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Hello and welcome to the ICHARM e-Learning lecture series for Strengthening Flood Forecasting in ASEAN Member States through Regional Trainings and Coordination
 
I am Mohamed Rasmy, Senior Researcher at International Centre for Water Hazard and Risk Management (ICHARM).
 
This lecture will mainly focus on Hydrological Processes and modeling.




Background

IPCC AR6 - Flood and drought will be more frequent and severe in the years to come)

How can we, the hydrological science community, help the world move to a sustainable and resilient path under 
climate change?

The future is uncertain. However, we need to produce and share reliable & actionable information on water-
related disaster resilience and sustainable development goals, food, energy, urban and ecosystem. 

water-related disasters show an increasing trend, particularly 
the developing countries becoming more vulnerable. 

プレゼンター
プレゼンテーションのノート
Let's look at the background. UN data shows climate disaster impacts nearly doubled between 1980–1999 and 2000–2019, with economic losses climbing to nearly 3 trillion dollars. Water-related disasters are increasing fastest, and developing countries are becoming more vulnerable.
 
It's projected that someone born in 2020 will face roughly three times as many climate disasters in their lifetime as someone born in 1960 — including far more heatwaves, droughts, and floods. The IPCC confirms floods and droughts will grow more frequent and severe.
 
So the question for us, the hydrological science community, is: how do we help the world move toward a sustainable, resilient path under climate change?
 
The future is uncertain — but we need to produce and share reliable, actionable information on water-related disaster resilience, tied to food, energy, urban, and ecosystem goals.




Water is unique

it is the only natural substance that is found in all three physical states

Liquid, Solid, and Gas

at the temperatures normally found on Earth.
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Water is made of two hydrogen atoms and one oxygen atom. Water is unique — it's the only natural substance found in all three physical states: liquid, solid, and gas — at the temperatures normally found on Earth. It freezes into ice at zero degrees Celsius, and boils into invisible steam at 100 degrees. At room temperature, around 15 degrees, we find it as liquid water — the form most familiar to us.




The properties of water arise from 
 properties of water molecules
 their arrangement 
 functions

•No electronegativity difference between two atoms leads to a pure non-polar covalent bond.

•A small electronegativity difference leads to a polar covalent bond.

•A large electronegativity difference leads to an ionic bond.

Extraordinary Properties that are a 
result of hydrogen bonds.
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The properties of water arise from the properties of water molecules, their arrangement, and their functions. Looking at the electron structure, each water molecule has an oxygen atom sharing electrons with two hydrogen atoms. Because oxygen is more electronegative, it pulls those shared electrons closer to itself. This creates an uneven distribution of charge — a partial negative charge near the oxygen, and partial positive charges near the hydrogens. This makes water a polar molecule. This polarity allows water molecules to attract one another, forming hydrogen bonds between the positive hydrogen of one molecule and the negative oxygen of another. It's these hydrogen bonds that give water its extraordinary properties.




Hydrology is a field which covers the entire history of the cycle of water on the earth.

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.

defined by UNESCO, 1964

Hydrology
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So, what exactly is hydrology?
 
Put simply, hydrology is a field which covers the entire history of the water cycle on Earth — from where water comes from, to where it goes, and everything that happens to it along the way.
More formally, hydrology is the science which deals with the waters of the Earth: their occurrence, circulation, and distribution across the planet; their physical and chemical properties; and their interactions with the physical and biological environment — including, importantly, their responses to human activity. This definition was established by UNESCO back in 1964, and it still forms the foundation of how we understand and study water science today.




The Catchment or 
Watershed HydrologyThe Global Hydrology 

The objective of this field is to understand the 
water circulation and its budget on the earth at 
the global scale

The objective of this field is to 
understand the water circulation and its 
budget at the catchment scale

Hydrology can be divided into two main categories:

A drainage catchment is defined as any area of 
land where precipitation is collected and 
drained off into a common outlet
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In general, hydrology can be divided into two main categories:
Global hydrology
The objective of this field is to understand the water circulation and its budget on the entire earth at the global scale
Catchment or watershed hydrology
The objective of this field is to understand the water circulation and its budget at the catchment scale
 
A drainage catchment is defined as any area of land where precipitation is collected and drained off into a common outlet, such as a river, bay, or other bodies of water.
 
Our focus in this lecture will be on Catchment or watershed hydrology
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The water entering an area has to leave the area or be stored within the area. 
“conservation of Mass”

Catchment Hydrology: Water Budget

P = Q + E ± ∆S

Where, P is precipitation, Q is runoff, E is evaporation and ∆S is the storage in the 
soil, aquifers or reservoirs.
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Now let's look at catchment hydrology, and specifically, the water budget.
 
The basic principle here is simple: the water entering an area has to either leave that area or be stored within it. This is the principle of conservation of mass.
 
We express this as an equation
 
Precipitation = Interception + Surface Storage + Evaporation &Transpiration + Infiltration + Surface runoff + Ground water flow
As rain falls, some of it is intercepted by vegetation before it even reaches the ground. Some collects in surface depressions as surface storage. Water is also lost back to the atmosphere through evaporation and transpiration from plants — together known as evapotranspiration. Some water infiltrates into the soil, some flows across the surface as runoff, and some moves underground, eventually discharging into streams as groundwater flow.
 
So, in balance: precipitation equals interception, plus surface storage, plus evaporation-transpiration, plus infiltration, plus surface runoff, plus groundwater flow. Together, these processes describe the complete pathway water takes through a catchment

http://www.sswm.info/glossary/2/letterp#term436
http://www.sswm.info/glossary/2/letterp#term1061
http://www.sswm.info/glossary/2/letterf#term102
http://www.sswm.info/glossary/2/letterr#term428
http://www.sswm.info/glossary/2/lettere#term88
http://www.sswm.info/glossary/2/lettera#term2749


Evaporation & Transpiration linking water & energy cycle
Globally, 62% of precipitation that falls 
over continents is evapotranspirated

• 97% over land (evaporation and transpiration)
• 3% over open water on continents (evaporation)

 It plays a key role in runoff and water 
availability. 

 ET is the primary link in the global 
hydrologic cycle between the land 
and the atmosphere, and thus links 
the energy cycle. 

In arid and Semi-arid regions a 
quantitative knowledge of the loss of 
water by actual ET is crucial in 
hydrological modeling
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Let's now focus on evaporation and transpiration — together known as evapotranspiration — which link the water cycle and the energy cycle.
Most hydrological models are water budget models and they do not estimate or they simply neglect the very important process of Evaporation & Transpiration
 
Globally, 62% of precipitation that falls over continents is evapotranspirated back into the atmosphere. Of this, 97% occurs over land through evaporation and transpiration, while just 3% comes from evaporation over open water on continents.
 
Looking at the diagram, water taken up by trees and grass is released through transpiration, while evaporation occurs directly from soil and open surfaces. Meanwhile, some water runs off across the surface, and some recharges groundwater below.
 
In arid and semi-arid regions especially, having a quantitative understanding of actual ET losses is crucial for hydrological modeling. This matters for two key reasons: first, ET plays a key role in determining soil moisture that determines the amount of surface runoff and water availability; and second, ET is the primary link in the global hydrologic cycle between the land and the atmosphere — and through this, it connects the water cycle to the energy cycle.



SURFACE ENERGY BUDGET

dT/dt

SWdn
SWup

LWdn

LWup LE H

G
Incoming shortwave (SWdn) + 
Incoming longwave (LWdn)      = 

Reflected shortwave  (SWup) +
Emitted longwave (LWup)  + 
Latent heat flux (LE) + 
Sensible heat flux (H) +
Ground heat flux ( G)

Therefore, to address the water related issues, particularly,  in arid and Semi-
arid regions, we require a hydrological model that addresses both water and 

energy budget simultaneously. 
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So, how do we introduce evaporation and transpiration processes into hydrological modeling implicitly? The key is to consider not only the water budget, but also the surface energy budget.
 
This schematic shows the surface energy flow between the atmosphere and the land surface of the Earth. In the previous lecture, you learned about the global energy budget, so I'll assume you're already familiar with these technical terms.
 
The surface energy budget can be expressed as: incoming shortwave radiation, plus incoming longwave radiation, equals reflected shortwave, plus emitted longwave, plus latent heat flux, plus sensible heat flux, plus ground heat flux.
 
Here, latent heat flux, LE, represents the energy consumed by evaporation and transpiration — this is how ET enters the energy balance. Sensible heat flux, H, is the direct heating of the air, and ground heat flux, G, is the energy conducted into or out of the soil.
 
Therefore, to properly address water-related issues — particularly in arid and semi-arid regions — we require a hydrological model that addresses both the water budget and the surface energy budget simultaneously.



Hydrological Modeling

A tool to simulate Rainfall - Runoff - Inundation  responses 

Flood and drought ｆorecasting and predicting
Flood peaks and flood extent estimation
Runoff or discharge volumes estimation
Water availability and management ( dam operation, hydropower 

generation, irrigation practices)

Important when we have no prior recorded experience

Major land-use changes
Altered climatic regimes 
Extreme flood producing rains for design of water retaining structures (100 

yrs. return period flood)
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Let's now talk about hydrological modeling.
 
Historical records only tell us what's already happened. A hydrological model lets us simulate the rainfall-runoff-inundation processes to predict conditions we haven't observed yet or may never observe directly. 
 
 
 
The four core applications:
Flood and drought forecasting — near-real-time prediction using current conditions, feeding early warning systems.
Flood peak and inundation extent estimation — for a given design storm (say, a 1-in-100-year event), what's the peak flow and which areas flood? This drives zoning and infrastructure design.
Runoff/discharge volume estimation — total water accounting for reservoir sizing and allocation planning.
Water availability and management — dam operators need inflow predictions to balance hydropower, irrigation, and storage.
Why "no prior experience" matters most:
 
Statistical approaches work fine if the future looks like the past — but increasingly, it doesn't. Land-use change alters how rainfall converts to runoff, often making catchments flood faster. Climate change is shifting rainfall extremes beyond historical norms. And infrastructure design often requires estimating events — like a 100-year flood — that, by definition, aren't in the observed record.
 
So models aren't just convenient — they're often the only way to responsibly plan and manage water risk in a changing world.
 
It's mainly used for four key purposes: flood and drought forecasting and predicting; flood peak and flood inundation extent estimation; runoff or discharge volume estimation; and water availability and management — including dam operation, hydropower generation, and irrigation practices.
 
Hydrological modeling is also particularly important in situations where we have no prior recorded experience to rely on. This includes cases involving major land-use changes, altered climatic regimes, and extreme flood-producing rains needed for the design of water-retaining structures — such as those designed for a 100-year return period flood.




Hydrological Model 
Model that simulates various components or functions of the hydrologic cycle.

Simulation capabilities:  vary in terms of both space and time

This lecture 
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A hydrological model simulates various components or functions of the hydrologic cycle. Their simulation capabilities vary in terms of both space and time.
 
Any system can be thought of as taking an input, passing it through a function that depends on randomness, space, and time, and producing an output. Based on how that function is treated, models split into two broad families: deterministic and stochastic.
 
Deterministic models — which is our focus in this lecture — assume no randomness; the same input always gives the same output. These split further into lumped models, which treat the whole catchment as a single unit, and distributed models, which represent spatial variation within the catchment. Each of these can then be run under steady flow or unsteady flow conditions, depending on whether we're assuming constant or time-varying flow.
 
Stochastic models, on the other hand, explicitly account for randomness. They're classified by whether variables are space-independent or space-correlated, and further by whether they're time-independent or time-correlated.
 
More recently, this classification has expanded to include AI and machine-learning models — including purely data-driven approaches like supervised, unsupervised, and deep learning; hybrid physics-informed approaches like physics-informed neural networks and differentiable hydrology; and surrogate models for fast simulation and uncertainty quantification. These AI approaches are increasingly applied to rainfall-runoff prediction, streamflow and flood forecasting, groundwater mapping, remote-sensing downscaling, and parameter calibration.
 
For today's lecture, though, we'll concentrate on the deterministic branch —distributed models.



Hydrological Modeling 
• Flow Routing : LUMPED model & DISTRIBUTED model 

Lumped Model: 
 dependent variables of interest are a 

function of time alone
 solving a set of ordinary differential 

equations
 Watershed has been conceptualized as 

a simpler system 
 obtained through statistical 

techniques.

Distributed Model: 
 dependent variables of interest are a function 

of time and Space
 Governed by continuity and momentum 

equations
 solving a set of partial differential equations
 Watershed has been conceptualized as a 

complex interconnected system 
 Integrate the units in order to represent the 

spatiality of the variables .

Hydrological Models wrt to Surface Characteristics Description 

Lumped 
Distributed 

Sub-Catchment

Grids 

Geomorphological 

Unit
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Let's now compare two fundamental approaches to flow routing: the lumped model and the distributed model, classified with respect to how they describe catchment characteristics.
 
In the lumped modeling approach, the entire watershed is treated as a single unit. Dependent variables of interest are treated as a function of time alone, not space. This means we're solving a set of ordinary differential equations. The watershed is conceptualized as a simpler system, and model parameters are typically obtained through statistical techniques.
In contrast, the distributed model breaks the watershed down into smaller spatial units — whether sub-catchments, grid cells, or geomorphological units — as you can see in this cell-connectivity diagram, where flow direction is tracked across individual grid cells. Here, dependent variables are a function of both time and space. This requires solving a set of partial differential equations, governed by continuity and momentum equations. 




Distributed Routing

– Continuity equation

– Momentum Equation

What are all these terms?
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Flow routing in channels
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Kinematic Wave
Diffusion Wave
Dynamic Wave

• Kinematic wave: when gravity forces and friction forces balance 
each other (steep slope channels with no back water effects)

• Diffusion wave: when pressure forces are important in addition to 
gravity and frictional forces

• Dynamic wave: when both inertial and pressure forces are 
important and backwater effects are not negligible (mild slope 
channels with downstream control)
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Let us look at the continuity and momentum formulation.
The continuity equation, in its conservation form, expresses that the change in discharge along the channel, plus the change in cross-sectional area over time, minus any lateral inflow, must equal zero. In simpler terms — it's a statement of mass conservation along the channel.
The momentum equation is more complex. We need to understand what are all these terms? to understand the models and their formulations.
Expanding it out, we see it's built from five distinct terms: a local acceleration term, a convective acceleration term, a pressure force term, a gravity force term, and a friction force term. Together, these describe how forces balance to produce the flow.
If we simplify this in terms of velocity, we get a cleaner form — and this is where it gets useful conceptually. Depending on which terms we choose to keep or drop, we get three different levels of approximation:
The kinematic wave approximation, where gravity and friction forces balance each other — this works well in steep channels with no backwater effects.
The diffusion wave approximation, which adds the pressure force term to gravity and friction — useful when pressure gradients start to matter.
And the full dynamic wave equation, which retains all the terms, including inertial and pressure forces — necessary when backwater effects are significant, such as in mild-slope channels with downstream control.
So essentially, as we move from kinematic to diffusion to dynamic wave, we're progressively adding back terms we simplified away — trading computational simplicity for physical accuracy. 




RiverLand

Distributed R-R Model
Kinematic Wave Approach

Flow directions change based  
on water levels

Flow directions are fixed based 
on topography

Distributed R-R Model
Diffusive Wave Approach

Kinematic wave models cannot simulated 
back water flow and the flood inundation 
as the direction of the flow is already fixed
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Let's now compare how the kinematic and diffusive wave approaches actually behave when applied in a distributed rainfall-runoff model.
In the kinematic wave approach, on the left, flow directions are fixed based on topography. Each grid cell has a single, predetermined direction of flow — you can see the arrows pointing consistently downslope, following the terrain. Water simply moves from higher to lower elevation, one direction at a time.
In the diffusive wave approach, on the right, flow directions can change based on water levels. Here, flow between cells is bidirectional — notice the double-headed arrows between land and river cells. As water levels rise or fall, the direction of flow can actually reverse.
This distinction matters a great deal in practice. Because kinematic wave models fix the flow direction in advance, they cannot simulate backwater flow or flood inundation — since, once the direction is fixed, water can't flow backward even if downstream water levels rise and push back upstream. Diffusive wave models, by allowing flow direction to respond dynamically to water levels, can capture these backwater and inundation effects — making them essential for realistic flood modeling in flatter or complex terrain.




e.g. Japanese River Case e.g. Chao Phraya River Case

Rainfall-Runoff Model

River Routing Model

Flood Inundation Model

Rainfall-Runoff-Inundation Model

 Ordinary Rainfall-Runoff models are incapable of simulating inundation effects.

 Flood inundation models are typically designed to be applied only to floodplains with boundary conditions
from a breaching point (not suitable for large scale flooding).

 Rainfall-runoff and inundation processes should be simulated simultaneously for some cases for accurate

estimation of water budget..
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In this slide, we will learn why we need a Rainfall-Runoff-Inundation (RRI) Model
The picture shows the flood inundation processes in Japanese rivers, on the left and in the Chao Phraya River, on the right. In the case of Japanese rivers, a flood happens due to the breaking of flood protection structures. On the other hand, in the Chao Phraya River case, a flood happens due to river bank overflow. 
Several models in hydrology are rainfall-runoff models with or without river flow routing. Inundation processes are not included in their formulations. 
Ordinary Rainfall-Runoff models are incapable of simulating inundation effects.
Flood inundation models are typically designed to be applied only to floodplains with boundary conditions from a breaching point (not suitable for large scale flooding).
Rainfall-runoff and inundation processes should be simulated simultaneously for some cases for accurate estimation of water budget.




Structure of RRI Model

2D Diffusion
in Catchment

Subsurface + Surface

Vertical Infiltration

1D Diffusion
in River

• 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

Rainfall

DEM

Land Cover

Cross Sec.

Input

Discharge

W. Level

Inundation

Output

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

Primary 
inputs
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As a result, Prof. Takahiro Sayama and others developed ICHARM’s Rainfall-Runoff-Inundation (RRI) model that treats inundation processes in addition to Rainfall-Runoff – river routing processes. 
 
This schematic diagram shows the structure of the RRI model.
Basic RRI inputs are rainfall, Digital Elevation Model (DEM) and outputs are river discharge, river water level and flood inundation extents and depths. 
The features of the RRI model are
This two-dimensional model is capable of simulating rainfall-runoff and flood inundation simultaneously.
The model deals with slopes and river channels separately.
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ICHARM’s hydrological model 

In modeling single floods, 

• Evapotranspiration may be ignored during 
flooding

• Effects of interception and depression storage 
are neglected.

• The effect of the stream-aquifer interaction is 
also ignored  response time of the subsurface 
soil system >>> response time of the surface or 
direct runoff process.

【PRISM】 Real time flood forecasting system

Implemented in 200 Rivers

Real-time water level forecasting by RRI model 
considering data assimilation.

Obs. Rainfall

Obs. Water 
level

Particle filter – to improve the 
initial condition 

An approach for data-rich regions
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Let's now look at ICHARM's own hydrological model, the RRI model, and how it's applied operationally through the PRISM real-time flood forecasting system.
 
The RRI model is mainly designed for event-based rainfall-runoff modeling, several hydrological processes are simplified when modeling single flood events:
 
Evapotranspiration may be ignored, since its magnitude during flooding is negligible compared to other fluxes such as infiltration.
Effects of interception and depression storage are neglected.
 
This introduces model-related uncertainty, mainly from neglecting fundamental water-energy processes — soil moisture, canopy interception, ET, and soil-vegetation-atmosphere interactions. These cannot be overlooked even for flood applications, particularly in arid and semi-arid regions. For example, soil moisture controls the surface runoff-to-infiltration ratio, while accurate ET estimation is crucial for simulating soil-vegetation water storage, river discharge, and flood depth correctly.
On the right, we see how RRI model was applied in practice through PRISM, ICHARM's real-time flood forecasting system. In operational forecasting, unreliable initial storage introduces greater uncertainty in the timing of flood onset, peak discharge, and inundation depth — so results must be interpreted with caution.
 
Why real-time water level data matters here, in addition to rainfall: Rainfall tells the model what water is entering the system, but it doesn't tell us how the catchment is actually responding — errors in soil moisture, infiltration, or channel storage can still cause the simulated water level to drift from the true value, even with perfect rainfall input. By directly assimilating observed water levels — from river gauges — the particle filter corrects the model's state based on the actual response of the system, not just its inputs. This catches and corrects errors that rainfall data alone can't reveal, and it anchors the model to ground truth right up to the current moment, which is exactly what's needed before forecasting the next few hours.
 
In short: rainfall assimilation improves the model's inputs; water level assimilation improves the model's state — and using both together gives a much more reliable starting point for the forecast.  This system has been implemented across 200 rivers, primarily as an approach suited for data-rich regions.
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We investigated the response characteristics of the water level in the case of applying a particle 
filter to a rainfall runoff model that expresses runoff processes with different time constants such 
as surface flow, intermediate flow, and river channel flow. 

THE EFFECT OF A PARTICLE FILTER ON THE WATER-LEVEL RESPONSE 
CHARACTERISTICS OF BASINS WITH DIFFERENT RUNOFF PROCESSES

6:00 Forecasting Water Level

Offline Water Level

Analysis Rainfall

Good forecasting result case
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We investigated the response characteristics of water level when applying a particle filter to a rainfall-runoff model — one that expresses runoff processes with different time constants, such as surface flow, intermediate flow, and river channel flow.
This chart shows a good forecasting result case. The blue bars at the top show the analysis rainfall over time. At 6:00, the particle filter analysis begins — this is the point where the model starts assimilating real-time observations.
The gray lines represent the spread of the particle ensemble — the range of plausible water level trajectories the filter is considering. The blue line shows the offline water level — essentially the model run without real-time correction. The red line shows the forecasting water level — the corrected forecast produced once the particle filter has assimilated observations.
Notice how, around the first peak near 9:00, the forecasting water level tracks much closer to the true observed peak. 



• Flood is an excess of surface water
• Enriches soil, and environments

• Drought is a prolonged shortage of soil water
• Initial moisture condition: triggering

• Conventional models address floods and droughts separately, limiting our ability
to understand their interactions and manage water resources across the full
hydrological spectrum and quantifying water-food-energy nexus.

• Need to develop a seamless approach to flood and drought risk management by 
taking into account of water-food-energy nexus

THREE CONDITIONS 
– ONE SYSTEM

Flood • Normal • Drought —
Hydrology does not stop at the 
boundaries between extremes.
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As you can see in these three images — flood, normal, and drought — these aren't three separate hydrological worlds. They're points along a single continuum. Hydrology does not stop at the boundaries between extremes.
 
Flood is an excess of surface water — but it also enriches the soil and surrounding environment. Drought is a prolonged shortage of soil water — and critically, that initial moisture condition can act as a triggering factor for how the system responds to the next rainfall event, flood or otherwise.
 
The problem is that conventional models address floods and droughts separately. This limits our ability to understand how they interact with one another, and to manage water resources across the full hydrological spectrum — including quantifying the water-food-energy nexus.
 
What we need instead is a seamless approach to flood and drought risk management — one continuous system that captures flood, normal, and drought conditions together, accounting for the water-food-energy nexus throughout.



Vertical
Soil moisture

Profile

Energy and
Water flux
Balance

Lateral flow-2D 
Diffusion wave

River flow - 1D 
Diffusion wave

Water and Energy Budget based RRI Model – 4 component modeling

River Routing

Surface flow

Ground water Flow

Slope-River 
Interaction

GW-River 
Interaction

GW-Soil Moisture 
Interaction
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To improve RRI models and to incorporate missing physical processes, we developed a new model called Water and Energy Budget Based Rainfall-Runoff-Inundation (WEB-RRI) Model. 
The overall WEB-RRI model structure was divided into four major modules: 
1) the Simple Biosphere Model 2 (SiB2) module for the vertical energy and water flux transfer between land and atmosphere for each model grid; 
2) the vertical soil moisture distribution module based on Richard’s equation and Darcy’s equations for groundwater flow and recharge; 
3) the 2-D diffusive wave lateral flow module for surface flow and groundwater flow; and 
4) the 1-D diffusive wave river flow module. 
In addition, the interactions between surface flow and river flow, groundwater flow and soil moisture contents, and groundwater flow and river discharge were also implemented in the WEB-RRI model. 
 




MERITS OF WEB-RRI MODEL

1. Physical formulations for ET, interception, and soil moisture dynamics, which will improve the accuracy 
of initial soil moisture condition, evapotranspiration, low flow estimation, the timing of flood onset, flood 
peak discharges, and inundation depths and extent  improve the reliability of flood and drought 
related assesement

2. As the model takes more inputs (e.g.  radiations, temperature, humidity, wind speed, leaf area index) in 
addition to the precipitation, the model will produce reliable responses to the water cycle variability as 
well as climate change scenarios  can be used for long term simulations and hydrological extremes 
of a catchment with a great confidence, 

3. As the model inputs are compatible with numerical weather and climate model outputs, it can be 
coupled with their outputs directly to estimate the basin scale hydrological responses to the model 
predicted forcing data, 

4. The model can reconstruct the actual conditions of hydrological parameters at each time steps 
(provided that input data is accurate enough), and then the model can be stopped at any time step and 
can be restarted from the previous history to  reduce the computational burden of pre-running of the 
model in practical applications such as flood forecasting and seasonal predictions. 
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Let us look at MERITS OF WEB-RRI MODEL
Physical formulations for ET, interception, and soil moisture dynamics, which will improve the accuracy of low flow estimation, the timing of flood onset, flood peak discharges, and inundation depths and extent  improve the reliability of flood and drought related Risk Assessments;
As the model takes more inputs (e.g. radiations, temperature, humidity, wind speed, leaf area index) in addition to the precipitation, the model will produce reliable responses to the water cycle variability as well as climate change scenarios  can be used for long term simulations and hydrological extremes of a catchment with a greater confidence, 
As the model inputs are compatible with numerical weather and climate model outputs, it can be coupled with their outputs directly to estimate the basin scale hydrological responses to the model predicted forcing data in flood forecasting and climate change modeling 
The model can reconstruct the actual conditions of hydrological parameters at each time step (provided that input data is accurate enough), and then the model can be stopped at any time step and can be restarted from the previous history to reduce the computational burden of pre-running of the model in practical applications such as flood forecasting and seasonal predictions.
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WEB-RRI Model: Calibration & Validation
We investigated the performances of the WEB-RRI model in the Kalu and Mundeni River basins, which are located in the wet and dry zones of Sri Lanka, respectively. 
The model performances were evaluated using the available records of observed discharges, ground and satellite derived inundation extents, and MODIS terrestrial ET products. 
 
After the calibration of soil and river parameters, the model reproduced the hydrological responses of the basin well, compared to the observed records at both wet and dry basins.  Particularly, the base flow during the dry period and the peak flow during the wet period were well calibrated and validated in the model. 
 
Furthermore, a long-term model validation experiment was conducted by simulating the hydrological responses of both basins for about 20 years, and the simulated river discharges were compared with the observed discharges. In both cases, the long-term model-simulated river discharges matched the observed records well, and the model performance indices were well estimated as shown by model performance index on the figures.
 
To investigate the WEB-RRI performance in estimating the ET component of the water budget, two independent ET products from the MODIS and GLEAM were obtained and processed at a basin scale for both basins. These figures compare the 8-day averaged model-simulated ET fluxes with the MODIS-observed 8-daily ET fluxes and with the 8-day averaged GLEAM ET fluxes for 8 years (2002-2009) in the Mundeni River basin. As the Mundeni basin is located in the dry zone of Sri Lanka, the estimated ET products showed very clear seasonal changes, particularly the decreasing trend from March to September, and then the increasing trend from September/October to February.  
 
The maps compare flood inundation extents from surveyed data by the Irrigation Department of Sri Lanka and the simulated maximum flood inundation extents from the WEB-RRI model for the 2003 May flood event in the Kalu River basin. Similarly, as described above, there was a flood event in the Mundeni River basin during December 17-21, 2004. In this case, the MODIS surface reflectance 8-day data were processed for the flood inundation extent mapping in this basin. In both cases, the model simulated the inundation extents well. The accuracy of the inundation extent can be further improved by incorporating ground-based DEM or Lidar data for flat regions near the coastal belt, tidal data, and river mouth cross-section data in future studies.
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This is the end of this lecture on Hydrological Processes and modeling
 
If you have any questions or comments please feel free to write an email to abdul@pwri.go.jp
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