have observed that the inflow discharge at the previous time
period, O, |, is level 2, then you can obtain the probability distribution
of inflow at current time stage as:

Pr[Q |0, =level 1]=(0.3 0.5 0.2).

Stochastic Dynamic Programming

Then the expected benefit when you select release discharge during period i
as level 1 in case the inflow level has been observed as level 2

will be given by

5%0.3+12x0.5+7x0.2=8.9.

S[ SI+1
Note that if you specify the release discharge at level 2 when the storage level | | | 1 | I+1
at the beginning of period i is level 2, the storage level at the beginning of I I 1 I
period i +1 cannot be specified uniquely. We can get instead the probability O /,O
distribution of S}, as: 5
03 (for S ,.=2+1-2=1) (5,=2,0,, =2 ){12—»0
PiS, 1=/ 05 (for §,,=2+2-2=2) 7
02 (for §,=2+3-2=3) O \O
© T. Hori, Kyoto University © T. Hori, Kyoto University
Summary

Stochastic Dynamic Programming

J1-i(S1-i> Or-ie1)

K Ori =Ry
=  max 2 PO 1 Q]| TRy, Sy +f)
R, =1

forgiven 5.0, 2

1S+ O = Re)}
fori=0,---,1—1

© . Hori, Kyoto University

»> There are two types of operational approach: namely design
operation and real time operation according to the inflow
information.

» The most fundamental approach to optimal reservoir operation
is optimization be deterministic dynamic programming.

» Uncertainty is inherent in reservoir operation and one of the
commonly used optimum control under the uncertainty is
called stochastic dynamic programming, which employ the one
—order Markov chain as the model of inflow variations.

© T. Hori, Kyoto University
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Lecture 6: Optimum operation of reservoir systems

Daisuke NOHARA (A4ssistant 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 6:
OPTIMMUM OPERATION OF RESERVOIR
SYSTEMS

Daisuke NOHARA

Water Resources Research Center
Disaster Prevention Research Institute
Kyoto University

CONVENTIONAL RESERVOIR OPERATION METHOD

* Rule curve approaches
* Based on historical hydrological data
* Used for design of seasonal operation

* Can be categorized to offline
operation

Upper limit for flood control

STORAGE LEVEL (m)

Lower limit guidance for water supply

JFMAMIJIJASONTD

Example of rule curve (Kamafusa Reservoir)

Source: htm)

MATHEMATICAL EXPRESSION OF RESERVOIR OPERATION

State variables of a reservoir when discrete time step is applied

e, 4
qy r, L .
5 p R q,: Inflow during time step t (m ) )
s, Storage volume at the beginning of time step t (m?)
r,: Release amount during time step t (m3)
St e,: Loss from the reservoir during time step t (m3)
Reservoir

Continuity equation of reservoir storage

S =S8, 14, —1, —¢€
where
Rmin = 7; = Rmax’ Smin = Sr+1 = Smax
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FUNCTIONS OF A RESERVOIR

* Flood control

*  Water supply (water resources development)

* Maintenance flow (including environmental flow)
* Hydropower generation

* Navigation

* Leisure

Most reservoirs are operated for more than two objectives (multi-
purpose reservoirs), while some reservoirs are for single objective
(single purpose reservoirs)

ALLOCATION OF RESERVOIR STORAGE

Storage capacity for each purpose is separately managed.
Advantages:

« Transparency: easy to understand for reservoir managers and public

« Designed based on hydrological statistic characteristics
Disadvantages:

* Less flexible to reflect recent conditions in the target river basin

* No consideration of real-time hydrological predictions

Flood Control Capacity: 12.5 MCM

Water Use Capacity: 35.1 MCM

Sediment Storage Capacity: 4.4 MCM

Allocation of Storage in the Tomisato Reservoir

OBJECTIVE FUNCTION OF RESERVOIR OPERATION

Reservoir operation for disaster management
Minimization problem, where it minimizes damage or impact in the
downstream due to floods or droughts

Ex) inundated area, maximal river discharge or water level,
gap between water demand and supply

Reservoir operation for water supply or power generation, etc
Maximization problem, where it maximizes benefit through water
supply, power generation, navigation or environmental flow

Ex) amount of supplied water, generated power, minimum level of river flow

In most cases, evaluation function can conceptually be represented as a
function of release discharge and storage for both minimization or
maximization problem:
s +S
t 1+1
J|r, —
2



OBJECTIVE FUNCTION OF RESERVOIR OPERATION

When considering a maximizing problem with a single objective,
T s +S
max E J(r, =L
I = 2
subject to
S =8, %4, -1, -¢
R.=<r=<R
S,

‘max

=5, =8,

min

DYNAMIC PROGRAMMING APPROACH

Optimization of reservoir operations based on dynamic programming (DP)
approaches

O Richard Bellman’s Principle of Optimality:

« Original problem can be divided into a set of sub problems which need
less computational effort to solve

O Suitable for reservoir operation simulation, which is multi-stage
decision making process

O Applicable to any problem including nonlinear problems which have
non-linear objective functions such as damage functions

O Compatible to computer-based solving

PRINCIPLE OF OPTIMALITY - CONCEPT
Shortest path problem

Minimize time (minutes) to reach Town H from Town A

Original problem can be divided into a set of sub problems
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OPTIMIZATION METHODS

* Linear programming
* Nonlinear programming
* Dynamic programming
* Goal programming
» For multi-objective problems
* Heuristic approaches (e.g. genetic algorithm)

» For multi-objective problems

RICHARD BELLMAN’S PRINCIPLE OF OPTIMALITY

An optimal policy has the property that whatever
the initial state and initial decision are, the
remaining decisions must constitute an optimal
policy with regard to the state resulting from the
first decision.

PRINCIPLE OF OPTIMALITY - CONCEPT
Shortest path problem

Minimize time (minutes) to reach Town H from Town A

If you have already known the shortest path from Town E to Town H,

then you DO NOT HAVE TO seek again the shortest path from Town E
when you try to find the shortest path from Town A through Town H !




INTRODUCTION

Optimization of reservoir operations based on dynamic programming (DP)
approaches
O Richard Bellman’s Principle of Optimality:
« Original problem can be divided into a set of sub problems which need
less computational effort to solve
O Suitable for reservoir operation simulation, which is sequential
process
O Applicable to any problem including nonlinear problems which have
non-linear objective functions such as damage functions

O Compatible to computer-based solving

SIMPLE EXAMPLE

Optimization of water supply operation of a single reservoir so as to minimize
drought damage caused by deficit in water supply from the reservoir for
three time steps

dr g;: Inflow during time step t (MCM)
s,: Storage volume at the beginning of time step t
(Mcm)
t r;: Release amount during time step ¢ (MCM)
e;: Loss from the reservoir during time step ¢
(Mcm)
Assessed point d: Demand (target release amount) during time
Reservoir step t (MCM)

Physical constraints of the reservoir:
=0, S, = 40
=0,R,.,=40

* Sr\’un

* Rmm max

Matrix for Inflow / Target release (MCM):

t=1 t=2 t=3
q, 10 10 10
d, 20 30 30
SIMPLE EXAMPLE
d;
e
E—
s Assessed point
Reservoir

Objective function:

3
miHEH(r,)

subject to:

=0, Spax
M Rmm = 0' Rmsx -
CSu1 =S+ G e

.smm

Recursive equation:

f(S/) = IT%i{l[H(F/) + f(SM)] f(*): Future damage function
r(t

MATHEMATICAL DESCRIPTION
Objective function (for a maximizing problem with a single objective)

T S+
maxEHJ r, -t

5 2
subject to
S =8, 14, -1 —¢€
Ryn =1, =R,
Smin =5 = Smax _Value in the

y . I
Recursive equation " current time step Calculated backward!

S +5
£,(s,) = max J(r,,—' )
n

ES

2 f;+l(st+l (ISIST_I)

“\.Optimum value in the
following time steps

SIMPLE EXAMPLE

s Assessed point
Reservoir
Assumptions to simplify the problem:
* No consideration of losses from the reservoir [i.e. e, = 0]
* The assessed point locates just downstream the reservoir
[i.e. r, is identical to flow amount at the assessed point]
Other settings:

* Drought damage function:
H(r,) = {max[d, - r,, O]}
« Discretizing states into five levels considered for s, g, and r, with increment of
10 (MCM) from 0 to 40.

SIMPLE EXAMPLE

Calculation backward considering no damage after the last time step (t > 4)

t=1 t=2 t=3 t=4
Storage Level 5 fla=0
(40 MCM) (@) (@) O

Soreledlt 10 o o 5°

Sorgeledls 0 o o &’

4)=0

e o o &”
Sto;ggMecL’\e/l\;el 1 O O O O ~



SIMPLE EXAMPLE

Calculation of f(3) for each storage state s,

Storage Level 5
(40 MCM)

Storage Level 4
(30MCM)

Storage Level 3
(20MCM)
Storage Level 2
(10MCM)

Storage Level 1
(oMcM)

For Level 5 (s;=40MCM),

t=1

o O O O O

t=2

o

o O O O

t=3 t=4

*r;=0  Not feasible (s,>s,,,)

*r;=10  H(r;) = (30-10)2=400, 5,=53+q5-r;= 40,  f(3) =400 + f(4]5,=40) = 400
+r,=20 _ H(r,;) = (30-20)2=100, 5,=30, f(3) =100 +£(4]5,=30) = 100
*r;=30  H(r;) =0, 5,=20, f(3)=0+f(4]5,=20) =0
+r,=40  H(r;)) =0, 5,=10 f(3)=0+f(4]s,=10) = 0

Optimal policies for the storage state

SIMPLE EXAMPLE
Calculation of f(2) for each storage state s,
t=2

Storage Level 5
(40 MCM)

Storage Level 4
(30MCM)

Storage Level 3
(20MCMm)
Storage Level 2
(1omcm)

Storage Level 1
(omMcm)

For Level 4 (s,=30MCM),
*r,=0 H(r,) = (30-0) =
*r,=10

t=1

o

O O O O

900,

H(r,) = (30-10)2 =400,

$3=5,+q,-r)= 40,
53=30,

t=3 t=4

£1(2) = 900 + f(3]5,=40) = 900
£(2) = 400 + f(3]5,=30) = 400

*r,=20
*r,=30

H(r,) = (30-20)2
H(r,) =0,

=100,

$3=20,
$5=10,

£1(2) =100 + f(3]53=20) = 100
f(2) =0+£(3]5,=10) = 100

*r,=40  H(r,)=0, "\

S3=

F(2)=0+/(3]5,=10) = 400

Optimal policies for the storage state

SIMPLE EXAMPLE
Calculation of f(1) for each storage state s,
t=2

Storage Level 5
(40 MCM)

Storage Level 4
(30mMC™)
Storage Level 3
(20MC™m)
Storage Level 2
(10MC™m)
Storage Level 1
(omMcm)

For Level 4 (5,=30MCM),

t=1

t=3 t=4

+r,=0  H(r,) = (20-0)2=400, 5,=5,4q,-1,= 40, (1) = 400 + f(2|5,=40) = 400
“r,=10 H(r,) = (20-10)?=100, 5,=30, F(1) =100+ f(2[5,=30) = 200
*r,=20 5,= 20, F1(1) = 0+£(2]5,=20) = 200
<r,=30 5,= 10, F(1)=0+(2[5,=10) = 500
*r,=40 5,=0, f(1)=0+f(2]5,=0) = 800

Optimal policies for the storage state

—245—

SIMPLE EXAMPLE

Calculation of f(3) for each storage state s,

Storage Level 5
(40 MCM)

Storage Level 4
(30MCM)
Storage Level 3
(20MCM)
Storage Level 2
(10MCM)

Storage Level 1
(omMcM)

SIMPLE EXAMPLE

t=1

O

o O O O

t=2

o

o O O O

Calculation of f(2) for each storage state s,

Storage Level 5
(40 MCM)

Storage Level 4
(30MCM)

Storage Level 3
(20MCM)
Storage Level 2
(10mMCwm)

Storage Level 1
(omMcm)

SIMPLE EXAMPLE
Calculation of f{1) for each storage state s,
t=2

Storage Level 5
(40 MCM)

Storage Level 4
(30mMCm)
Storage Level 3
(20MCM™)
Storage Level 2
(10MCM™)
Storage Level 1
(oMCm)

t=

O

O O O O

1

t=1

fl1)=300 |

fl1)= }00

fy=200

fiy=600—

=900~

t=2

f(2)=0

i ?oo\\*\

f(z%: 800

f(2)= 800

%

fl4)=0

t=4

f#)=0
O

fia)=0
o

fi4)=0
he)

t=4

fia=0
o

fa)=0
(@]

fia)=0
a®)

4)=0



SIMPLE EXAMPLE

Getting optimal policies (decision and state trajectories) for each
storage level at each time step

If you want to know the optimal release policy for storage level 3 at time step 1...

t=1 t=2 t=3 t=4
Storage Level 5 f(1)= 100 fl=0 f3)=0 fa)=0
(40 MCM) o)
Storage Level 4 f(1)=200 fla)=0
(30McMm) Oi (@)
Storage Level 3 f(1)=300 fla)=0
(20McMm) ‘7 NO
f(l%: 600 fia)=0
Storage Level 2
(10MCM) o)
Storage Level 1 A (15 90% ﬂzf: 800 fla=0
(oMcM)
SAMEURA RESERVOIR

Allocation of storage capacity

AR FLKE
EL33,0m EL34500m

Wet Season

(7R18~10108)

Dry Season
(108118~6A308)

Flood Control
Capacity

Power Gen.
Capacity

HRIREL325.00m

Water Use
Capacity

173MCM 173MCM

HEEREL2390m

BT EHNS LS EREHHTHP
hitp://www.skr.miit 80 jp/yoshino/index.html

EXERCISES

Exercise with the simplified Sameura Reservoir system
*  Located in the Yoshino River basin, Shikoku Island, Japan
* A multipurpose reservoir for flood control, power generation and water supply
+  Controlling seasonal variability in streamflow (not for inter-annual storage)

. Allocation of storage capacity for each purpose
Assessed point to operate Sameura Reservoir
. Purposes Storage capacity
Dry season Wet season
(Oct. 11 -Jun. 30%) | (Jul. 1 - Oct. 10%)
flowto e 1 The Yoshino River Water supply | 173 MCM 173 MCM

> > Flood control | 80 MCM 90 MCM

Sameura Power gen. 36 MCM 26 MCM

Reservoir

simplified basin model for operation of Sameura
reservoir
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EXERCISES WITH ACTUAL RIVER BASIN

Sameura Reservoir system
* Located in the Yoshino River basin, Shikoku Island, Japan

* A multipurpose reservoir for flood control, power generation and water supply
managed by Japan Water Agency
*  Controlling seasonal variability in streamflow (not for inter-annual storage)

4 Kyoto

YOSHINO RIVER BASIN

Water Scarcity Area

Shingu Dam
|: Tomisato Dam }\

The Yoshino River

Ikeda Dam

Japan MLIT:
http://www.skr.mlit.go.jp/yoshino/index.html

EXERCISES

Exercise with the simplified Sameura Reservoir system
* Located in the Yoshino River basin, Shikoku Island, Japan
* A multipurpose reservoir for flood control, power generation and water supply
*  Controlling seasonal variability in streamflow (not for inter-annual storage)

Allocation of storage capacity for each purpose
to operate Sameura Reservoir

d
g Purposes Storage capacity
q; ry Dry season Wet season
/I —_— (Oct. 11 - Jun. 30%) | (Jul. 1#- Oct. 10%)
P Water supply | 173 MCM 173 MCM

Ti‘re Yoshino | n d point
River ¥ e Flood control | 80 MCM 90 MCM

Reservoir Powergen. |36 MCM 26 MCM

Schematic view of simplified Sameura
Reservoir system



EXAMPLE 1: OPTIMIZATION FOR WATER SUPPLY (1) FLOW REGIME AND TARGET RELEASE

Flow regime in the applied dry year (2008) and assumed water demand just

* Optimize water release strategy from a single reservoir for each storage i .
downstream Sameura Reservoir (assumed target release of Sameura Reservoir)

state at each time step considering the historical streamflow regime in

adry year
« Consider only water supply operation with the storage capacity for that 100
------ Target Release  ——— Applied Dry Year (2008) Averaged Inflow
purpose (173 MCM) %
« Off-line optimization (not online optimization) 0
* Optimize with deterministic DP (DDP) for one year from January to o
December S0
T I'\\
H 40
¢ [
0
\
: LA
10 -
135 7 91113151719 2123 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73
Time steps (in 5-day unit)
SETTING UP OPTIMIZATION PROBLEM SETTING PARAMETERS FOR SOLVING DP
Objective function Descretization of states and time steps
| The number of descretized levels of states and time steps must
min 2 H(r,) carefully be chosen.
. = * Enough many to describe reservoir and hydrological states according
subject to: to the objective of optimization
* S in $5¢S o . ) . )
R <ft!SR But as small as possible to secure feasibility in computation

*Su =St Q- . .
For this exercise (drought management):
Recursive equation: « Time Step: 5-day unit (73 time steps in a year)
: *  Flow (inflow and release): 100 levels (4 m3/s for each level
f(s)=min[H(@) + f(5,..)] ‘ : e/ ’
n * Storage: 100 levels (1.73 MCM for each level)

Drought damage function: Constraints:
Employing the one proposed by Ikebuchi et al. (1990): Sy =0, S, = 173 MCM
@ -ny Royin =0, Rinpy = 400 m3/s (= 173MCM for 5 days)
e - [ <d)
/ 0 (r,2d) Other assumptions:

e = 0 (No loss from the reservoir considered)

ASSUMED TARGET RELEASE OF SAMEURA RESERVOIR TARGET STORAGE OF SAMEURA RESERVOIR

T | f i
arget Release of Sameura Reservoir Target Storage of Sameura Reservoir

2.00E+08

50 A 1.80E+08

: M) S/

VAR -

) | \,

A CYae o
WA

4.00E+07

2.00E+07

Much amount enough to secure water demand downstream in 000E0D
the drought event which can occur once in 5 years
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SETTING PARAMETERS FOR SOLVING DP

Future damage function at the last time step of optimization
Necessary to define for backward calculation of f{)

t=1 t=2 t=T
Storage
Lev. Lg O O . f(T|Strorage Lv. = L) = ??
Storage -
s O O @ Tistrorage Lv.= L-1)
Storage
Lev./ O O @ ATistrorage Lv.= /)=
Storage _
Lev.1 @) @] (9] J:(E\’Strorage lv.=1)

OPTIMIZATION RESULTS

Optimal release polncnes

Tmesiep 12 7
Storage

Level0
torage
Level 1
Storage
Level2

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

torage
Level

Storage
Leveld

Sorage.
Levels

sorage
Level&

Storage
Level7

Storage
Levels

Storage
Level9

Storage
Level 10
Storage
Level 11
torage
Level 12
Storage
Level 13
Storage
Level 1o
storage
Level 15

© o ooocoooo0oo0ooo0o0 o0 oo

1
1
1
1
1
1
1
1
1
1
1
1
1
il
1
1

* Matrix of optimal release levels for storage states (Levels O to 15 are
shown in this chart) at each time step

* More release can possible for better storage states (greater levels)
* Release must be decreased before the drought season39

EXAMPLE 2: OPTIMIZATION FOR WATER SUPPLY (2)

« Optimize water release strategy from a single reservoir for each storage
state at each time step considering historical streamflow regimes
observed for 30 years

* Consider only water supply operation with the storage capacity for that
purpose (173 MCM)

« Off-line optimization (not online optimization)

* Optimize with stochastic DP (SDP) for one year from January to
December

20
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Averaged inflow (m?/s)

SETTING PARAMETERS FOR SOLVING DP

Future damage function at the last time step of optimization
Estimating by optimizing water release for a period (e.g. until end of
the next year)

Adding penalty to small storage levels which can admit drought after
the final time step of the optimization

Storage
Lev.L

Storage
Lev. L1

Storage
Lev./

Storage
Lev. 1

t=1 t=2 f:TﬂT\L t:TI)l t:T+(T; I n=0
V.= +T*|Lv. = ) =
o 0o . ol . /d
= L (T+T*|Lv. = [-1) = 0
o o - /d
o o ﬂT\Lv */b >d(r+mw. =/)=0
: : Lv.ay (T+T*|Lv.=1) =0
o o - QW o . \d

L
With target flow regime w.m flow regime assumed fcr the next year
(2008 for this exercise) (1/2 flow regime for this exercise)

LA

OPTIMIZATION RESULTS

Optimized values of reservoir operation
Minimized total drought damage expected after each time step

111611 22
Time Step 64146
51565] 66

00-20 020-40 40-60 [160-80 [180-100 100-120 01120-140 01140-160

HISTORICAL HYDROLOGICAL DATA

Inflow sequences observed for 30 years (1979-2008)

4000

3500

3000

2500

2000

1500

1000

135 7 5 101315 17 19 21 23 25 27 29 5133 35 37 39 41 43 45 47 49 5153 55 57 59 61 63 65 67 69 71 73

Time steps (in 5-day unit)



SETTING UP OPTIMIZATION PROBLEM FOR SDP

Objective function

mjnig[H(r,, 4]

subject to:
* Smm Ssl < Smax
* Rinin S 7eS Riax

CSm TSt Q-6

Recursive equation:
SGs)=minE{H(;, g)+ fa(5)}
(Neglecting persistence in streamflow)

Drought damage function:
Same as the one employed in Example 1:

(d,—nf/ .
- , <d)
0 (r,=d)

FOR FURTHER DISCUSSIONS

The further discussions about DP based optimization of reservoir operation
can be seen in the following references.

DP based optimization of reservoir operation

* Nandalal, K.D.W. and Bogardi, J.J. (2007): Dynamic programming based operation of
reservoirs — Applicability and limits -, UNESCO, Cambridge University Press, 130pp, ISBN
978-0-521-87408-3.

* Loucks, D. and Van Beek, E. (2005): Water resources systems planning and management —
An introduction to methods, models and applications, Studies and Reports in Hydrology,
UNESCO Publishing, 680pp. (with contributions from J.R. Stedinger, J.P.M. Dijkman and
M.T. Villars), ISBN 92-3-103998-9.

Application of DP models to optimize actual reservoir systems

*  Kumar, D.N., Baliarsingh, F. and Raju, Srinivasa (2010): Optimal reservoir operation for
flood control using folded dynamic programming, Water Resources Management, 24,
1045-1064.

* Faber, B.A. and Stedinger, J.R. (2001): Reservoir optimization using sampling SDP with
ensemble streamflow prediction (ESP) forecasts. Journal of Hydrology, 249, 113-133.

* Turgeon, A. (1980): Optimal operation of multireservoir power systems with stochastic
inflows, Water Resources Research, 16(2), 275-283.

* Tilmant, A. Vanclooster, M., Duckstein, L. and Persoons, E. (2002): Comparison of fuzzy and
nonfuzzy optimal reservoir operation policies, Journal of Water Resources Planning and
Management, 128(6), 390-398.
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OPTIMIZATION RESULTS

Optimized values of reservoir operation

Minimized total drought damage expected after each time step

Total Drought Damage (m3/s)
° 8

le
1146 2565,
3641
Time Step 465]55515&
7

D0 0510 01015 01520 02025






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.
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= The 27th UNESCO - IHP Training Course on

Integrated Basin Management under Changing Climate,
Dec.4-Dec.15, 2017.

Integrated sediment management
for reservoir sustainability

Tetsuya SUMI

Disaster Prevention Research Institute, Kyoto University

Flushing, Dashidaira dam

Worldwide distribution of dams

Dam Impacts caused by reservoir sedimentation

Sediment Replenishment, Nunome dam

Contents of the lecture

Concept of Reservoir Sustainability
Japanese Regulation

Methodologies of Reservoir
Sedimentation Management

Case Studies in Japan

Sediment yield map of the world

Walling and Webb, 1983

Change of flow and sediment transport regimes

» Dam construction dramatically influences the river basin
balance for water / sediment inflow and outflow.

Sedimentation in reservoir
* Reduction of storage capacity
Downstream geomorphology
* Bed armouring and degradation

Dam Impacts
+ Discontinuity of
sediment transport
downstream
* Modification of flow
regimes downstream

Downstream hydrology

» Water table lowering, changes
in seasonal flow, flood
frequency and magnitude

Downstream ecosystem

* Reduced ecosystem health
(Biodiversity, Quality and quantity
of food resources, Water quality)

—
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Rich sediment




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

Natural flow regime Flood pulse concept ~ River channel as conveyor belt for
Poff et al. 1997 Junk et al. 1989 sediment (Kondolf 1994)

Fluvial river systems composed of 6

segments (Takemon 2010)

\ Brune curve (1953)

Sediment trapping efficiency of reservoirs

Quality of sediment in reservoirs

Source: S. A Kantoush,
T. Sumi and Y. Takemon
MAY 2011,
INTERNATIONAL
WATER POWER & DAM
CONSTRUCTION

Shift of stage-storage and

Des

stage-area curves due to sedimentation

g
£ 100 8
8 Highly flocculated: s
@ and coarse sediment o
2 gl 20 o
- " Medlan Curve For a
8 r Normal Ponded Resenvairs a
o o
o 60— 40 @
- olloidal, dispersed, T
£ I~ fine-grained sediment ‘é
g 4o 60 E
= Envelope Curves For 5
g [~ Normal Panded Reservoirs 2
& 20— 80 o
c £
Z v LA LLIE L L1 | | L L b g
0 - 100 &
£ 16° 16 107" 10° ' =

Capacity: Inflow Ratio 005

TE =] - —pum

GC)‘

Reservoir Yield change by reservoir sedimentation

) Sustainable Development

Source: Reservoir
Sedimentation
handbook, Morris
and Fan(1996)

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).

General shape of a reservoir storage-yield curve, in which yield asymptotically approaches the

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.

Naming Screening of
Sediment of priority Sediment
impacts dam management
- - Implementation
countermeasures
Sedimentation N
process == "T7TC ~=-~-___ Monitoring
assessment of control
measures
E Long-term
conomic A
assessment Sustainability safety
of reservoir -
. A
¥ A ¥ Maximizing
Costand | I sediment
benefits | ! release
v
Feasibility of Environmental
sediment compatibility
strategy H T
Biodiv!rsny ' Habitat
v diversity
water  Food
quality  SUPPIY

Source: T.Sumi and S.A. Kantoush ICOLD Annual Meeting, Luzern 2011
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Conventional design life approach and

Life cycle management approach

>\ Global net reservoir storage by accounting for
the effects of storage loss due to reservoir

Quenching the Thirst: Sustainable
Water Supply and Climate Change,
George Annandale(2013)

Water supply reliability based on (a) the

esign life approach and (b) the life cycle
management approach
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?

Reservoir Sedimentation
Management
= Asset Management of

Quenching the Thirst: Sustainable Water Supply and Climate Change, Annandale(2013) [RNGRMCUISISICC

sedimentation

Storage loss by
sedimentation

|

Quenching the Thirst: Sustainable Water Supply and Climate Change, George
Annandale(2013)

Long term aspects for Reservoir and

River Basin Sustainability

Storage loss by sedimentation

* Population growth
— Decrease of available storage per capita
e 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 sedi tation ma t based on
* appropriate evaluation of current conditions and future scenarios
hnicall ically feasible, 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 (sedi replenish ) for miti

Contents of the lecture

History of guidelines on reservoir

sedimentation design in Japan

* 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.

\ 4

Target dams :
971 dams of 18.2 BCM capacity

S g
- Sedimentation Volume _
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Reservoir sedimentation database

No. | Region | Dam R Vear |Total Capacity[2006 Sed. Volumef Sed. Rate
x x > (km2[* ST (1000m3/¥|  (1000m3) [*| (%)~
215B93 ik S EE: 17 99.7 42 13650 11659 85.4%
479|sh F ] .S 1 2F 1 3.650.0] 55, 42425 35457 83.6%
217/ iE | BRE AN HEEENE 567.0 48] 5.0400] 4.204.0 83%)
216/ RE REN | BHEHE 2.980.0] 7 10761 8146 75.7%
307/ K3t AW BTN 2,083.0] 83 29400 22030 7494
6ldtimE  |AKR BRI EEEEER 506.0] 67 5.576.0] 36500 |  65.46%
305\ M EEFRHN [A MBS ) 354.4/ 64, 8.309.0] 53550 |  64.45%
Total 4833bfE /MR [ EE 1| T 8145 63 11741 7549 64.3%
LEEIE:: S-S I b hE 605.0 64} 9.026.0] 5487.0 60.79%
971 dams [ soo[at 3 FETEEEAY 18100 45 7.660.0] 46360 | 60.52)
813|ch# R | KFI | E B 68.0 46 6.340.0] 3687.0 58
312/dLke — #58)1 | ABETEHE 1.960.0 53 11346 6559 57.8%)
152 deimith IS BN |E 3 A 780.0] 43] 6.479.0] 34640 | 53474
48743l |FRY BRI A E 2.172.5] 53 6.2500] 31760 | 50824
4893t p% Eiz{t} 929.4/ 76 33850 16492 48.7%)
KIEIEA:S L 461.2] 21 9.010.4] 43528 | 4831%
748[mE By 3 2668] 38 16750 8051 48,14
816[h a0 Al B 4 24090 53] 79520 36669 46,14
154/ & E3itl REN |+ 35 A A 3111, 48] 29952 13656 45.6%
317/4Lke RiEE R |RHRE AL 650 26 5.4000] 24100 | 44.63%
81544t Lk o [ e & pal ] 556.0 53 9.350.0] 41310 445
1[40k b el 501 | kB Hi 2.060.0] 53 11265 4382 38.94)
494/} (BEE— | K3t |chERE 318.0] 44 107400 41542 38.7%
316[Lpe g (FE%) B 62640 73] 16525 6192 3154
498|ch &) )1 sl ] 31 74000 27660 |  37.38Y4
4953t k% it FE)I| 7230| 54% 9.709.0] 36262 | 37.35%
817|ch AR K& 3.827.0] 51 326848 118628 36.3%
- 502)ch &1 12E3 Bl 4,4900] 49 34703 11918 34“

Reservoir Sedimentation

in Japan
35.0%
32%
30.0%
Hydropower

S eon dams
= - N
g Multipurpose
5] 20%  dams(MLIT)
E  200%
o
a
2 500 14%
8 13 12%
kel Others 1%
[
an

10.0% 9%
g b b 8 8%
A 6 . . 6 6% 6% 5 B

50% |3 % o [P 4% %

% 9 3
1% 1%
0.0% 1 [n
Hokkaido Tohoku Kanto Hokuriku Chubu  Kinki ChugokuShikoku Kyushu Okinawa Japan Japan l

Target dams for

sedimentation management

(A+B)/DSV

DSV= Designed
Sedimentation
Volume

Y
In Japan, 2730 dams (>15m high) with 23 BCM capacity.
National reservoir sedimentation database

Sedimentation progress of all reservoirs over | MCM have been
reported annually to the central government from 1980s.

In 971 dams of 18.2 BCM volume,
total sedimentation 7.7%
annual loss 0.24%/yr

—

Sediment
yield potential
map of Japan

Median Tectonic Line =]

Storage loss by
sedimentation in Japan

CAP=

(A+B)/ICAP Total Capacity

%& Selecting target dams in

multipurpose dams

DSV= Designed
Sedimentation
Volume

(A+B)/DSV

4 Total SR. > 100%

33/522 dams = 6.3%
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@ Selecting target dams in

multipurpose dams

DSV= Designed
Sedimentation
Volume

(A+B)/DSV

Annual S.R.>2 %
145/522 dams = 27.8%

Annual S.R. > 1%
319/522 dams = 61.1%

Environmental changes

in downstream rivers

* 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

Comprehensive Sediment Management
in the sediment routing system

Key questions:
Sediment Volume, Size,
Timing, Water discharge

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.

Comprehensive Management of Sediment

Routing System in a River Basin

Balancing of sediment
transport from the

Sedimentation Check dam

source of the river to the @ Storage
coast reservoir
Riverbed
Lack of degradation

sediment supply | ,”3

"
1 l)/'
- i :
Coastal erosion | ! Sediment flow

Comprehensive sediment management has been [ monitoring

River environment change

proposed by the River Council of Japan in 1997 in Bed load

order to recover sound sediment transport with

regard to quantity and quality in the sediment Suspended load
Wash load

routing system (Japanese MLIT 2005).

Sediment management for reservoir and

river basin sustainability

. Headwater *,
Basin segmeqt

Mountai
segment

River fluvial system is
Subbasin composed of 6 segments.
Headwater, Mountain, Valley,
Alluvial fan, Flood plane and
Delta.

od plane
gment

Sediment routing system = Back marsh vt
All river and coastal systems

where sediment is routing.

Sandy
beach

Yasuoka dam (1936,11MCM)
Hiraoka dam (1951,43MCM)
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Reservoir sedimentation in Sakuma dam Tenryu River Mouth

Sediment

Yasuoka dam (1936)

Hiraoka dam (1951)

Sakuma dam (1956)

Akiba dam (1958)

Miwa dam (1959) 1961

Koshibu dam (1969)
J-Power (EPDC) 1956 Power generation

Gravity concrete Height=155.5 m I 200!

How much sediment we need to manage?

Three grain size groups of
deposited sediment in
Sakuma dam and

relationship to coastal

Grai
LTI

For reservoir sustainability ?
or downstream river restoration?

L

B =) Sediment in

Percentage in weight (%)

I [T L L A N
erosion ol oA river channel
8/ [T B
. LA 111 ! ;
Overa!l sedlment /” A1 1111 Sediment in
deposited in (I R | 1| coastal area
o
Sakuma dam ) ) o o 100 wo om0
Grain size (mm)
50%=0.8MCM/yr  40%=0.6MCM/yr  5%=0.1MCM/yr
— —
[0} ®
Sakuma dam ™
N B
Almost sediment will
Sakuma dam Passing through || pass through except

some will deposit

among gravels

River channel

River mouth

|

VI

Coast | Discharge to sea

bl
Deposit and form H Deposit at river
beach at the coast_||__mouth

Source: T.Sumi and S.A. Kantoush ICOLD Annual Meeting, Luzern 2011

How should we select suitable measures for
y reservoir sediment management?

Contents of the lecture

* Concept of Reservoir Sustainability Diversion weir
» Japanese Regulation

Excavatin
Sediment bypass tunnel aeavallid

* Methodologies of Reservoir ,

Sedimentation Management Y4 Trucking

Sediment Routing

Dredging
* Case Studies in Japan

Density current
venting
% Sediment scoring gate,

Sediment supply
. | Gl

Sediment Removal
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Classification of sediment management

strategies (ICOLD Technical Committee)

Reduce Sediment Yield from Upstream
Watershed

Sedi t t to
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).

[ ]

Auel et al. 2016

%) Routing Sediments around or through

Reservoir

e 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).

In Japan, low height sediment trap
weir is constructed just upstream of
reservoir and periodically excavated.

(Source: MLIT, Japan) (Koshibu dam, Japan)

Sluicing and Density Current Venting

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)

2\ Recover, Increase or Reallocate Reservoir

Volume

¢ 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.

Sediment Flushing

* 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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\ Dam removal or change to run-of-river
hydropower scheme

o Selecting a suitable sedimentation strategy

* 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.

Bulletin 147

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).

Suitable conditions for each options

(Source: Basson)

Appropriate selection of reservoir sediment

management strategy (Japanese Case Study)

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.

Reservoir sedimentation management approaches
(Annandale 2013)

Impounding option
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Sediment management options and sediment
passing functions

#0> Appropriate selection of reservoir sediment

management strategy (Japanese Case Study)

Classification of Normal Draw Frequency Sediment passing
q Impound down C o
i " oarse Fine
CAP: Original total storage capacity volume, MAR: Mean PR options T Eal
. i i IRE Y ka SG,D, PF
annual runoff, MAS: Mean annual sediment inflow SED o SGD Normal o None None None small
100000 5AM Ooma  SG PF
No measures{frominnerfactors) 1 GRB Todws SG Impoundment
0 Check dam 7=/ Mura  SP " ) -
YT 8 T Hiraoka D,PF Sediment O None Several Partially Partially
4 ® Flushing 13%;?; Sakuma D Replenishment times/year | (Concentrated) | (Concentrated)
«» 108Q0
K 39\ Scoring gate | 11 51 [t Sediment (o) All Once/yr All All
E @ Scoring pipe 1§§§ akma E, g Pi Flushing (Empty) (Concentrated) | (Concentrated)
jwa LE.D,
(s} #Bypassing 1548  Maki E. D, CD i
2 1000 " 100 Keshbu E 0D Sediment () Half ‘Several AImqst all All
N ™ Excavating 17gm Matsukawa, £, CD Sluicing times/yr (Partially (Distributed)
3 18 Asahi B
s \ ® Dredging 19 LT DashidairaF concentrated)
E;E, 3 Bedimentcheckdam, WFRA Unazukd F Sediment o None Several Almost all Partially
100 Sedimentreplenishment CD : Check dam Bypassing times/yr (Distributed) | (Distributed)
) L. F_: Flushing (Draw down)
Sed.lmentbypass,slljlcmg Z(F; : ;':::gé::"“' draw dow Dry dam None All = Almost all All
o ingSedi ingg SP : Scoring pipe (Empty) (Naturally) (Naturally)
B Bypassing
0.001 001 0.1 1 10 E : Excsvstmg Decommiss None - - All All
Capacity-inflow ratio=CAP/MAR | oreens -ioning

) Classification of sediment

Contents of the lecture =) management strategies

dati

Sedi to minimize aggr
in reservoirs is achieved with a variety of
techniques categorized in three main strategies

e C oncept of Reservoir Sustalnablhty (ICOLD 1989, 1999, 2009, Morris & Fan 1998,
Kantoush & Sumi 2010, Annandale 2011, 2013,
. Kondolf et al. 2014, Auel et al. 2016).
- Japanese Regufation ] 1]
[ ]

Methodologies of Reservoir
Sedimentation Management

* Case Studies in Japan

Unazuki,
Dashidaira

IR (R RS Sediment Flushing in the Kurobe River

Catchment area= 682 km?,
River length= 85 km

o "1 H=185m Kurobe dam
—— " 1,448.0¢
= o R | 199MCM (1961)
2 Dashidaira dam H=76.7m
7 Unazukd dam 200 9 MCM
100 (1985)
e Sen-nin gam
3 851.000
R
Catchment ares
S17.5 km? 00, \(ﬂysl;;ir fdern
~
“ \ Ehidaira dam
Unazuki dam 343.000
200 245,000
o L ‘Shimoku
Aimoto

L o oo Tt
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@R Sediment flushing dams in the World

Initi2l poan Annual| 1./(Mean |Reservoi| Average

Name of Dam || Gountry Do) Hz?gr:u csa(;:c% Sediment An(nual r Life Flushing e FZ:S;:::EV
complated | MEEI] CGEREY [inflow MAS) Runof | =cAP/ ol i

(million m® | (millien m*) (=CAP/MAR)| MAS) | (m3/s)
Dasndare Japan 1985 | 76.7 901 062] 000G/A] 1as| 200 2 ]
Gnazik Japan 2001 97 247 096 0014] 257 s00] 12 1
Ceboen | To0s | 1 ) 05 0021 180 570 ]
Vorbois_|| Switzerland |_1943 32) 15 033 000144 455 500] 30 3
Barenburg || Switzerland | 1960 64 1.7 0.02] 0000473 850 90 20 5
nne: 1961 28] 023 0008 000018] 288 sl 12 5
Gonssiat || France 1948|104 53 073]__0.00467] 726 600] 36 3
Bara ndia To81 51 96 03] 000489] 32.0 90] 40 1
Gmund Austria 1945 37 093 0.07] _0.00465] 133 6] 168] NA
Hengshan® || China 1966 65 133 .18 0842 113 2| 672] 2~3
Santo Domingd|| Venczuela | 1974 47 3 008 0.00667] 375 5[ 72[  NA
en-shan-pei|| Taiwan 1938 30 7 023 NA| 304 22| 1272 1
Guanting China 1953 d 2270 60 15| 318 80 120 NA
Guornsey UsA 1927 | 286| 91 1.7 00433 535 25| 120 NA
Heisonglin China 1959 3£| 8.6 0.7 06] 123 08 72 N.A
Iohari India 1975 | 368 116 57 o0o00218] 20| 216 24| NA
S uohi-Kurgan|[Former USSR] 1961 :gl 56 i3] 000376] 43| 1000 2400]  N.A
Sanmenxia® | _China 1960 45| 9640 1600 0224] 60| 2000] 2000] NA
SefidRud® ran 1962 82| 1760 50 0352] 352 100 2900 N.A
Shuicaoz China 1958 28] 96 063 00186] 152 50 36] NA

I 1) Average after dam completion, 2) Sluicing dams I

@i History of sediment flushing in the Kurobe

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

Dashidaira Dam

Coordinated sediment flushing

in the Kurobe river

30 {Dashidaira o
) EL32T
) 3

w0 (mam)

0 4 4

2 | [‘sm 20
——29h——
03nr
20 { Unazuki
PG [
5 EL232 b
\ \L Ll \ \‘H
i I 2o

[ 44h

68hr

Coordinated water and sediment management is very
much important. Rainy season, June-July, and natural
flood timing is suitable for flushing.

History Operation rules of sediment

flushing in the Kurobe river

* Sediment flushing operation rule from 2001.

@@hallenges of sediment

Study on sediment discharge process during flushing
- operations from quantity and quality point of view is

_ very important. .
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Flushing channel formulation in
Dashidaira dam (3D Laser scanning)

pplication of Sediment Flushing from the view

oint of water use

100000

| F,=0.02, =0.1 |

Sediment Flushing dams ongjian;

10000

Fenfhin i Dashidaira Dam
Shang yoyajiang

Bailiaph
1000 Zhaxd B

2
s = T e
\ < Wumz_nzx\ -
2 + ot
6 10 _ gla . ngnan_|Elepl "E
==
k] Jaened ! EA [
Honglingii Lo o [lof Ll
1 A *Shiman neshan| Bagjazi
Sl
T e e Zhenziliang H
. Tl Wellbedacht i
0.001 0.01 0.1 1 10

i s - |

3D Numerical modeling of flushing channel

formation (SSIIM 2 model)
Surface flow velocity during drawdown flushing

Dashidaira Dam

( \ B hverage hourly rainfall in Dashidaira basin (mn]
t=10hrs

Dashidaira

—4—Inflow discharge[nd/s]
—o—Outflon discharge[nd/s]
—Mater level [EL.n]

e i

Beginning of preliminary drawdown

—&— Inflow discharge[nd/s]
—e—Outflow discharge[n3/s]
—Mater Ievel [EL.n]

Y4
I\

t=16hrs t=32hrs
0 215
10,000
25,000
= 20,00
& 15,000
2 10,000
\L Middle of preliminary drawdown Free-flow condition / 5000

. o 3 6 9 2 15 8 a0 3 6 9 2 15 4 2 0
Esmaeili et al. 2015 - 2006/1/1 1 73 -

Environmental monitoring

Actual sediment flushing and sluicing S Sl S e G,

operations at the Dashidaira Dam

Sea
Maximum Discharge | Average Discharge | Flushing Volume [ Water qualit =
Inflow (m*/s) ’ Inﬂiw (m*/s) ’ (I(l% m’) Maximum S8 (me/D)] Average SS (me/1) (DO, SSqetc.)y N ==

2001 Flushing 333 271 590 90,000 15,000 Mud quality

2001 Sluicing 491 273 29,000 6,700 Aquatic species

2002 Flushing 362 215 60 22,000 4,500 e —

2003 Flushing 777 217 90 69,000 7,100

2004 Flushing 356 229 280 42,000 10,000

2004 Sluicing 1,152 281 16,000 7,300 .

2005 Flushing 958 290 510 47,000 17,000 10 km River

2005 Sluicing 1 835 215 90,000 16,000 Water quality

2005 Sluicing 2 790 250 40,000 7,300 (DO, SS etc.)

2006 Flushing 308 246 240 27,000 6,500 Mud quality

2006 Sluicing 1 378 203 12,000 2,500 Aquatic species

2006 Sluicing 2 685 264 27,000 5,200 Erees S oS

2006 Sluicing 3 529 196 7,400 1,800 ——

2007 Flushing 418 245 120 25,000 3500 oshidai
[Average of Flushing 502 246 270 46,000 9,100 aghidaira dam -y, quality
Average of Sluicing 694 249 31,600 6,700 (DO, SS etc.)
Average of All Data 598 247 270 38,800 7,900 Mud quality

Cross sections
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@ Coastal line change of the Kurobe river

Environmental issues relating sediment
management

mouth area
1947 River mouth 1998
1975 2005
1985 2010

Coastal line is iradually recoverinrl; after 2000.

SS and DO change during sediment

flushing in 2000 (Dashidaira dam)

— 2 ®

s [ Draw down Flushing(Free flow)

Suspended sediment (SS)

SS(mg/)

Water tempareture

WA

i DO(mg/1)

(DOpening of (2Reservoir @Side bank erosion

scoring gate empty or collapse

B 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)
B 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

Measurement values of DO and SS during flushing

Amount of DO (mg/l) SS (mgll)
Sediment flushing | Dashidaira (Minimum value) (Maximum value)
sediment Shimo- Shimo-
Yoar Evont flushing Dashidaira | Unazuki ey Dashidaira [ Unazuki e
Jul-95 Flood — — 1.3 10.5 — 3,700 1,800
Oct:95 | Flushing | 1.72MCM | 88 97 89 | 103,500 | 29400 | 26,000
Jun-96 Flushing 0.8MCM 10.7 10.3 9.8 56,800 9,470 6,770
Ju97 | Flushing | 0.46MCM | 938 92 93 93,200 | 28,900 | 4,330
Jun-98 Flushing 0.34MCM 8.2 7.0 7.3 44,700 9,400 6,750
Ju98 | Fiood = = 105 95 = 6,090 | 5260
Sep-99 Flushing 0.7MCM 6.0 5.8 6.5 161,000 52,100 25,700
dun-o1 | Coordinated | g soycy | 7.2 14 102 90,000 | 2500 1,500
flushing
Jukoq | Coordinated | - 1.1 106 26 20000 | 3700 2,200
sluicing
Juop | Coordinated | o oevoy | 95 105 95 22,000 | 5400 2,800
flushing
Coordinated
oo |t acenl M€ 13 96 69,000 | 17,000 | 10,000
Coordinated
W04 | Thushing | “ZMEM | 95 102 98 42,000 | 6800 | 11,000
Q04 | Flood - 108 112 103 | 30000 | 12,000 | 14,000
Coordinated
Jul04_| sluicing - 106 12 96 16,000 | 17,000 | 21,000
Manual sampling in every one hour
= Continuous monitoring method for DO and SS is necessary

Balancing of Flushing efficiency

and environmental impacts

‘Ayu (#)’, (Sweet fish, &, 84 Plecoglossus
altivelis) Typical fish in Japanese rivers

Ca. 20cm

Flushing naturall

lushing efficiently,
ittle water

High sediment

concentration

Low sediment
concentration

Reservoir draw down
Enough flushing discharge water
Rinsing discharge after flushing, etc.

Water use
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Methodologies to reducing risks in
downstream river channel

e 1o Lessons learned in the Kurobe River

1) Periodical sediment flushing is important.

In the Kurobe River, both sedi t flushing and sluicing are performed 7) In order to prevent

approximately once a year. It reduces flushing sediment volume in one time. accumulation  of  fine
2) Selecting suitable timing can reduce is important. sediment on the

Appropriate sediment flushing seasons (June to August), and times when down.stteam .gravel bars,

the natural water flow rate exceeds a certain level, 300 (250 in some special the rinsing dl'sthdrgc from

case) m*/s or more for sediment flushing, and 480 m%/s or more for sediment both dams is performed

sluicing. after recovering reservoir
3) Flushing efficiency at Dashidaira Dam is about 0.01 to 0.03. 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

6) By suppling sediment, downstream riverbed aggradation and bed due to sediment flushing.

armorini as well as coastal erosion have been recovered iradualli.

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.

Efficiency of Sediment Flushing

Application of Sediment Flushing from the view point of
volume in sediment flushing dams water use

10000

Total water use and flushed sediment

# Dashidaira
= Verbois

4 Gebidem
o Baira

CAP (AP :Storage capacity

CAP MAR MAR :Mean annual runoff

MAS z CAP MAS :Mean annual sediment inflow
Fe(ﬂ_mj F :Flushing efficiency =y /1
I; Sediment  discharge
s volume(m3)
CAP /| MAR :Capacity-inflow ratio V' .water use(m?)

or Retention time (yr) : Ratio of water use for

10 10.0 100.0 A L sediment flushing to the mean
Total Water Volume (W) (10°m’) CAP/MAS :Reservoir ife (y7) annual runoff  =p / MAR

Total Flushed Sediment Volume (S) (10°m®)
>
8
8

F.: Flushing efficiency =Total flushed sediment volume/ Total water volume

pplication of Sediment Flushing from the view ) Classification of sediment
/ management strategies
Sedi nana ¢ to minimize agoradati
100000 %—% in reservoirs is achieved with variety of
1 F.=0.02, B=0.1 | techniques categorized in three main strategies
| b (ICOLD 1989, 1999, 2009, Morris & Fan 1998,
[~ Sediment Flushing dams P Kantoush & Sumi 2010, Annandale 2011, 2013,
10000 Xinghifang a=245x10' Kondolf et al. 2014, Auel et al. 2016).
- 2 ’
o 1000 Zhaxi - |
< Shuikou
= — Huanteakou Kurobe Dabiidfan Hover|
N : > £ S———
S 1o G| Fechuniang %{ﬁ? Wangla . Dariianko - | Ehngnan | Elepfand Bfe
Tghon B —— = —— 0 e, = LGuanting ==
| e ezl LA ] Firhe
Rock Creek Bikou  Hongingi ~= . ingido
1 Gy ] = Gonezur - Sanmenxa  Xiaolang ™ | |1 | D
uchiKirgan ,  Waysd ) Fhive
el 3
Yanguoxia
i . Wellbedacht Replenishment
! (Augmentation)
0.001 0.01 0.1 1 10 Nunome

I CAP/MAR I (Auel et al. 2016)
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Sediment Replenishment (Augmentation)
Ock et al. (2013)

(1) Early augmentation (1970-80s): simply to

construct ‘spawning riffles’ mechanically

(2) Modern augmentation (after 2000s): to
support geomorphic processes for
channel complexity and substrate qualit:

Spawning Riffle Construction

Sediment management should be designed
with the combination of flow regime operations

Flow regime Sediment supply
operation manipulation

Geomorphic measures

Bar types, bar area, B/h, wetted
perimeter, hydraulic radius,
sineoucity, riffle-pool ratio, base
rock area, grain size, etc.

pE
| Management objects [ |
e |

Habitat measures

Temporary pools, backwaters,
moss mats, litter packs, loose bed,
hyporheic flow, DO concentration,
habitat longevity, etc.

Biodiversity measures
Species diversity, life forms,
functional feeding groups, trophic

levels, RDB species, alien species,
etc.

Material cycle measures

M
objectives

Retention time of POM, Filtering
efficiency of POM, Trophic origin of
organic matters,

Source: Takemon

Sediment replenishment (augmentation)

dams in Japan

Sakurai et al. (2013)

High-flow stockpile in the Nunome

IV CIARETEY) (Ock et al. 2013)

1) Source of sediment: Upstream end of reservoir (2) Frequency: 1-3 times a year depending onf
natural flood-runoff
Peak duration: 2-4 hours
N .
Check Dam 2
5
2
H
=
Reservoir
2006 2007 2008 2009
Nunome Dam
Location of depending on release flow (upto 500 m* per event)
High-flow %4

mixed sand and gravel (0.075-19mm)

injection \“’g

o

Sediment management based on bedload
budget reduction from original condition
{Swiss Examples)

(Source: Hunziker)
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% Influence of Sediment Supply on River-bed

Environment for Ayu-Spawning in Tenryu River

Summary of sediment replenishment
(or augmentation) in Japan

Sediment

‘ Supply

Numerical Simulation

2D flow and sediment
transport model
(CCHEZ2D) along with
field measurement for
grain size distribution,
bed softness and
surface velocity, to
predict changes in
distribution of potential
spawning for Ayu-fish.

Field Measurement

High Deposition and Soft
Gravel Bed
= Suitable spawning redd

O

Ca. 20cm

e Classification of sediment

¥ management strategies

1

2)

3)

4)

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.
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.

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.
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.

27 |nternational Workshop on Sediment
Bypass Tunnels

Sedi q

to minimize aggr
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).

[ ]

Asahi

(Auel et al. 2016)

Workshop Venue and Topics

O Upstream Aspects
— Hydrology
— Sediment Erosion & Inflow
O Tunnel
— Hydraulics & Sediment Transport
— Planning/Design
— Invert Abrasion
— Maintenance
O Downstream Aspects
— Morphological Changes
— Ecological Effects
O Operation
— Monitoring & Instrumentation
— Real-time Operation
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Diversion,

Gate operation | . i =

...etc P i Sediment Abrasion iRiverbed geol
deposition iWater quality, Aquatic

" New challenges on Sediment Bypass Tunnel

ienvironment etc

Upstream Tunnel inside




@%aracteristics of successful sediment bypass

stithnels in Japan and Switzerland

R Design
esign ;
R Coun | Comp | Cross | Diameter | Length | Slope D[::‘cgh" Flood Seg'i';:"t Operation
Veloci
try | letion | section | BxH(m) (m) %) e (f:/ﬂsg (mm) (Day./yr)
dm/dso
Nunobiki
Goham sy | 72pan | 1908 | Hood | 2.9x2.9 | 258 | 1.3 39 7
Asahi Japan | 1998 | Hood | 3.8x3.8 | 2,350 | 2.9 | 140 12 | s0/300 13
Miwa Japan | 2004 ";g:f: 2r=78 | 4300 1 300 10 | wLonly 2~3
Matsukawa | Japan | UC | Hood | 5.2x52 | 1,417 [ 4 200 15 -
Koshibu | Japan | UC ";g:f: 2r=79 | 3982 2 370 9 (5/30)
Pfaffensprung | Swiss | 1922 ";g:f: A =21.0m?| 280 3 220 14 | 250/2700 | ca.200
) Horse
Runcahez | swiss [ 1961 | '1°°¢ | 38xa5 | 572 | 14 | 110 9 | 230/500 4
) Horse _
Palagnedra [ sSwiss | 1974 | "0%° | 2r=62 | 1,800 | 2 110 13 | 74/160 2~5
Egschi Swiss | 1976 | Circle | r=28 | 360 | 2.6 74 10| 100/300 10
Rempen | Swiss | 1983 ";gf: 3.5x3.3 | 450 4 80 12 60/200 1~5
Solis Swiss | 2012 ";gfee 4.4x468 | 973 | 1.8 | 170 11 | 60/150 | 1~10 I

Drinking
water supply

Diversion weir

Rokko Mountains Usually flow H=3m, B=12m
deep weathered granite, steep slopes| into reservoir | §22 .
JJ <o i\ Tunnel inlet
o _— W L=258m

Diverted water flow into
a bypass tunnel
-

Tunnel outlet

Nunobiki
Reservoir
1

Usuall spilled water
flow to downstream

V=759,521m?
H=33.3m

) Evaluation of sediment bypass effects

Diversion weir Inlet

H=3m, B=12m OUtey

Tunnel Slope=1/75

Inlet out
H =

Tunnel length L=258m

Cross Section

; =8.0m?
- m - 5m
Tunnel discharge:Q@=1.11~39m3/s

7
3 Inlet and Outlet sections are covered with natural 2. 969m
granite stones, while other sections have no lining

materials.

Comparison of sedimentation progress

with and without a bypass tunnel

3,500, 000 —T—T—T—T—T—T—T—T—T
—~
(52} W Measurement
E 3,000,000 Without bypass tunnel
o With bypass tunnel
£ 2,500,000 - Reservoir Capacity
= T " — o™
S 2,000,000 7~ Fully sedimentation
= Bypass without a bypass =~
S 1,500,000 m“ne} ) tunnel in 1926
= completion -
T 1 000, 000} in 1908 i) ] L
§ -+ LY AT Reservoir Capacity (=759 x10% )
Q '
£ 500,000 fyi i :
=] ’
Q O I
2] 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Before a bypass After a bypass
completion completion
Mean annual sediment inflow 30,000 m3/yr 1,500 m3/yr

. Reservoir life ca.30 yrs ca.500 yrs l

. Daily sediment inflow in ca.100 yrs can be calculated by
D= a(A-R-I)/j (Ashida and Okumura 1977).

where, D :sediment yield during a flood event(m3), A4 :
catchment area(km2), R :daily rainfall(mm?, I :average
riverbed slope in 200 m upstream from the calculating point,
a, B :constants.

*  A,=9.83km’ : before a sediment bypass , A, = 0.47km? : after a
bypass

. R : actual record 1900-2000, 7= 0.044 by the geographical
survey

. B is usually fixed as 2.0 (Ashida and Okumura 1977), « is
estimated as 6.0 by real accumulated sediment volumes.

Before a bypass
completion completion

30,000 m3/yr 1,500 m3/yr

. Reservoir life ca.30 yrs ca.500 yrs I

After a bypass

Mean annual sediment inflow

Weir
Height : 135m

Crest Length
HER

P

ST T
e,

.
& .
Length : 2,350m %o,
.
Max. discharge : 140m3/s '~.,.

.
“,
.
.
.
L
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Operational Results of Asahi Dam Reduction of Sedimentation Progress by

Sediment Bypass Operation

& Bypass System during the Flood

3 H H 1R R
8 o phiptiiliiiilite | i L HIE 0 -
g2 Rainfall 600 || T=Actasedmentationvolume | _ _ H a000
T 30 I B x:-- Accumulated sedimentation volume (Estimated value) “e
S a0 e —— volume ( ) °
€ 50 ‘Amount of accumulative rainfall % 500 H 2500 x
g in 5:00 on Sept 4th : 1,507 mm '; T
60 = 1| £
L ] H]
__465 Punping up £ 400 H 2000 S
° Water Level H 5
3 § q00 F— — = —— — — - H 1soa§
ot ] speed without bypass w0 8
= . Spillway gate open £ 200 b — —— — ——— — ., i yvlth,bxp,asf 7 | H
=, Generating g . x I 3
ngg [ —wiow —Spillway gate open_—, Maximum inflow % 00 L ] E O, @D _ el é
800 | - Discharge il (3th 10:13 pm) < b 12 F ) ) 3
8700 [ - - - Discharge withhe bypass system | A——T"1 1OV Q=954.04mdys FELELE R H R NENEN~ Lo @R HE <
600 Maximum discharge O 43133123181 27 78 57 32 =2 10 10 4 25 § 8 14 6 6 9 16 23 51 226] °
5500 N 989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011
2400 otk (3th 10:30 pm)
o3 s Utow Q=527.79m3/s -100 500
200 AN AU o Bypassing - -
100 ] 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.

Downstream Effects of SBT
of Asahi dam

Tunnel outlet

Sediment bypass
of Koshibu dam

Bypass R=3.95m, A=49m?

Downstream
Downstream Effects

Clear water

Recovering white
colored stones delivered
from upstream

Well balanced and softly

deposited river bed L=3,982m, S=2%, Q=370m3/s

Dam ~ Tunnel outlet

R Classification of sediment

management strategles
e to minimize ageradati
in reservoirs is achieved with 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).

1 [ 1

Mimikawa

Figure 1. Classification of strategies against reservoir sedimentation (Auel et al. 2016)
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Retrofitting of cascade dams for sediment

sluicing in the Mimi River Basin

Total: 340MW
900 million kwWh

Appropriate selection of reservoir sediment

management (Japanese Case Study)

CAP: Or|. ge capacity volume, MAR: Mean 0.sp
NN iwayado | egn ann iment inflow $G.D. PF
a wayado a Salsou ?)ht h'bo ot
100000 O uchibaru SG PF
m lm ndigZyption o Chook & gg
amasubaru A eck dam D.PF
® Flushing E o
& 10000 Scoringgate | 113/l lkawa  SP,E, D, P}
= 121L0  YamaguchiSG, PF
a ® Scoring pipe 13RE  Akiba . PF
< 143551 Miwa E.D, C(J
(HJ X #Bypassing 15% 8 Makio E. D, CD
£ 1000 16 /\i#%  Koshibu E, CD
= ¥ Excavating 1741l Matsukawd, E, CD
§ ©Dredsi 1878 Asahi
4 % Dredging 19 HHLF DashidairaF
i }Sediment check 20 F%A Unazuki F
100 = e . Sedintent replenij hment CD - Check dam
7 3 F : Flushing (Draw down)
= Moeruka Sedi t bypass, Sluicing PF : Flushing (Partial draw dow,
Yamasubaru| ,® ) | . SG : Scoring gate
Sediment flushing, Sediment swAng gate SP : Scoring pipe
10 B : Bypassing
0.001 001 01 1 10 E : Excavating
D : Dredging
Capacity-inflow ratio=CAP/MAR

Retrofitting Plan of Two dams

Damage in the Mimi river basin area
resulting from the Typhoon Nabi, 2005

4. Morotsuka|
3. Tsukabaru 1 50 Mw
; | (| [1961]

ik [19381 Y
93 MW 7. Oouch\baru
955 | [1956]
41 MW 6. Salgom
[1932] 27 MW

[1 929]
1 indica!es year of

\ | Stream length: 48km
1. Watershed area: 884.1km?

Slope failure downstream of the
Tsukabaru dam

Flooding in central area of the
Morotsuka village

‘ Concept of sediment sluicing by partial

) draw down

Partial drawdown

Sediment budget change after sluicing

operation

Unit: ‘000m?/year

Silt and clay
(d = 0.075mm)

20 Yamasubaru -
| dam
80

Rl Saigo dam

sand Gravel
0.075mm < d = 2mm) (2mm < d < 75mm) Notes: O
indicates difference from existing case.

B Decreasing tondency
, = vo QTR |0 somounatincreasing tondency

-1 @ Increasing tendency
48-559 1511

Yamasubaru dam

Estuary (Ok)
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| Sediment recovering to downstream river Conclusions

* 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 KOBAY ASHI (4ssistant 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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12th, Dec, 2017 IHP training course

Lecture 8: Outline

Sustainable Management of 1. Biodiversity and ecosystem services

River Basin Ecosystem Services 2. River ecosystem and sediment

3. Threats to river ecosystem (present
and future)

4. Ecosystem resilience and sustainable
managements

Sohei KOBAYASHI (Assis Prof, DPRI, Kyoto

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.

1. Biodiversity and ecosystem services

Japan is one of the 36 hotspots

Background of biodiversity in Japan (forest) Background of biodiversity in Japan (marine)
«  Forest covers 2/3 of the land. +  We are surrounded by ocean.
+ There are 4-5 biomes. +  One of the top of species
+  Many endemic species in forests. diversity: 15% of total marine
+ PrecipitaFon and temperature species in the world occur
difference by laFtude and near Japan.
elevaFon are key of biodiversity. + LaFtudinal difference, mix of

warm-cold currents, complex
coastal geography, and deep
trench support the high
diversity.

Maple tree species Endemic large animals

England Japan Galapagos
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Number of taxa

Caddisfly: a major insect group in rivers

Larvae Adults
Species richness Genera richness
1500 10
o o Northome lica | 1o L
1200 140 s
irop o Japan o
1000 0 .
3 China 100 . :
©01 Japan . 80
60 -
400 = y 40 ! -
200 \J 20
Poland
0 o
100,000 1000,000 10,000,000 00,000,000 100.000 000,000 10,000,000
Area (km2)

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).

100,000,000

Number of species occurrence increases with the area of places.

Number of species is high in Japan despite its small area.

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.

hdps://
freshwaterwatch.thewaterhub.org/
content/ecosystem-services

Natural hazard and biodiversity

World distribuFon of earthquake (seismic center) e
and biological hotspots agm

Loreau et al. 2001

World distribuFon of flood mortality risk == =
and biological hotspots @™

Biological hotspots largely overlaps with earthquake and also volcanic area, or

Different aspects of natural hazard for humans

Natural hazards

Disturbance

- Earthquake Water, Nutrient

+ Volcano Diverse habitats

+ Tsunami Biodiversity
« Landslide

T Didaster ] E Benefits

\ / (Services)

\ /
\ /

Loss and damage

Human lives

We are benefided from ecosystem services, which are parFally maintained by
natural hazards, which also directly damages our lives as disasters.
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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

Exposure

” Reduce
‘vulnerability

Vulnerability

Concept of disaster risk reducFon
(Aher ADRC, 2005; Nature ConservaFon Bureau, 2016)

But, from a view point of sustainable management of
aquaFc ecosystem

FEELEERONE.
i .
ARERESTTER

*ERILEER TRAEYaRR AmMRAORTA SHRRETONS
o

[% sand dune — Back marsh

R l grass land
| ! orbush

Levee

Levee should locate much inner side for sand dune to be mobile and keep the
dynamism of coastal habitat structure.

River basin and various freshwater ecosystems

Headwater

Mountain Alluyial
Ke. : ;

Grdundwater
lake and channel

Sediment

High mountains, rainfall, sediment yield are necessary to
form various freshwater ecosystem in a river basin.
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Conceptual figure for planning of the forest construcFon as a disaster reducFon measure

FOTMARD. BLBEBEOBIAKIC LD,
Forest as the (B - WA - (K - BARNIC &3 BMBEOR)

eco-DRR
measures

Tohoku Commidee for
Levee construcFon

btieumeringbgchoutei.com/? RO x\.P’fJ‘Ein. SDIRAMHICAD , IRDARE
page_id=62 fad ’&l.:’.;b’: K h‘.{DQE?En BRIERENIE. FAZDLIT
TENRD.

Proposed levee
construcFon

Department of Forestry

ya.maff.go.jp/ E313Ea
tisan/lisan/pdildaiSkai- 3 i
siryout-4-4.pdf

2. River ecosystem and sediment

River ecosystem Major groups in river ecosystem
Heterotrophs
Autotrophs —3

& Invg‘teb’&es -
B
gae Detritu

Headwater segments

B-flow area.,
behind sediment
it

Laterally confined
by steep hillslope

Step-pool

Bedrock

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)



Mountain and valley segments

Laterally confined Pool-riffle
by hillslope / Riffle

<

Forewater Backwater

Pool

Sediment

Channel characterisFcs: ‘ongitudinal bed profile

laterally confined (but flat bodom by sediment deposit), steep/mild,

various sediment including sand (<2mm), gravel («scm), cobbles (<ocm),

coexistence of fast and slow flow (by pool-riffle bed form), someFmes

mulF-flow and stagnant water (by large bar formaFon).

Sediment and bar formaFon is the basis of diversity
in terms of flow, bed material, and aquaFc species

River channel with sediment transport

Gravel bar Gravel bar

VegetaFon (terrace)

River channel with less sediment transport

Coexistence of species with different requirements

Number of species

found in different ponds
Mayfly Stonefly

Floodplain ponds at various elevaFons

High-terrace 6
AcFve Low-terrace
o P

Mainflow pond "[' d \ 4
/

/ \ .

o .
’ o
ot o PRt
ot e oS

omn s o ®S

High «+——— Dissolved 0, — Low

Number of species

Low Stability (iess disturbed by flood) High »
Organic supply (from trees)

FormaFon of backwater and ponds with various elevaFons provides
habitats for species with different O, or stability requirements.
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Floodplain segments

pool
Riffle

Pond

Floodplain ponds at various elevaFons
relaFve to mainflow water level

Laterally unconfined

- AcFve Low-terrace
v ; pond
ng Mainflow pond

High-terrace
p

Sediment’

Channel characterisFcs:

laterally unconfined, mulFple flow, longitudinally mild/gentle,
dominance of sand (<2mm)and gravel (scm) over cobbles mulFple
flow channels and ponds in floodplain area.

Coexistence of species with different requirements

e

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

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

,
e \ / /

Hide in small intersFces,

prefer clear stone surface Prefer large stones for hiding

Variable grain sizes are essenFal for the coexistence of species



The way they live in the bed
determines the suitable stone size for the species

ONet-spinner Low mobility

E 0 ] @ Burrower
£ High mobility
5 A B Clinger } Live intersFces
N 120 [] ° A Glider
5
; High mobility

= o A o O Swimmer /8 irface
P; 100 ° [ | LG o o <O Others
3 o© ¢ 5% IS ]
°
g 8 oom Surface of bed
5 A
w <o
F o« Ceh A
o ' T T Inters|

1 10

Average body weight of species (mg)

Low mobile species prefer relaFvely large grains (for stability).
High mobile and intersFce-living species prefer grain size that
matches to their body size.

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. e gt e
_ Pool Riffle_
-Pool

Surface flow
—_—

Subsurface flow S //
~—— Down-welling _——
“pool —

> Up-welling

Turbidity decreases downstream as a
consequence of the filtraFon.
Bar 100 4

Turbid water becomes clear by filtraFon.

Filtered flow

Surface

/ flow
—

Vv'Turbid water and very fine sediment are
unfavorable for aquaFc species and ecosystem.

Downstream of Koshibu Dam

Turbidity (NTU)
3

.
1 :>Upstream (natural)
0123456
Distance from dam(km)

Floods are necessary for refreshing sediment
deposiFon and restoring habitat

Avyu fish

%

Avu 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)
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Which type of river is invertebrate rich?

‘Sandy river ‘ ‘Small stony river ‘ ‘ Large stony river ‘ ‘ Bedrock river ‘

Taxon richness of
benthic invertebrates

Biomass of benthic invertebrates

T e Winer ) = o190
> O summer e 2
= 25% g 120- Non-insects
E 4 5 Mayfly
2 5 80 Stonefly
E 2 o Caddisfly
£ ﬁ € 40 Dipteran
@ Py z I Other insects
O e L [ 0 3 §-L-5-L-S- L.
i S-L-S-L-S-L- W0 S LSS L
silt sand 3-L: - L S-L-pedrock o ider "5 Gravel Cobble Boulder

<0.2cm 0.2-5cm 520cm 20-50cm

<02cm 0.25cm  5-20cm  20-50cm

In terms of the biomass and taxon richness of invertebrates,
cobble rivers are richer than sandy and bedrock rivers.

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.

Dup-welling
20 %u p-welling
surface
< yrface oW Newly created bar @surface
: Ma&'gbw\ Up-welling flow oc 18
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°C in summer.

Thus, water filtraFon by bars is an
important funcFon of river ecosystem.

3. Threats to river ecosystem
(present and future)



Water quality has been greatly improved Channel degradaFon
: : A major environmental issue in Japanese rivers.
in many Japanese rivers
y-ap Rivers and sandy beaches have been eroded for >30-50 years.

. . BOD change in worst quality rivers Riverbed level change (for 30 yrs)
Biological oxygen demand

P 1im >2m
(BOD) change in the Uji River T AggradaFon

6 No big change

5 Uji Bridge DegradaFon

4 Ingen Bridge >1m Sam
<4 1975 2015 Sandy beach erosion (for 50 yrs)
B, >3m/year >1m/year

1 Yamato River (Osaka)

o W@ N e ,1“63 $ A

1963 2015
The quality was worst in 1970’s. The improvement in quality was
due largely to a development of sewage treatment system.
MLIT, JPAN (2002)
Reasons of channel degradaFon Changes of river landscapes by degradaFon

1. Incision and main-flow stabilizaFon

Change of plan view flow padern

Change of cross-secFon bed profile
20

Segimentkstal?ilizaFonbt_)ly ReducFon of sediment source T 15 /q\ 1965 \
sabo works (slope stabilize by forest growth £ AN 1984 {
in-channel dams) B [ N 2010 J
NN .\ NLar ﬁ/ |
. : 2 Nt
Reservoir sedimentaFon w 10 \.\_/,4’ UV
Channel excavaFon for \ ,’
navigate, construct material, 5 : "’V‘ : : :
flood miFgate (done most 0 100 200 300 400
acFvely in 60s 70s) Distance from leh bank(m)

All of these are relevant for
sediment reducFon

From Choi et al., 2012
of downstream rivers

Example of Kizu River, Kyoto Pref., Japan

Changes of river landscapes by degradaFon

Changes of river landscapes by degradaFon
2. In-channel vegetaFon (over-growth)

3. Bedrock exposure (loss of sediment cover)
Changes of in-channel area by each type
1960s

Gravel/sand

VegetaFon (grass)

Water
2000s

VegetaFon (trees)

Kinu River, Tochigi Pref. Tedori River, Kanazawa
Pref.
From Choi et al., 2012
Bedrock exposure causes severe damage
. . because many aquaFc species live beneath
Example of Kizu River, Kyoto Pref., Japan ctones amd in sand.
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Possible changes of river ecosystems by

sediment reducFon

DegradaFon (sediment reducFon)

Incision and flow stabilizaFon,

Over-growth of vegetaFon,
Bedrock exposure

Many aquaFc species live
beneath stones and in sand

Loss of habitats for many aquaFc species,

ReducFon of ecosystem services

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°C

Habitat High

Preference

Low

DistribuFon largely shrinks by 3°C increase.
= exFncFon of populaFon in many rivers

Species have their own upper-limit
temperature to survive. Most aquaFc
insects cannot tolerate >30°C.

Ministry of the environment
hQRy//wunbiedic.go.jp/

biodiversity/

Present status

Future
(3°C increase)

An expected effect of drought (flow reducFon)

Reduced flow or drought decreases river width, flow
speed, dissolved O,, etc.., thus decreases habitable area

especially for species requiring flow to live.

MigraFon of fish and other species in rivers is likely to be
discouraged by reduced flow.

Ayu fish

Number of Ayu fish upstream

migraFon each year

MigraFon in spring

MigraFon in
late autumn
Osaka Bay

Urabe et al. 2016
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Effects of climate change on river ecosystems

Climate change

« Increase of water temperature
« Increase of flood frequency and intensity, and sediment supply

« Increase of drought

Long-term changes in water temperature (Uji River) _

» 1°C increase

% Summer (June-Aug) per 45 years
20
Autumn (Sep-Nov) 85 + 0.020x
cs . 1°C increase
10 Spring (Mar-May) per 35 years
5 Winter (Dec-Feb)

B I O S R e

z

SR

Rate of temperature increase is 1-1.5°C in 50 years

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 (suscepFble)

Larva
(flood suscepFble) _—
Egg (less pFble)
Jan Feb Mar Apr May Jun Jul Aug Sep

Pupa and adult
Larva (less suscepFble
(suscepFble) >

Oct Nov Dec

Larva (suscepFble)

Egg (Tess sustepFble)
Jan  Feb  Mar  Apr ay  Jun Jul - AugSep

Non-flood season Flood season

Present

Future Flood season

Oct Nov Dec Non-

flood season

4. Ecosystem resilience and sustainable

managements



Sediment supply to downstream for restoring
river ecosystem

Sediment management pracFces of reservoirs are the limited

Measures for supplying sediment to downstream

Several measures are known in Japan and other countries.

ers . . . N AugmentaFon Bypassing Flashing/sluicing Dry dam Dam removal
possibiliFes of increasing sediment in downstream degraded
o},
i N N g 1, o fe
TV geservoir sedimentaFon 227 Non-floo! %4 puringfidhd
To maintain the funcFon of dam, sediment in ',Byﬁas;nmnel dimer
i at fr lease 28\, 1er & sedi
reservoirs should be removed away or Water & sediment -
transported downstream. . mE@EE) B8 ) (BB)C (B )
P £ W(E) H3ERREAH) (R@E@m) = RE®E ) )
BB KREOSL nen i B ) P TAIPE B HEIRES L)
Sediment control measures of reservoirs
TBURE BRREYD EBREE BRRE TBEOE - ARRE LBRE: BRRE
HAREK DOBRR F EABRK: BARE HAREK SRR £ HABEK: BARE
KBRS Lk FARKE. S LK AT KBKE -5 LK FFHRE: ERK
LR S LT S LT S LRRETAK D, SLRAEL

Downstream of dam

Important features for downstream river ecosystem
(degraded channel)

Amount of sediment transport

small, middle Middle, large Large Large Large

Turbidity during flood

Natural/unnatural Natural Unnatural—natura Natural Unnatural—natura
| |

Source of water during normal-flow

Reservoir Reservoir/upstream river Reservoir Upstream river Upstream river

Downstream of dam becomes more like upstream
if sediment is supplied by bypass tunnel

Ecosystem greatly changes within 3-5 years aher
the start of sediment bypass

Upstream Bypass tunnel Downstream Changes in dominance of pool and riffle Changes in riverbed grain size
" 100
Reservoir
X g ® Riffle
Asahi dam 1 2 3 £
g 2 10 Run
] & ®Pool
&3
1.2 3 4 5 ! 34567
Year aher the construcFon of bypass Year aher the construcFon of bypass
Stony bed Rocky bed . . L . "
Stony (parFally rocky) bed Change in invertebrate species number Change in similarity of invertebrate community
o . - —0-—o- between up and downstream
Grain size distribuFon Number of ComposiFon of Upstream Downstream of dam | Bray-Curfs 1 = completely same composiFon
100 invertebrate species invertebrates 2 80 Similarity 0 = no common species
_ 80 - S 08 v
g ‘gaa :—’60 "EDG vv Vv VVVVVVVVVV
S 60 g < &
& w0 5 20{ S 40 Zoaly
€ Down 2 s M; ] £
g own ° 2yfly € 20 Species number before bypass Py Similarity before bypass
8 £ Stonefly ElY 0
(l1 10 100 20 15 17 1357911131517

Up Down1 Down2 Up Down1 Down2

Grain size (mm)

Downstream greatly changes by the first flood
event aher dam removal

Arase Dam in Kyushu

135 7 9 1113
Year aher the construcFon of bypass

Habitats were diversified

Year aher the construcFon of bypass

by bar development

Backwater habitat was newly generated ‘

30
The main part of dam was removed Number of species -
in 2014 20 .
.
10 *
0 y T T T Many species that only live in
2014 2014 2015 2015 no-flow condiFon appeared in
spring  winter  SPring  autumn s site for the first Fme
— Before Aher

Floods in June 2015 released a large

Wide riffle with wavy water surface was developed

ComposiFon of invertebrate group

08 Prefer less stable stone
amount of sediment, which was deposited 06
in the reservoir, to the downstream. 04 orefer stable s
refer stable stone
Bedform and flow of the downstream 02 Nét- mild/slow flow
completely changed by a development of a

large bar.
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2014 2014 2015

2015 The development of a certain type of

spring winter spring autumn riffle benefided species that prefer

Before

very fast flow and less stable bed.
Aher



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.

l

Contribute to reduce turbidity and mild temperature for fish.

Changes in downstream river by sediment supply
(frequently reported changes)

Bed materials become smaller and mobile during flood
~
| e - e

Riverbed becomes smooth, and flow becomes shallow and fast

472
miongi(udinal bed profile a0 Longitudinal bed profile
386
384 468

0 20 40 60 80 0 20 40 60 80

ElevaFon
(m)

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 ~— -
kg
Cross-secFon M
bedform

Development of bars
and habitat diversity

Ecosystem funcFons are
expected to be maximized

Low Amount of sediment supply High

Dam removal and ecosystem recovery
(a case of North America, Hansen et al. 2012)

N 100 = completely same composiFon
Similarity between upstream and downstream 0= o common species

Invertebrate community of downstream as well as pre-reservoir
reaches became more like upstream within 10 years aher dam
removal.

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.

Sediment control by forest
and sabo works

OperaFon of sediment
bypass tunnel at 3 dams

Sediment sluicing
at mulFple dams

Planning of sediment
augmentaFon in the
main river

Ongoing project of “Integrated Sediment Flow ParFally ongoing project of “Comprehensive
Management” in Mimikawa River Basin, Kyushu Sediment Management Plan” in Tenryu River Basin

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

Development of bars
and habitat diversity

inimal
flood risk

Low Amount of sediment supply High



Dam as a countermeasure of the impact
of climate change on river ecosystem

Inflow of dam
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 Time
Inflow of

Ouwlow of dam

Discharge

be advantageous for ecosystem. ©
5
gg Ouwlow of dam
Sa
=E
8
Season
Invertebrate species richness
(Koshibu Dam)
Downstream of dam supports greater species number 50
than upstream and unregulated rivers in regions of harsh 20 o«
s
environment (e.g., high sediment transport, frequent 30 W
flood). 20
10
[

Upstream Downstream of
dam of dam

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.
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Future different scenarios from the
aspect of ecosystem restoraFon

Present

Future

A. Removing dams

Flow: controlled by dams
Sediment transport: blocked by dams
Downstream river: degraded

Ecosystem: damaged

Thank you for listening

Flow: uncontrolled
Sediment transport: high
Downstream river: aggraded

Ecosystem: fully restored
Impact of extreme hydro-event:
large

B. Maintaining dams with sediment transport measure

Flow: controlled
Sediment transport: increased
Downstream river: mid-graded

Ecosystem: parFally restored
Impact of extreme hydro-event:
possibly small

Resource for river habitats

Typical animals in stony rivers
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Exercise 5-6: Evaluation procedure of riverbed geomorphology and habitat

Yasuhiro TAKEMON (4ssociate Professor, DPRI, Kyoto University)
Sohei KOBAYASHI (d4ssistant 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 la (Takemon,
2010). Each habitat category corresponds to specific inhabitants and thereby takes a role for creating and
maintaining biodiversity in river ecosystems.

( a) Main channel

Riffle Riffle

Secondary channel (b)

Terrace Active channel  Terrace

Main channel

Pool Pool

Riffle head

Bar head
backwater

Side pool
in abandoned
channel

Terrace pool
in abandoned
channel

Bar tail
backwater
Phreatic zone

Riffle tail

——— Hyporheic water flow in channel TP: Terrace Pool
- P Hyporheic water flow in bar AP: Active Pool
Active channel Terrace ————% Phreatic water flow BK: Backwater

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., 20006).



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.

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

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:

Poz = Koz Xo2

where Po, is the partial pressure of oxygen in Torr, X¢, is the mole fraction of oxygen in oxygen-saturated
water, and Ko, is the Henry's law constant for oxygen in water (ca. 3.30 x 10" K/Torr for at 298 K)(Atkins,



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).

(@)

(b)

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.


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 u
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-hl)/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 £ 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,

k= Q0 sinh™ L
2hl 2r

where Q: flow volume, / : length of sediment column, and 4: height of water column under equilibrium
condition. And the Piezometer Method,

r h . (1
Zl(t )ln —- [sinh (;)

where ¢#,: initial time of water injection, #;: 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.

(a) (b)

_j Penetration cone 20[mmp ,Toe angle60°
—\L Scale Falling weight 2[kg]
3 Falling distance 50[cm]

(c)

Number of hits

| Falling 0 50 100 150
i weight 0

L ‘ —304-1
‘e 10
2 e 305-1
= 20
o
3 04-3 304-2
= 30
= —_— .
g 304-1 \ 304-3
42 40
S \ta-z
A~ 5o

305-1
enetration cone &0

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. (¢)
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.



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.
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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.
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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.

(b)

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.



4.2.  Schedule for practice

On 13™ 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 £ 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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and the Uji River
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Edited by
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Lake Biwa

Hazard Map of
Lake Biwa Area

Area of < 0.5m inundation
Area of 0.5-1.0m inundation
Area of 1.0-2.0m inundation
Area of 2.0-5.0m inundation
Area of >5.0m inundation

Lake Biwa is a member of ancient
lakes older than 100,000 years.
The Lake Biwa region has a lake
history stretching back four
million years, when Lake
Oyamada formed. Such ancient
lakes often contain endemic
species that have evolved in the
lakes. The secret to lake longevity
is subsidence of the bedrock.

Meeting place

fyh 11:30

Meeting place for
departure 13:30
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Natural Resources Exploitation in Lake

i Fisherman’s life in Lake Biwa
Biwa

History of flood control in Lake Biwa Environmental problems in Lake Biwa

Physical Characteristics of
the Lake

The waters of the lake can be
classified into two types
according to light availability
and the potential for
photosynthesis. The upper zone
where light can penetrate
sufficiently for photosynthesis
is called the euphotic zone, and
below that is the
decomposition zone. During
the summer Lake Biwa is
stratified thermally. The sun
heats up the top layer of the
lake and this warm water rests
on top of the colder water
below. During the winter the
top layer of water gets colder
than the underlying water

and because cold water is
denser than warmer water, it
sinks causing vertical mixing of
the water column.

You can see a lot of freshwater fishes
of Lake Biwa in the aquarium
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Sedimentation of Amagase-dam
1. Upstream watershed and sediment yield

Seta River is the outlet of Lake Biwa.
The name changes to Uji River from
the border of Kyoto Prefecture.
Amagase dam is located in the
upstream reach of Uji River. Daido
River is the largest tributary of
Seta/Uji River and the largest source
of sediment because little sediment
supply from Lake Biwa outlet.

Tanakami
mountains

Tanakami, upstream basin of Daido river, has yield
substantial amount of sediment since >1200 year ago ] )
. . Daido River
due to heavy logging (for temple construction) and
deforestation of granite hillslopes.

Vegetation has been recovered after Sabo works, which
started in early 20™ century. Sediment yield has been
reduced, though Daido River still contributes to
increasing sedimentation of Amagase-dam.

Seta River

Tanakami mountains in early 20t
century

Sabo works for both
hillslopes and streams
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2. Construction and operation of dams in Uji River

«—

from Lake Biwa
to Yodo River

\ S

Uji River

_

O-mine dam (constructed in 1923)
O-mine dam was constructed for hydro-power

after an increase of energy demand of Kansai area.
It was the first concrete-gravity dam in Japan.

The dam was decommissioned (submerged) by the
Amagase dam construction.

The construction of Amagase dam was initiated
by a big typhoon in 1953 that caused heavy
damage in the downstream Yodo River and Osaka.
It is a multipurpose dam (hydro-power, flood
mitigation, drinking water supply) supporting
Kansai area. Pumped storage hydro-power
station is also installed between Amagase and
Kisenyama dams.

Amagase dam (constructed in 1964)

Power generation of
Amagase dam Day time
Kisenyama flow
hydropower )
i station Kisenyama
Cross section of A
magase
Amagase dam JAmagase -
station ngzgt:,me
Amagase
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3. Reservoir sedimentation in Amagase dam

Actual Sediment Annual sedimentation record Discgarge
volume (103m3) (m?/s)
Annual maximum discharge
me
Planned \ Sed\meﬂt yolu
Tota?l . ulative tota Present
Se:jlmentatlon C Total
volume ion rate Sedimentation
- entatio®
=6x10°m3 p\aﬂned sed! volume
=419 X 10° m3

Cumulative active sediment volume

Sedimentation

Annual sedimentation volume rate in planned
dimentati
1967 1980 1990 2000 2009 sedimentation
volume
=70%
Progress of Sabo works Sedimentation rate was greater in

1960s and 70s. Hillside work and
check dam construction have been
intensively implemented in 1890-

-66\NON 1970 and 1950-2000 respectively.
‘(\\\\s\ 63«‘5 These Sabo works have drastically
0\(,\\3('\& reduced sediment yield from Daido

50 River to Amagase dam.

Almost 70% of planned sedimentation
S > volume has been already filled.
Capacity loss of total storage is 16%.

Total number of Check dams
(ey) y40m apis||iy jo ease |ejol

Most sediment deposit can be observed in  Deposited materials change at submerged
the downstream of submerged O-mine O-mine dam, coarse sediment in the
dam, where deposit depth is almost 20 m.  upstream, while fine one in the downstream.
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4. Dam and environmental issues in Uji River
Downstrgam area of Amagase dam Bed grain size distribution

R\2
< “[[46.0k site m
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0001 ool 04 0 00 000
i {men)

/('.?URI. Grain size (mm)
Ve
In the downstream of Amagase
dam, the channel was
Longitudinal bed elevation profile degradated (bed lowered for
>3 m in the downstream part)
due to reduced sediment supply
from upstream and channel
2007 excavation. Bed materials have
been coarsened.

1957

Bed elevation (m)

Distance from the Yodo river mouth (km)

Environmental issues and future works

1948

U

2009

Sandy bars and river-floodplain ecotones have decreased in area, which negatively
impacted habitats of various aquatic plants and animals, while encouraged increase of
particular organisms including exotic species. Supply of sediment, especially coarse sand
and gravel, is essential for the recovery of biodiversity and ecosystem function of Uji River.
The issues should be solved together with sedimentation of Amagase dam.
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