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Myanmar is a country exposed to natural disasters such as floods,
cyclones, earthquakes, forest fires, landslides, etc. Among them, the flood is one of
the natural disasters and mainly occurred in the Ayeyarwaddy River basin and my
study area, Chindwin River is the biggest tributary of it. Such a flood disaster is
threatening to the exposures and vulnerabilities in the Chindwin River Basin, and this
study aims to prevent and manage the flood risk for disaster management

In this study, the GIS-based modelling of the flood inundation maps was
developed using the hydrologic model (HEC-HMS) and hydraulic model (HEC-RAS)
for two flood events. Also, it estimated the different return periods (2, 5, 10, 50 & 100
years) floods in the river basin. Moreover, the flood extent and depth of the flood
were validated with the flood map calculated from the remotely sensed techniques in
the google earth engine (GEE) and the flood river bed, respectively. To prevent and
manage the flood disaster, the flood risk assessment in the village tract level is carried
out by exploring the factors of the flood hazard, flood exposures, and flood
vulnerability.

Firstly, in the development of the hydrologic model, the land use/land
cover map, soil layer, etc. were prepared in GIS platform as a pre-processing step.
Moreover, the automatic delineation of stream network, watershed boundary and the
terrain analysis was carried out using the 12.5 m spatial resolution of the Digital
Elevation Model (ALOS/PALSAR) in the HEC-GeoHMS which is an extension of
GIS program. All of the processing datasets were exported into HEC-HMS for the
further hydrologic model by mainly using the precipitation and water discharge. The
selected flood events (2015 and 2017) were utilized to estimate the rainfall-runoff

simulation using the hydrologic model with calibrated and validated approaches. The



model performance of the coefficient of correlation (R), the coefficient of
determination (R2 ), and the Nash-Sutcliffe model efficiency (EFF) have resulted in a
range of 0.93 — 0.98, 0.8649 — 0.9532, and 0.804 -0.944 respectively. According to
the results, the relationships of the 2015 and 2017 storm events indicated an
appropriate and closed relationship between the computed and observed flows.

Moreover, in the development of the hydrodynamic model, the
Triangulated Irregular Network (TIN) was generated with the 30 m contour intervals
computed from the Digital Elevation Model (DEM) in the GIS environment. Besides,
the geometric data such as cross-section, flow path, streamline and bank lines were
generated in the HEC-Geo-RAS, which is a plug-in of the GIS software and then
exported into HEC-RAS for the hydraulic modelling. The cross-sectionsare very
important and which can be validated with the field observation data in the editing
option. The required Manning number “n” values were calculated for each cross-
section of both sides of the river. The hydraulic model was used to perform the
unsteady-flow simulations of the predicted flood hydrographs. The observed water
level data were used for the calibration and validation of the HEC-RAS model
performance. Validation of the results for the 2015 and 2017 flood events was
compared with the flood maps derived from the Sentinel 1 radar satellite data in
google earth engine (GEE). In the comparison of the flood inundation area of the
simulated result and the flood area from remote sensing, the overlapping area is
71.5% and 72.1% for 2015 and 2017 flood events respectively. And it is a closed
validated checking for the flood area. The total flood inundation area of the 2015
flood event is about 4133.9 km2, with a 13.8-meter maximum depth of the flood and
extended into low land terrain and flood plain areas especially, in the Homalin, Kalay,
and Monywa townships due to the low land topography. The flow conditions of 2, 5,
10, 20, 50, and 100 year return periods were also produced in the hydrologic model,
and the flood extent and the surface water level are gradually increasing in the river
basin.

Finally, to manage and prepare the risk in the study area, the flood risk
assessment was analyzed by accounting the three main factors, namely, flood hazard

map, which was the 50 year return period developed by hydrologic and hydraulic



models. The conceptual equation of this risk assessment is FR = FH x FE x FV. The
flood exposure was included the layers of the population, crop, schools, hospital and
road network, and flood vulnerabilities calculated from the parameters of age
composition (< 14 and > 65 years old), literacy, and urban area. According to the
result, 23.64 % of village tracts in the total 1341 village tracts will be affected. Flood
risk area was described as the low, medium, high, and very high magnitude with
11.3%, 3.9%, 5.1%, and 3.3% in the village tract level, respectively. The higher flood
risk area has mainly occurred in Homalin, where are the junction of upstream
Chindwin river and U Yu tributary, Kalay low terrain at Kalay tributary, and

downstream area, Monywa township.
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CHAPTER 1
INTRODUCTION

Flooding is a kind of natural disasters in the globe, and it can cause lots of
damage to the Earth’s surface, including human lives and infrastructures [1]. It can
happen as a hazard if it has a potential threat to people, animals, and their welfare in a
watershed area. Thus, the flood inundation map has become essential for flood risk
management, and it also provides vital information to the residents to be aware of the

vulnerabilities [2].

Due to the southwest monsoon season in Myanmar, floods also happen in June
to September since the westerly depression system, and the tropical cyclone system
may turn into macroscopic rainstorms especially, in low land areas and Ayeyarwaddy
river basin. [3]. These floods have caused the most prominent natural disaster in
Myanmar in terms of the population increased, and the disruption to socio-economic

activities [4].

In this study, hydrologic and hydraulic models are applied to carry out the
rainfall-runoff simulation and flood hazard maps of the Chindwin river basin to be
achieved the awareness of the flooded area in that area. Moreover, the flood risk
assessment is analyzed by the integration of hazards, exposures, and vulnerabilities for
flood risk management of the study area. Thus, the flood hazard mapping and flood risk

assessment are helpful for flood risk management.

1.1 Study Area

Figure 1 shows the location of the Chindwin river basin situated in the northwest
of Myanmar and partly included the eastern part of India. It is the most significant
catchment area of the Ayeyarwady river system. The coordination of the Chindwin river
basin lies between 21°24° and 27°20°N latitude and between 93°25” and 97°05’E
longitude with the catchment area 113484 km?. The terrain condition of the study area
is being varied within the 150 m influenced by the high land terrain region of the high
mountain ranges and flat land terrain of agriculture. As the terrain elevation is a huge
difference, the significant sub-basins of the Chindwin River system are formed, such as

U Yu and Myitha at the upstream and Kalawe at downstream, respectively.



The catchment area of Chindwin River is, in general, hilly topography at the
north and west in alignment while the central and south of the basins are low land
terrain. The highest topography is more than 3,700 m (Mean Sea Level). The basin is
standing from north to south with different topography. Firstly, the river passes through
the Hukawn valley, which is a vast valley and basin admits the mutinous area with the
elevation of 2300 m and then goes through the different topography in various of above
1000 m at the north and around 50 m at the south of the study area. Many towns have
encountered in the basin, and some of the big towns are Monywa, Mawlaik, Homalin,

Hkanhti, Kalay, Gangaw, etc.
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1.2 Problem statement

The study area is quite a big area with a different topographic condition, and it can be
representative of the central river basin, Ayeyarwaddy, which is the most significant
river system in Myanmar. Here, Myanmar has the effects of monsoon throughout the
country every year. Annual monsoon of floods and seasonal floods occurred mainly in
the tense of heavy rain and big temporal scale in the study area [5]. It is naturally with
large segments of rivers, streamlets, and tributaries, and it could be ranked as the biggest

river of the Ayeyarwaddy River system.

According to the historic floods, some devastating impacts were recorded
primarily in 2015 and 2011 floods. These floods had impacted the lives and properties
of humans, especially livestock, agriculture, infrastructures, and so on. The challenges
of river flooding are getting more and more dangerous due to human intervention in the

floodplain at an ever-increasing scale [6].

Research Objectives

Overall, the main objectives of this research are summarized as follow:

» To simulate the rainfall-runoff process of flood events by using the hydrologic
model

» To determine the design flow hydrography using the hydraulic model
» To predict the flood inundated depths and extents of the selected scenarios

» To validate the flood maps from remote sensing techniques with the flood

inundation maps and

» To assess the risk of flood by considering the factors of flood exposures,

hazards, and vulnerabilities in the Chindwin river basin.

Research questions
» What is the amount of rainfall-runoff volume in simulation for the selected flood
events?
» How many maximum flood inundation areas in the Chindwin river basin during

the peak storm events?



What are the maximum rainfall-runoff volume, the surface flood extent, and the
depth of the different return periods?

How to validate the flood hazard maps with the data of remotely sensed
techniques and field observation from the government office?

What are the factors required to evaluate the flood hazard, exposure, and
vulnerability maps?

How many village tracts flooded in the analysis of risk assessment in the study

area?

Scope of research

>

Required datasets for modelling, the rainfall, water level, discharge, and cross-
section data were collected from five Met stations in the entire watershed area.
Spatial data such as population map, land cover map, soil data, digital terrain
model, etc. were extracted from the open accesses databases.

The rainfall-runoff simulation was produced by applying the HEC-HMS.
Moreover, the flood hydrograph was also calculated.

Flood hazard maps for the selected storm events and return period flood were
simulated by using with HEC-RAS model

The residential land and crop mapping were computed with Sentinel-2 satellite
data in the cloud-based system of google earth engine (GEE). Moreover, the
flood areas of 2015 and 2017 year were calculated in GEE to validate the
simulated maps from the hydraulic model.

Flood risk assessment was carried out in consideration of the related factors
such as the flood hazard, the exposure, and the vulnerability layers.

Thesis structure

This study relates to the process of flood hazard mapping and flood risk assessment

for the Chindwin River Basin in Myanmar. There are five chapters in this thesis.

Chapter 1 presents the overview of the flood, the general review and characteristics of

the research area, problem statement, and research problem and objectives. Chapter 2

will provide the literature review of hydrologic and hydraulic models for flood hazard

mapping, the related works, and previous studies in the study area. Next, Chapter 3 will

describe the method, data, and processing of the whole research. Moreover, the

handling, data preparation, and model development will present in this chapter. In



Chapter 4, the main experiment result and discussion are mainly described such as the
results of model validation and calibration in the HEC-HMS and its return period, the
results of validation for flood inundation mapping in the hydraulic model, and the flood
risk assessment by consideration of flood hazard, flood exposure and flood
vulnerabilities in the study area. Finally, Chapter 5 will conclude the research and also
present the discussion on finding studies and talks about the future contribution of the

studies.



CHAPTER 2
LITERATURE REVIEW

2.1 Floods

The different types of floods are occurred across the world, such as urban flood,
river flood, flash flood, and coastal flood. Among them, urban floods are the most
significant and destroying thing in flood risk due to the high flood exposures and
vulnerabilities [7]. In a riverine flood, it is relatively connected with the high water
volume increasing as the heavy rain is getting longer. The flood can also be produced
in the unfavorable condition of an area such as land cover, soil, geomorphology,
elevation, slope, and so on. And it also has impacts on human societies and their

properties because the rivers are essential for cultivation and Civilization [8][9].

Flash flood is rapid flooding due to the heavy intensity of precipitation in the low
land area. [10]Coastal floods mainly occurred in the region of seashore line when the
high pressure of onshore winds push water from the sea onto land, and this can create

the form of storm surges related to storm surge, tsunami, tidal waves, etc. [9].

People are living in flood plain areas and along the side of the river system due to
the full fill their foods for cultivation, transportation, fishing, etc. As the overpopulation
has become more prominent, the people are living in more floods in return period area
and low land terrain region, and it is happening the flood risk in recent years and future
[11].

2.1.1 Causes of flood
Generally, the river floods have happened in the condition of the excessive
heavy rainfall and over-discharged in the area. By a combination of high tides and

waves at the low land area can produce the estuarine and coastal floods [12].

2.1.2 Flood triggers and conditioning factors
Figure 2 shows some trackers of the flood and the flood-intensifying elements.

There are so many flood-trigger and conditioning factors in a river flood, and one of
them, the intensive heavy rainfall, is the leading tracker of the river flood by

combination with the conditioning-factors such as the geomorphology, elevation,



human activities, etc. In the cases of estuarine and coastal flood-intensification, the

flood is occurred due to the storm surge, tsunami waves, etc. [12].

Rain Snow & Combined Icejams  [andslides Failure of

icemelt  rain & ice- dams & between streamflow & surges
melt control works tidal conditions
River floods Estuarine & Coastal floods
Bsin e Basin factors Drainage Channel Estuary shape Coastline Oftshore
(stable), area, (variable, Effects of petwork factors configuration  gradient of
shape, aspect, climate, geology, factors et e

altitude 5ol type, vegetation
cover, anthropogenic
influences on
storage capacity,
mfiltration, &
transmissibility

Estuarine interactions  Costal storm Earthquakes

Figure 2 Causes of the flood triggers and flood-conditioning factors
Source: [12]

2.2 Rainfall-runoff models

There are various rainfall-runoff transformation models transformed to form the
rainfall data by combination with factors of soil classes, vegetation condition, moisture
content, and humidity, characteristics of underground water, and geomorphological
characteristics of each sub-basin [13][14]. And it is also required to consider the facts

of routing, flow transformation, loss in the determination of excess overflow[14].

[15] In which there are generally two types of the catchment of the model
processing in the rainfall-runoff simulation, and they are the event models and
continuous-process models. Some of the rainfall-runoff models are described below.
2.2.1 Streamflow synthesis and reservoir regulation (SSARR model)

This model was originally introduced by the American Society of Civil
Engineers to design for the conditions in the Columbia River in the Northwest United
States. Later on, it was developed to simulate the stream synthesis model in any basin.
Presently, this model can be analyzed for a hydrologic and reservoir regulation model
[16].



In the SSARR model, the distributed, physically-based model incorporating
novel approaches for the sub-surface, run-off, and the base flow can be computed [17].

It is suitable for the big watershed area for rainfall-runoff simulation.

2.2.2 TANK model
It is a conceptual representation firstly published by Sugwara, Japan (1961), to

model the variable source flow assumed in the unit area of the basin by utilizing the
various data of soil, precipitation, etc. [18][19]. The Tank model is a simplified

application, but it can support the excellent outcome in rivers analysis [20].

Evapotranspiration is associated with subtraction from the basin. The runoff
from the side outlet of a storage tank (q) is proportional to the water head over that
outlet, and the infiltration (p) is proportional to the water depth [18]. These relations

can be mentioned as below:
g=a(h-2z),p=bh 2.1

Where h is the water depth, z is the height of the discharge outlet from the base

of each basin, a is the runoff coefficient, and b is the infiltration coefficient.

2.2.3 Nedbor-Afstromning-Model (NAM)
NAM means the rainfall-runoff model, and it was developed by the

Hydrological Section of the Institute of Hydrodynamics and Hydraulic Engineering of
Denmark. It is a conceptual, deterministic, lumped model. It can estimate the
precipitation-runoff simulation at a watershed area based on the rainfall,

evapotranspiration, and temperature [21].

Moreover, NAM is appropriate to proceed with the rainfall-runoff simulation in
the condition of moisture content in various water storage. As the NAM is also the
lumped model, the values should be defined on average for parameters and variables
for the whole basin. NAM model can be utilized to run the process of the individual
storm event in the different conditions of weather and hydrologic formation [22].
2.2.4 Soil and water assessment tool (SWAT)

In the 1990s, SWAT was developed by the United States Department of
Agriculture (USDA) — Agriculture Research Service (ARS). SWAT is a river basin

scale, and continuous-time models and an extension of ArcGIS application to predict



the quality of runoff and underground water and predict the environmental issues of
land use, land management system, and climate changes in a small basin to river basin-
scale model. The SWAT is very useful, especially in the assessment of soil erosion for
management, non-spatial pollution source, and regional management in a basin [23].
The author also mentioned the SWAT could be applied in the simulation of the biomass

production and evapotranspiration [24].

There are two methods in the SWAT model for simulation of discharge, and
they are Green & Ampt infiltration method, and the Soil Conservation Service (SCS)

curve number method.

The Green-Ampt method is to determine the rate of infiltration in a basin [25].
The precipitation is an essential requirement and incorporated with a sub-daily scale.
The method of SCS curve number is widely applied for a surface runoff simulation. It
requires the datasets of the precipitation, weather, solar radiation, humidity, land use,
and moisture content of the soil. The model can use the SCS curve number process to
estimate the surface runoff when daily rainfall data and the Green-Ampt infiltration

method were chosen for the simulation of discharge.

In the calculation for the overall water balance condition in a basin, the equation
2.2 can be used to achieve the accurate forecast in nutrient, water, and sediment
circulation and it is an essential requirement for the simulation of the hydrologic circle
[26].

SW, = SW,+ 5*_,(Rv - Qs - Wseepage - ET — Qgw) 2.2

Where SW: is the humidity of the soil, SWo is the base humidity, Rv is the
rainfall volume of water, Qs is the surface runoff, Wseepage IS Seepage of the water from
the soil to underlying layers, ET is the evapotranspiration, Qqw is the groundwater
runoff, and t is the time in days.

2.2.5 Topography based hydrological model (TOPMODEL)

The TOMDEL is also a conceptual hydrologic model by the determination of
the analysis of watershed topography. However, some researchers also use it as a
physical-based model [27]. This model can apply an individual or multiple sub-basins
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using the grided elevation data. The geomorphology, topography, and soil condition are
very considerable in the TOPMODEL application [26].

TOPMODEL have studied the flood frequency analysis in a various range of
hydrologic field [27]. In the studies of [28], he explored the importance of spatial

resolution in the digital elevation model (DEM) for the runoff simulation.

2.2.6 HEC-HMS model
It was introduced by the U.S Army Corps of Engineers and designed to estimate

the hydrologic modelling for the river watershed area. It is the deterministic
mathematical model that can calculate the various factors of the hydrosphere, including
precipitation, evapotranspiration, infiltration, and surface runoff. It also takes account
of controlling factors such as land use, topography, soil condition, elevation, humidity,
etc. [29][30].

This application can be widely used in modelling of a flood hydrograph, water
supply, and watershed runoff in a different geographic area, whether it is big or small
watershed area because it is a general simulated method for many kinds of the
watershed area. Any part of the process can then be done with a mathematical model
that can be modelled in the different environmental conditions. The interface of the
application is integrated into the work environment, including a database, data entry

option, computational platform, and output featured tools [30].

2.3 Hydrodynamic models

It is physical modelling to determine water surface area & depth, and streamflow
velocities. Hydraulic modelling is used for the determination of the design and
operation issues in the structures [31] [32]. It enhances the use of a designed model for
complicated in the different forms of river or stream flow in hydraulic structures. So
many programs related to hydraulic modelling, which have purposely introduce to be

ease of simulation in model design and operating system of engineering structures [32].

2.3.1 MIKE 11 model
MIKE 11 model is a professional hydrodynamic tool for river, stream, and water
bodies and which was developed by the Danish Hydraulic Institute (DHI) in 1987 [33].
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It can be applied as 1 D hydrodynamic model for the applications of precipitation-

runoff, transportation of sediment, water quality, flooding, flash reservoir break, etc.

MIKE 11 can be in cooperation with Geographic Information System (GIS) as
the ArcGIS program for flood inundation mapping or post-processing in the different
flood scenarios at the watershed area [34]. It becomes an integrated system in hydrology
and hydraulic fields improved by the Danish Hydraulic Institute (DHI) into a near real-

time flood estimating tool [35].

2.3.2 HEC-RAS model

HEC-RAS, the Hydrological Engineering Centre-River Analysis System, is a
physically hydraulic modelling tool. It can be performed the steady and unsteady flow,
1-Dimensional (1D), and St Venant Equation. This model can be returned into the
promising results in comparison with 2D models [36] while controlling the simplify

and employing geometric parameterization derived from spatial data [37].

Steady flow: It is applied for calculation of water surface profile for steady
gradually varied stream and can be used for a single condition such as one item in

channel reach, dendritic network structure, or a full of stream network [38].

Unsteady flow: It is required to perform an unsteady water surface profile
calculation and composed of: (1) boundary conditions (external and internal), and (2)

initial conditions.

(1) Boundary Conditions must be structured at all of the open ends of the river
system being modelled. Upstream terms of the river system can be modelled
with the following types of boundary conditions: flow hydrograph, stage
hydrograph, current, and stage hydrograph. Downstream ends of the river
system can be shaped with the following types of boundary conditions: rating
curve, Normal Depth (Manning’s equation); stage hydrograph; flow
hydrograph; stage, and flow hydrograph. Boundary conditions can also be
established at internal locations within the river system. The following types
of boundary conditions can be specified at internal cross-sections: lateral
inflow hydrograph, uniform lateral inflow hydrograph; groundwater

interflow; and internal stage and flow hydrograph [39].
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(2) Initial Conditions are required to construct the initial conditions (flow and
stage) at all nodes in the system at the beginning of the simulation. Besides, it
is needed to define the starting water surface elevation in any storage areas
that are identified [39][40].

2.4 Related works

The author studied the computation of the degree and spatial area of the
potential flood impacts by integrating into the GIS environment, a combination of
surface runoff and hydraulic models [41]. The HEC-HMS and HEC-RAS models were
utilized to simulate the river flow and floodplain evolution in the Bostanli river basin.
Rainfall data was mainly used for the estimation of surface runoff using the SCS CN
method for loss rate in all catchments. The author mentioned as the study area would
be a positive impact and decrease the flood peak rate in the potential flood hazard after

the dam construction as planned.

In this studies, the authors studied the flood extent monitoring with the HEC-
RAS model to obtain the information of the near-real-time approach in Marinkina
River, Philippines. Moreover, the authors developed the three significant steps of flood
model setup, automation, and online visualization and which can be handled with the
script for automatic calculation in the flood analysis. The input data of geometric were
extracted from the 1 m spatial resolution digital elevation model, which was generated
from the LIDAR technology [42]. At the same time, the river cross-section was created

from field observation data and then interpolated into raster data in better resolution.

The author applied to perform the flood hazard mapping in the use of HEC-
HMS and HEC-RAS models for hydrologic and hydraulic models, respectively, in the
Bago river basin, Myanmar. In the loss model calculation for surface runoff simulation,
the SCS Unit Hydrograph Method was utilized. In hydraulic modelling, the unsteady
flow method was used with a river cross-section data, Manning’s values, and flow data

to analyze the river channel [43].

The author conducted the comparative studies for the flood hazard between
DEM STERM (30 m spatial resolution) and DEM (4 m resolution) generated from
stereoscopic images of the Pleiades in a semi-arid mountainous area. The generation of

geometric data used in the hydrodynamic model is essential for river analysis, and the
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DEM of the Pleisades proved that the excellent and high accuracy of the outcome has
resulted [44].

In the research of [45], the author simulated the flood inundation mapping with
HEC-RAS in Sri Lanka, the lower Kalu-River basin, and also produced the different
return periods of the flood events. The flood events simulated by the model validated
with the remotely sensed techniques using the microwave data of the ALOS/PALSAR
HH dataset. He described as the comparative studies of the simulated flood map by
model and microwave remote sensing data were beneficial to study in the flood extent

overlapping.

The author applied the various methods of remote sensing, HEC-HMS, HEC-
RAS, and GIS techniques to produce the flood risk assessment for Lagos Island and
part of Eti-Osa local government areas in Laos State, Nigeria. The flood hazard maps
were calculated from a combination of hydrologic and hydraulic models, and then, the
results were checked with the flood map derived from the remote sensing data. The
author continued to conduct the flood risk information on the classes of the
infrastructures in the study area. The ground validation on buildings was carried out the
GPS sampling at the flood events, and the overlaying process resulted in the areas of
flood risk in the GIS platform. The author suggested the development of flood plain
can help better management in flood risk [14].

The authors studied the flood risk on the whole country of Myanmar to indicate
the flood risk index in the township level. They mentioned as the time-series satellite
data can derive the flood area and produced as the hazards in consideration of the
historic flood frequency (Joint Research Center). In the reduction of flood risk, the
proper management is required, and they describe the equation for flood risk assessment
index as FRI = FHI x FEI x FV1 [46].

2.5 Previous studies in the Chindwin river basin
There are limited research papers in the study area, especially the studies
related to the hydrologic and hydraulic models due to the various dataset requirement

and the vast watershed area. Some of the related research is described below.



14

The author studied the approach of neural network-based regionalization to
estimate the homogenous hydrological regions in the Chindwin River basin. However,
the author didn’t present the surface runoff simulation and river flow analysis. The
homogenous hydrological areas of the study area were detected by clustering and
utilizing the artificial neural network (ANN) model, and the four clusters of

homogenous regions were produced [47].

The studies of [48] experimented with forecasting the flood event-based-
model for rainfall-runoff simulation using the Flussgebietsmodel (FGM). This model
is based on the unit hydrograph as a fundamental requirement in the hydrologic process,
and it can mainly be classified as the urban region and rural areas for the flood
determination. In the flood routing of FGM, the Kalinin-Milyukov method was applied
to analyze the base flow in the Chindwin river basin. According to the result, the peak
discharge and the magnitude of the peak discharge were correlated between rainfall and

runoff with acceptable accuracy in the FGM model.

The author examined the water quality impact and landscape pattern changes
(between 1990 -2013) due to deforestation and mining activities. The effects of these
factors were computed with the remote sensing technology and compare the previous
condition and current condition. The author found the findings of the rate of
deforestation increased since 200, from 140 to 359 km2/year. The main controlling
factor of deforestation is mining activities, and it is leading to the water quality impact.
Moreover, the author noticed the increase in levels of turbidity and electrical
conductivity in different periods. However, the author didn’t mention the flood

increased by the impact of deforestation and mining activities [49].

The researcher carried out the comparative studies between the RRI model
and the HEC-RAS model for the flood inundation maps in the different return periods.
Both models classified as a similar risk area at Homalin Township, but the water level
by the RRI model was slightly more than the HEC-RAS model predicted [50].

The author also examined the surface runoff simulation and the flood
inundation maps using HEC-HMS and HEC-RAS models for the upper Chindwin

watershed area. The author compared the simulated flood hazard area of the selected
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storm event in 2015 and the flood map derived from the remote sensing, and the result

was presented the near correlation of the flood extent in the validation [51].

The author mentioned the flood quartiles of the different return periods using
a Multiple linear regression approach (MLRA) and Artificial Neural Network (ANN)
based on the digital elevation model [52]. An MLRA is a model to fit the relationship
between one or more explanatory variables and a response variable in observed data.
An ANN is big processing in the information database system that is composed of
several processing elements with the neuron the layers. Each layer neuron operates the
logical parallelism. The author found that the performance of the ANN model for flood
forecast is one day ahead than the MLRA.

2.6 Remarks on the literature review

As the literature review is presented with the previous studies and related
works for the flood hazard mapping and risk assessment, it is assumed that to produce
the hazard maps is a better correlation using the hydrologic and hydraulic models.
Moreover, the validation is essential to validate the flood extent and depth. For disaster

management, at least, the village track levels are required for the flood risk assessment.

CHAPTER 3
MATERIALS, METHODS, AND PROCESSING

This chapter will describe the sources of data collection required in processing

and analyzing, and also present the flow charts of the hydrological model, hydraulic
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model, remotely sensed techniques for flood mapping, and flood risk assessment.

Moreover, the detailed data processing for model developments with the illustration

and the related attribute tables was also presented.

3.1 Data Acquisition

Data is fundamental to analyze the rainfall-runoff model and analyze the flood

hazard maps for The Chindwin river basin. Moreover, to conduct the flood risk

assessment, so many datasets are required. All of the materials and sources of data are

presented in Table 1.

Table 1 Types and sources of data

No Data Type Description Source
. | Digital Elevation | DEM SRTM 30m ggifnffgzhg’;ﬂ‘xiess ",
Model DEM ALOS PALSAR 12.5m (ESpA) P
rl;]zr;)d LeeiCarek https://scihub.copernicus.eu/d
2 (Satellite Sentinel 2 Optical Data (2019) | hus
Imagery)
3 | Soil map (SSURGO) Soil Map xnl'ged States Department of
griculture
4 | Precipitation Data | Daily precipitation (1967-2019)
5 | Discharge Data Daily Discharge (2011-2019)
. . Department of Metrology and
6 | Water level Data | Daily Water Level (2011-2019) Hydrology (DMH)
7 Rating Curve and | Homalin, Mawlaik & Kale
IDF Stations
River Cross | Homalin, Mawlaik & Kale
8 . )
Section Stations
https://scihub.copernicus.eu/d
9 Flood Extent Map | Sentinel 1 Radar Data hus
Department of population
10 | Population Population Density (Census 2014)
( http://www.dop.gov.mm/en)
11 | Cropland Sentinel 2 Opt_lcal Data _(2019) https://scihub.copernicus.eu/d
(Remote Sensing Technique) hus
12 | Urban Area Sentinel 2 Opt_lcal Data _(2019) https://scihub.copernicus.eu/d
(Remote Sensing Technique) hus
. Myanmar Information
13 | School School location Management Unit (MIMU)



https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
http://www.dop.gov.mm/en
https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
https://scihub.copernicus.eu/dhus
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14 | Hospitals Hospital locations UTM 2000, Myanmar Survey
Department
15 | Roads Road network OpenStreetMap Contributors
3.2 Methods

risk assessment is shown in Figure 3.

HYDROLOGIC MODEL

In this research, the overall work-flow of flood hazard mapping, and flood
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Figure 3 Overall flow-charts of the flood inundation map and risk assessment

3.2.1 Hydrologic model (HEC-HMYS)
To estimate the rainfall-runoff simulation, the hydrologic model was applied,

as shown in Figure 4.
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Figure 4 Flow-chart of the hydrologic model

In the modelling of the rainfall-runoff model with HEC-HMS, four essential
components are needed to run the primary model, and they are (1) basin model, (2)

Meteorological model, (3) control specification, and (4) time-series data.

(1) Basin model: It is the mainframe of the hydrologic model and also
presents the watershed, sub-basins, junctions, reaches, reservoirs, outlets, and river
segments. They are connected with a node-link system spatially from the upstream

database to the downstream till the outlet.

(2) Meteorological model: It is used to calculate and estimate the amount of
precipitation, evapotranspiration, temperature, sunshine, humidity, and snowmelt

required by the sub-basin element.
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(3) Control specification: it is to define the time frame of the simulation
period and individual time. The beginning and end times, plus the computational time
interval, identify the control specifications for an HEC-HMS model run. The separate
specification is created in the attribute table of observed precipitation, discharge data,

etc. with time interval to fulfill the hydrologic processing.

(4) Time-series data: created database of meteorological elements and

discharged data are defined with the specific period for the event.

Moreover, to transform the data from the precipitation into the rainfall-runoff
model, four basic models are essential in HEC-HMS, and they are the loss, transform,

base flow and routing models [30].

3.2.1.1 Loss method
It is the amount of water loss during the storm event that is transformed from
runoff, infiltration, or evapotranspiration in the watershed area [53][32]. The loss

methods can be applied in HEC-HMS, as presented in Table 2.2.

In the loss model, the initial and constant rate loss method is selected because
it is elementary and useful for the hydrologic model in the condition of a lack of detailed
soil information. It is also appropriate for the flow-frequency studies [53]. The constant
rate determines the rate of infiltration that will occur after the initial loss is satisfied,

and it is directly connected with the impervious area.

This model considers the high potential rate of rainfall loss, fc, in a storm event
[53]. Here, Pt is the mean areal precipitation depth during a time interval (t) to t+D, the
excess, pet, during the interval is given by:

pe:{ pfe  ifp>te } 3.1
t (0 otherwise

Equation 2.2 for loss models represents the interception and depression
storage for the process of absorption in precipitation by surface covers such as soil and
land use land cover in a basin, and a consequence of depression in catchment

geomorphology respectively [53].
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3.2.1.2 Transform method
[54] This mentioned that the rainfall from a storm event would be converted

in the runoff transformation, such as decreasing in the runoff, affect each sub-basin,

and represents the subsurface model.

The actual subsurface in the basin is calculated with a base-flow method [55].
There are six processes in base flow. They are (1) Constant/Monthly, (2) Linear
reservoir, (3) Nonlinear Boursin Esq, (4) Bounded Recession, (5) Recession curves
methods, and (6) the Recession method because of the availability of its input data was

chosen for this research to model Chindwin river basin.

In the SCS unit hydrograph, it is considered in the process of a large number
of natural unit hydrograph for the big catchment area. The parameters are required the
peak discharge and the time to peak [53]. Some researchers suggest the following
equation.

A
Up=CT—p

Where Uy is the unit hydrograph peak discharge, A is the watershed area, Tp
is the time-to-UH peak, and C is the conversion constant (2.08 in Sl and 484 in Foot-
pound system).
3.2.1.3 Baseflow method

Recession method in HEC-HMS is utilized to present the catchment base flow
and the channel from natural storage in a watershed [56][30]. The relationship of Q:

(the base flow at any time t) is as:
Q¢ = Qok 3.3

Where Qo is the initial base flow (at time zero), and k is an exponential decay

constant.

Figure 5 illustrates the relationship between the base-flow, direct surface
runoff, and infiltration. The shaded area represents the base-flow in Figure 3.3. As the
HEC-HMS program, k is described as the ratio of the base-flow at time t to the base-
flow one day earlier. The starting base-flow value, QO, is an Initial of the model
[57][30].

3.2
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Figure 5 Initial base flow recession

In this model, the recession base-flow model is used both at the start of
simulation of a storm event and later in the event as the delayed subsurface flow reaches

the stream or river channels [57][58], as illustrated in Figure 6.

The base-flow is regarded as the initial base-flow recession [59]. After that,
base-flow is not computed directly but is considered as the recession flow less the
direct-surface-runoff. When the direct-surface-runoff eventually reaches zero, the total

flow and base-flow are identical.

After the threshold flow occurs, the stream-flow hydrograph ordinates are
defined by the recession model alone, even though there is no exceeding the threshold
value in the direct runoff with initial base-flow recession [60]. It may arise the second
time in the hydrograph if the subsequent precipitation is high. In that process, begins
on the second rising limb are calculated by increasing with direct runoff to the initial

recession [53].
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Figure 6 Process of base-flow model

3.2.1.4 Routing method
It is the movement of the runoff from the different watershed outlets along the

river or streamlines, and finally, goes through to the outlet or sink of the whole basin
system [53]. The routing options include the Muskingum, Modified Puls, Kinematic
Wave, and Muskingum-Cunge and lag methods in the HEC-HMS model [54][61].

The lag routing method only represents the translation of flood waves, and the
outflow hydrograph is simply the inflow hydrograph. However, this flow is originally
started by the specified duration. So, this may not access any representation of the
attenuation or diffusion process [62]. Consequently, it is also suitable for shorter stream
reach with an estimated travel time that does not vary flow depth. The flows are not
attenuated, and the shape is not changed.

B {It if t<1ag}
t T if t >lag

Where, Qt is the outflow hydrograph ordinate at time t, It is the inflow

hydrograph ordinate at time t, and Lag is the time by which the inflow ordinates are to

be lagged.

Figure 7 illustrates the results of the application of the lag model. In Figure
3.5, the upstream (inflow) hydrograph is the boundary condition. The downstream

3.4
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hydrograph is the computed outflow, with each ordinate equal to an earlier inflow

ordinate, but lagged in time.

The lag model is a particular case of other models, as its results can be

duplicated if parameters of those other models are carefully chosen [53].

Discharge

Figure 7 Lag method

Upstream Upstream
hydrograph hydrograph
(inflow) (outflow)

Time

3.3.2 Hydraulic model (HEC-RAS) and flood hazard mapping
Figure 8 shows the detailed process of the flood inundation mapping using the

flood observed data from the hydrologic model and computed the hydraulic condition

in the study area.
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3.3.2.1 Steady flow and unsteady flow
Steady flow: It is applied for computation of water surface profile for steady

slowly changed the flow rate and can be used for a single condition such as one item in

channel reach, dendritic system, or a full network of channels [38].

Unsteady flow: It is required to perform an unsteady water surface profile
calculation and composed of: (1) boundary conditions (external and internal), and (2)
initial conditions. In this study, the unsteady flow was selected to determine the flow

model due to the variable datasets and uncertainties.

(2) [61] Boundary Conditions must be structured at all of the open ends of the
river system being modelled. Upstream ends of the river system can be
shaped with boundaries of flow hydrograph; stage hydrograph; flow and
stage hydrograph while downstream ends of the river system with the
following types of boundary conditions: rating curve, Normal depth
(Manning’s equation); stage hydrograph; flow hydrograph; stage and flow
hydrograph [39].
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(2) Initial Conditions are required to construct the initial conditions (flow and
stage) at all nodes in the system at the beginning of the simulation.
Besides, it is necessary to identify the starting water surface elevation in
water bodies [39].

2.3.2.2 Uniform and Non-uniform flow
If the water river depth, flow rate and velocity do not vary in the area, this

open channel flow can be assumed as uniform flow [63].

Open channel flow is said to be uniform if the depth, the discharge, and the
mean velocity do not change with area [63]. The channel flow is quickly varied if the

location changes; this flow type can be said as a non-uniform flow [64].

2.3.2.3 Momentum equation
It is a vector equation that is applied in the longitudinal direction of the water

bodies. The final formation of the differential momentum equation for the control

volume [65][66]. The final derivation of the momentum equation is

6Q 6QV oz
— i — 48.)= 3.5
ot ox gA(ax Sf) -

Where V is the velocity of the flow, g is the acceleration due to gravity, A is
an area of the flow, 6z/6x is the water surface slope, and St is friction slope [66].

2.3.2.4 Continuity equation
In the steady flow processing, the continuity equation implies that flow must

be found between adjacent cross-sections [67][68].

Q=V,A=V,A,

Where A1 is the cross-sectional area normal to the direction of flow at the
downstream cross-section, Az is the cross-sectional area normal to the direction of flow
at the upstream cross-section, Q is the flow rate/ discharge, V1 is the average velocity
at the downstream cross-section, and V2 is the average velocity at the upstream cross-

section.

3.6
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3.3.3.5 Manning’s Coefticient “n”
The roughness coefficient is an essential parameter to decide the flow

condition and which can be considered the uncertainty of hydraulic parameters [69].

The common equation of the Manning number is below.

1
Q=Ks?
1 2
K=-AR3
n
Where K is a conveyance of the section (m3/sec), n is Manning’s roughness
coefficient (m-1/3s), R is the hydraulic radius for subdivision (m), A is flow area of
subdivision (m2), and St is friction slope.

Manning’s roughness value is varied depending on the length and width of a
river or stream [69]. And it also varies with the surface water depth [70]. Various values
of Manning’s coefficient can be different conditions for velocity and water depth. It is
very applicable to analyze the water depth and flood extent in the hydraulic analysis.
[69].

3.3.3.6 Geometric data

The geometric data is the spatial data that needs to be inputted into the
hydrodynamic model that includes (1) river networks, (2) river cross-sections, (3) the
reach length, and (4) hydraulic structure data [15]. Besides these, hydraulic loss
coefficients in terms of N values and expansion and contraction coefficients are also

needed in the determination of cross-section data[71][72].

3.3.4 Geographic Information System (GIS)
GIS has become a useful and essential tool in hydrologic and hydraulic

modelling for a few decades for the field of the studies of the management of water
resources and flood risk management [73][74]. It can be applied in these fields due to
the requirement of spatial and temporal data for a more in-depth analysis, especially in
the development of watershed management [73]. As the climate has been changed day
by day, water resource management and proper sustainability of the environment are
scientifically demanded nowadays. In such kinds of challenges on the water resource
management, GIS is the most advanced one in the sustainability of water cycle and

3.7

3.8
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flood risk management because the water in its occurrence is varied spatially and

temporally throughout the hydrologic cycle [75].

HEC-GeoHMS is a geospatial hydrology plug-in of the GIS platform
introduced by the U.S Army Corps of Engineer in the hydrological modelling [76]. It
can perform the visualization of the spatial information, delineation of basins and
streams, data conversion between GIS platform and HEC-HMS model, etc. Figure 9
illustrates the overview process of the GIS environment and HEC-HMS to model the

precipitation-runoff simulation in the watershed area.

GIS Platform Watershed Hydrology

Grid Format
SHG & HRAP

¥

Gridded Hydrologic
Data

Raw GIS
Data

L4

GIS Pre-processing

l : =]

GIS Pre-processed —> HEC-GeoHMS > HMS Inputs m
Spatial Hydrology > ‘_\
Database
DEM, RF, HUC, HEC-HMS
STATSGO, Land use,
Radar, Rainfall

Watershed & River
Characteristics

Figure 9 The general process of GIS, HEC-GeoHMS, and HEC- HMS
Source: [76]

And another geospatial tool, HEC-GeoRAS, serves as the interface between
GIS and the simulation model HEC-RAS to develop the hydrodynamic model and
analyze the geospatial data. Moreover, it can be reconnected to the GIS platform for
further data processing by combination with the hydraulic model and spatially and
statistically databases. A widely used approach is watershed modelling that divides the
drainage basin into discrete units possessing similar rainfall-runoff and physical

characteristics [76].

3.3 Flood risk assessment
In [77], it needs to understand the causes of the potential flood disasters by
accounting the vulnerabilities of people and their properties, and natural flood hazards

in the area. It also described the assessment of the expected damage due to the flood in
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terms of four primary steps, and they are flooded frequency, flood hazard, flood

exposure, and damage record.

Flood risk usually rises from massive rain events like a typhoon, intensive
rainstorms, while dyke breach and storm surges are also frequent in a particular area
[78]. The research mentioned that the potential damage things could be recognized as
the flood risk consequences, and it is essential to determine the risk scale level in the

assessment area [79].

In the risk assessment for flood, the flood hazard map is considered from the
modelling of hydrologic and hydraulic models. And the data for flood exposure and
flood vulnerability maps will be applied from the satellite imagery computation, open-
source data, and statistical data from government offices and so on. The detailed process

of the flood risk assessment map is shown in Figure 10.

Dat Data
Data . ]
+ Landsat 5,7, & § oD Data
* Sentinel 1 griculture
ent * School data . .
* Sentinel 2 d * Socio-economic data
« SRTM DEM (30 * Hospital data
Gl * Road network
. Processing
Processing . : .
:  Population density map Processing
* Flood maps in cloud Aot -
! * Agriculture map * Age composition
base computation 7
Flood fi. * School distance map map
Ry * Hospital distance map * Urbanization map
* Road distance map
Flood Hazard Index Flood Exposure Index Flood Vulnerability Map
(FH) (FE) (FV)

Flood Risk Index Map
(FR)

Figure 10 Flow-chart of flood risk

In risk assessment, the various sources of datasets are considered such as

satellite-derived datasets, flood inundation model, open-source data, field observed data
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from the government (DMH), aerial statistical data and so on. The flood risk map is

calculated using Equation 3.9.

FR=FHXFEXFV 3.9

3.3.1 Flood hazard
Flood hazard has been studied in various methodologies such as simple binary

models, GIS techniques, spatial coexistence models, historic flood hazards using
remote sensing techniques, etc. [80][81]. In flood risk mapping, the trend of historic
floods is the key to analyze the recent flood risk and also can estimate future floods
[81].
3.3.2 Flood exposure

Without the exposure of socio-economy and valuable assets in the flood plain
area, the flood risk will be reduced [82]. There are various factors to consider flood
exposures. The selected sectors for exposure factors are population density, crops, and
urban, which directly impact to area from the flood and hospital, schools, and road

networks are the potential relief to the people exposed to flood events [47].

Land use/land covers are the ones of the flood exposures to account for the
intensity of flood risk assessment because a flood can directly affect them.
Consequently, the properties and productivity of agriculture and settlements can be
destroyed [83]. Besides, the necessary facilities of the road networks, schools, and
hospitals are serving to release the flood risk during the flood events and mitigation
plan because they can support the local people as a shelter in emergency cases [84].
Whether the distance of the road is fared or near, the condition of flood risk can be
mitigated to assess the hospitals for treatment and the schools for the temporary shelter.
The population is the main controlling factor of flood exposure due to the threat of
human lives and their properties. Moreover, the secondary effect as the diseases can be
followed [85].

Exposure is the ratio of susceptible properties’ value to the total properties
value of human being. It can be happened depending on the values at the location in the
flood-prone area. Due to different understandings of vulnerability, some researches

single out exposure as a direct risk factor in the specific analysis [86] [87].
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In consideration of flood risk assessment, it is required to identify the flood
exposure of the river basin. Generally, flood exposure datasets were prepared and
collected from the various sources of computational satellite data, open-source data,

and statistical data from the government.

C+U+Sd+ Hd+ Rd 310
5

FE =Wp

Where FE is flood exposure, Wp is population data, C is the crop, Sd is school
distance, Hd is hospital distance, and Rd is road distance [46].
3.3.3 Flood vulnerability

Even though the same intensity of flood extent and depth happened in the
flood-prone areas, the impacts were different because of various levels of resilience.
The more resistance of people is strong, the lesser the adverse consequences are, while
the more strength of people is weak, the bigger the negative impacts are. In this task,
two components of flood vulnerabilities are applied, such as the urban area and age of

people, even though there are plenty of indicators to vulnerabilities [88][89][90].

The vulnerability of the flood is the grade of loss (from 0% to 100%) due to
the destroying phenomenon [91], i.e., the exposure of human and facilities to floods

and the susceptibility of the elements to suffer from flood damage [92].

There are three leading physical and social indicators of literacy (>25 years
old), age (< 14 years and > 65 years old), and urbanization used as the flood
vulnerabilities. They were collected from the statistical datasheet from Myanmar
Census 2014 survey data presented in Table 3.7 and contained data on the township
scaled level. And they were converted from the statistical data into geospatial data for
further GIS processing. The composition of these vulnerabilities is mentioned below as
equation 3.11.

A1) +HA5)+U+L 3.11

FV
4

Where, FV is vulnerability, A (<14) is age range (Less than 14-year-old), A
(65<) is age range (more than 65-year-old), U is urbanization, and L is literacy (more
than 25).
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3.3.1 Generation of Triangulated Irregular Network (TIN)
Developing of Triangulated Irregular Network (TIN) is significant for flood

inundation model as the data pre-processing in HEC-GeoRAS and used it in HEC-RAS

for further geometric data creation. Firstly, 12.5 m Digital Elevation Model (DEM) of
ALOS PALSAR was downloaded from Alaska Satellite Facility for earth data
(https://search.asf.alaska.edu). And it is exported into the GIS platform and generated

into the TIN model by using the 3D analyst tool. It illustrates as a pair of the non-

overlapping continuous surface with triangular facets of varying dimensions.
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Figure 11 Process of TIN model generation (a) Digital Elevation Model (DEM) and
(b) Triangulated Irregular Network (TIN)

3.4.2 Land use/land cover (LULC)
In modelling of rainfall-runoff simulation, the LULC is necessary for the

water infiltration rate through into the soil layer in the river basin. Finally, some amount

of precipitation is accumulated in the river. This land use/land cover (Figure 12) was

extracted the data, which was classified from the Moderate Resolution Imaging
Spectroradiometer (MODIS) at [93]. There are a total of 14 classes in the Chindwin
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River Basin, and the most prominent area in all types is an evergreen broadleaf forest

with 52.75 % of the total area, as presented in Table 2.
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Table 2 Area of LULC types in the study area
Nk LULC Class Area (km2) | Area (96)

1 | Evergreen Needleleaf Forests 1,657 1.49
2 | Evergreen Broadleaf Forests 58,803 52.75
3 | Deciduous Broadleaf Forests 4,852 4.35
4 | Mixed Forests 16,701 14.98
5 | Dense Forest 4 0.00
6 | Woody Savannas 10,095 9.06
7 | Savannas 1,895 1.70
8 | Grasslands 3,859 3.46
9 | Permanent Wetlands 293 0.26
10 | Croplands 12,431 11.15
11 | Urban and Built-up Lands 119 0.11
12 | Cropland/Natural Vegetation Mosaics | 273 0.24
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Barren
13 | Water Bodies 54 0.05
14 | Water Bodies 446 0.40

Total 111,482 100.00

3.4.3 Type of soil
Figure 14 shows the soil classes in the study area. It was collected from [94]

Digital Soil Map of the world (DSMW) (www.fao.org) and extracted with the
Chindwin River basin. Seven types of soil occur in the river basin, and the largest area
of soil type is orthic acrisol, with 59.17 % in the total area, while the smallest area of
soil type is the pellic vertisols soil, 0.52%. The types of soil and their attributes are
listed in Table 3.
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Figure 15 Pie chart of soil type

Table 3 7ypes and area of soil in the study area

Sr. No. Name Area (km2) Area (%)

1 Chromic Luvisols 4,048 3.57

2 Ferralic Cambisols 11,021 9.71

3 Humic Acrisols 23,616 20.81

4 Humic Gleysols 5,358 4.72

5 Lithosols 1,707 1.50

6 Orthic Acrisols 67,143 59.17

7 Pellic Vertisols 591 0.52
Total 113,484 100.00

3.4.4 Rainfall data
Rainfall is the main factor for hydrologic models. There are five rain-gauges

and water level stations in the study area, namely Hkamti, Homalin, Mawlaik, Kalewa,
and Monywa stations, as shown in Figure 16 for the station’s location in the study area.
Daily rainfall data of all stations were recorded from the Department of Meteorology
and Hydrology (DMH) for many years as historical rainfall data, and it may be a

frequency-based hypothetical or design rainfall event. HEC-HMS model can process
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the hydrologic model by utilizing the primary precipitation data, especially for the flood

event periods.
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Figure 16 Location of rain-gauge and water level stations in the study area

3.4.4.1 Areal rainfall calculation
As the study area is pretty big and limited rain gauges were established in the

study area, the determination of areal rainfall is significant for consideration of
precipitation to each sub-basin in the main watershed area. Here, Thiessen polygons
were calculated based on the area-based weighing to cover the whole watershed area,
and it was generated from a set of five rain-gauge stations. The polygons are bounded
strictly based on the location of point sources in the Chindwin river basin, as shown in
Figure 17. Weights accessed from the intersection of the Thiessen polygons of gages
and the sub-basin. The average rainfall (Rareal) Over the area can be computed from

equation 3.12.
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Where Riis the rainfall at station i, Aiis the polygon area of station i, At is the

total catchment area, and n is the number of stations.
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3.4.4.2 Design rainfall event
It is also known as Intensity-Duration-Frequency (IDF) because of its storm

frequency for precipitation in the hydrologic field. Firstly, the development of IDF

curves needs to be considered some theoretical frequency distribution to the extreme or
abnormal rainfall amounts for fixing. And the logical step is continued with the variable

parameters distributed in duration by a functional relation. According to the relationship

of these fitted parameters, the intense precipitation for any duration and return period

3.12
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can be computed. Two different distributions are applied in this research, and they are
the Log Pearson Type Il method and Log-Normal method [95].

In this study, the rainfall depth of area is estimated for different return periods
using observatory rainfall data of Homalin station. The result of the Log Pearson Type
Il method was chosen to compute rainfall intensity with duration. Ratio to 24-hour
rainfall with duration was taken from the mean rate of “n” hour to “24” hour rainfall
for basins. The rainfall intensity and total rainfall with the necessary duration can be

selected from the table of IDF. The IDF tables and curves are shown in Appendix I.

3.4.4.3 Delineation of river catchment
In the simulation of the hydrologic model in HEC-HMS, stream network and

catchments are required. So, the representation of the stream network is pre-processed
using the 12.5 m of DEM in HEC-GeoHMS plug-in, which is the extension tool of the
GIS platform. DEM was utilized to analyze the stream network and sub-basins of the

Chindwin river basin. The detailed processing of terrain analysis is shown in Figure 18.
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Figure 18 The overview steps of HEC-GeoHMS
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Figure 19 The process of terrain analysis

As mentioned in the process (Figure 19) above was done, the area of total
catchments has resulted in 113,484 km?. The small polygons of basins were either
merged or subdivided with the patterns of stream network and size of basins in the
primary watershed accordingly. And then, geometric features such as stream network
and sub-basins were quarried and computed the length of their properties. Basin slope
used the slope grid of raster DEM format to identify the average gradient for sub-basins.

The longest flow stream was calculated as the length between endpoints from upstream
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to downstream elevations. And also, the centroid elevation, the basin centroid, and the
centroid flow path were processed. All of the geometric features were exported to HEC-
HMS for further hydrologic modelling.

3.5 Processing in the HEC-HMS model

After preparing the stream network delineation and sub-basin generation,
these geometric data were imported to the HEC-HMS model for surface runoff
simulation. There are four methods in the HEC-HMS model, such as the Loss method,
runoff method, base flow method, and routing method. In the modelling of surface
runoff, one of the above techniques has appropriately chosen in a meteorological model
to prepare the boundary conditions that act on the watershed area, control specification
utilized for controlling of the simulation period. And time-series data was used to store
the data such as rainfall, discharge, and so on. The models included in the HMS are
mathematical models. They are representing the behaviour of the components of the
hydrologic system.

Observed flow data were created in the excel sheet and input the data to HEC-
HMS and summary data, time series-data and graphs can be seen in the model. HMS
computes runoff depth and volume for observed and modelled hydrographs and can be
compared in the summary table of the element. Graphical results provide a mechanism
for visual analysis by superimposing the observed hydrograph over the modelled

hydrograph.

Table 4 Physical characteristics of sub-basins in the Chindwin watershed area

Sub- e S Upstream | Downstream River_
Sr. basin Shape Sl Slope | Elevation Elevation Length in
P
No. Name Length Area (m) (m) sub-basin
(km) (km2) (km)
1 W560 144.92 6503.17 | 0.0134 3242 230 224.47
2 W590 63.89 5207.87 | 0.0084 1601 185 168.32
3 W630 120.21 6780.79 | 0.0119 2526 185 196.49
4 W650 77.20 8039.19 | 0.0085 2287 161 215.56
5 W700 58.28 5352.60 | 0.0064 1674 168 189.10
6 W740 119.62 7301.31 | 0.0044 996 161 250.54
7 W760 68.06 9423.88 | 0.0078 1904 230 236.21
8 W800 111.37 | 10239.69 | 0.0052 2464 124 299.44
9 W820 71.29 6237.35 | 0.0086 2701 129 214.72




Figure 20 HMS schematic basin model

HMS. Methods in basin model were chosen, such as sub-basin name, loss method,
transform process, and base flow method. In the study area, there are 15 sub-basins, 16

Figure 21 describes the method selection window in the basin model of HEC-
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13 | W980 38.68 3998.45 | 0.0026 933 65 132.25
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reaches, and 17 junctions. Required parameters and data were calculated in various

ways and put them in this basin model.

s Subbasin Loss Transform Baseflow Options

Basin Name: Res_Tr_1
Element Name: W650

Description:
Downstream: J179 v
*Area (KM2) 8039.1

Iy

Latitude Degrees:
Latitude Minutes:
Latitude Seconds:

Longitude Degrees:

Longitude Minutes:

Longitude Seconds:

Canopy Method: |--None-- bt
Surface Method: --None-- e
Loss Method: |Initial and Constant v
Transform Method: SCS Unit Hydrograph v
Baseflow Method: Recession v

Figure 21 Method selection window for basin model development
The meteorological model is the main factor in the hydrologic model because

the precipitation data and discharged data were put in it by defining the meteorological
boundary condition for sub-basins. There are seven rain-gauge stations among the 15

sub-basins of the study, and the data is needed to cover the area.

Control specification in HEC-HMS can set up the duration time and the interval of
modelling. The starting and ending period depended on the rainfall event’s time in the
Monywa runoff station.
3.5.1 Calibration and validation for hydrologic model

There are two essential steps, such as model calibration and validation in
hydrologic modelling due to the uncertainty data abilities and to match the computed

data and observed data.

In model calibration, the automatic and manual steps are handled in the
parameters of the initial loss, constant rate, impervious, initial discharge, recession
constant, lag time, and threshold ratio are considered through the calibration process.

These parameters are adjusted the data till nearly matching between computed data and
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observed data, especially the highest precipitation event in the study area. In model
validation, the parameters are tested until the acceptant accuracy, which is more

accurate than the calibrated data.

Model calibration and validation are essential in rainfall-runoff modelling as
uncertainty in model predictions can be reduced if models are properly calibrated.
3.5.2 Trial & error and objective function

In the calibration of the data, trial & error, and objective function are needed
for better experiment results, and they are two conventional methods. Trial and error
function in calibration is generally the methods that controlled by manual while the

objective function is mostly related to the automatic control method.

Optimization trials are used for optimizing the initial processing of the model
parameters in the HEC-HMS. The auto-calibration process does not cover the desired
optimum results. Therefore the model was handled with both manual and auto-
calibration. In the objective function, the quantitative measure in calibration is applied
to measure the level of changes between computed and observed hydrographs. The
availabilities of accurate services in HEC-HMS optimization are about seven, and five

of them are listed as below.

(1) Peak-Weighted Root Mean Square Error (PWRMSE): This function gives
more weight to significant errors than small errors, and it provides higher

overall weight to error near the peak discharge.

t)+
1 (Qu(0-Qy(®)’ %
PWRMSE= N A 3.13
1 N
QA:NZH M 3.14

Where, Qt, Qwm is the observed flow at time t, and Qa is the average observed
flow.
(2) Sum of absolute residuals (SAR): The this function accesses the equal

weight to both small and large errors.
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N
SAR= z _llQo(t)— Qu(®|

(3) Sum of squared residuals (SSR): It measure gives a higher weight to
significant errors and lesser importance to small mistakes and uses the

squared differences as the measure of fit.
N
il 2
SSR—Z1 (Q,(D-Qy(») 216
t:

(4) Percent error in peak flow (PEPF): It measures only considers the grade
of simulate peak flow and does not calculate for total volume or timing of
peak.

V.-V
PEV=100 [—>M

o

(5) Percent error in volume (PEV): It only considers the simulate volume and
does not assume for the grade or timing of peak flow.

Q, (peak)-Q,,(peak)

PEPF=100
Q, (peak)

The equations and descriptions mentioned above are referred to as the HEC-
HMS Technical Reference Manual [30].

3.5.3 Efficiency criteria method and error assessment
In this research, the sensitivity analysis of the model was applied to figure out

the critical parameters with the efficiency criteria, and error parameter computations,
and each of the requirements have their weakness to determine the data. Even though
there are various types of efficiency criteria and error computation, the following facts

are applied in my research.

3.5.3.1 Nash Sutcliffe Efficiency (ENS)
The ENS is mostly utilized in the hydrologic model and to estimate the

hydrological the discharge model. If the ability of ENS value is 1, it can be said the
better matching of the discharge model for observed data while the efficiency of ENS

= 0 is correct as of the mean of observed data. However, over the prediction of model

3.15

3.17

3.18
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simulation during the peak flow period and an under-prediction during low flow

conditions is an unfortunate result.

o 2(0,0,) - 2110, Q)
— 2
?:1 (Qoi- Qo)

Where ENS is Nash Sutcliffe Efficiency, Qoi is observed value at the i time

EN

interval, Qci is Simulated value at the I time interval, and Qo is Average of the observed
value [66].

3.5.3.2 Coefficient of Determination (R2)
This function can predict the correlation between simulated data and observed

data. The range of it is from zero to one. The closer to the zero, it is a weak correlation,

and the closer to the one, it can be better and perfect matching. The formula is
mentioned as below.

.f Do |

R2:| 2(Qsi_Qsi) (Qoi-Qo) |

o .o

Where R2 is coefficient of determination, Qoi is observed value at the i time

interval, Qsi is simulated value at the i time interval, Qo is the average value of the
observed discharge, Qs is average value of the simulated discharge, and N is a number
of sample data [66].

3.5.3.4 Coefficient of correlation (R)

The linear correlation between computed and observed data can be estimated
in the Coefficient of Correlation, in which the value ranges from minus one to plus one.
The +1 correlation value of Coefficient Correlation is a better linear relationship, -1
correlation is a decreasing linear relationship, and finally, 0 value means that there is

no linear relationship among the variables [66].

R covXY
S, S

y

3.19

3.20

3.21
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L [X-X)x(Y5-Y)]

XY=
cov D)

_ 125 (X;-X)?

o

S = Z?:l (Yi'?)2
¢ (n-1)

Where R is the coefficient of correlation, Xi is the observed value at the i time, Yi is
the simulated value at the i time, X is the average of the perceived value, Y is average
of the simulated value, n is the number of sample data, S, is a standard deviation of

observed data, and Sy is the standard deviation of simulated data.

3.5.3.5 Root Mean Square Error
Its value is the parameter error test, and its value approached the zero means

the least error parameter.

n 2 3.25
i 1(Xi‘Yi)

n

RMSE

Where RMSE is the root mean square error, Xi is the observed value at
the i time, Yi is the computed value at the i time, and N is the number of sample data.

3.5 Processing in HEC-RAS Model

In the HEC-RAS model, the primary processing is to simulate the flow
profiles and floodplain model in depth and extent using the data of rainfall computed
by hydrologic model, flow discharge, geometric data, and cross-section and so on.
Cross-section profiles derived from the TIN model are critical and also needed to
validate with the field observation and cross-section measurement from the government
office (DMH). To run the HEC-RAS model, four file types are considered. They are
(1) geo-database management in the model, (2) geometric files are required with their
attributed table, (3) the model is set up with supercritical, subcritical or mixed flow to

run the simulation and (4) defining the flow boundary in unsteady flow is required.

3.22

3.23

3.24
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3.6.1 Pre-processing in HEC-GeoRAS
Pre-processing in HEC-GeoRAS is required to connect with the hydraulic

model (RAS mapper). In my study, the length of the Chindwin River is more than 968
km, and it originated from the Hukahung basin and ended at the outlet of Monywa city.
Generally, the primary data is Digital Elevation Model (DEM), and it is converted into
the TIN model for better geometric data preparation and they are the flow path lines,
stream centerlines, bank lines, and XS cut lines. There is the main streamline of
Chindwin River, and other tributaries as U Yu and Monwya are conducted. U Yu
tributary started from the east of the river basin and ended at the junction of Main River
at Homalin city. For the Monywa tributary, it is started at the west side of the river basin

near the Kale city and poured into the main river near the Monywa city.

The essential geometric data is cross-section creating for flood plain mapping
because it controls the flood extent according to their elevation section and the intensity
amount of rainfall for the flood events. These cross-section lines are traced from 4the
left bank to the right overbank by facing the downstream and were perpendicular to the

flow path lines.

Stream centre lines were created from upstream to downstream of the
Chindwin river according to a topology rule of HEC-RAS. A junction, U Yu Tributary,
was formed where endpoints of three reach connected. Left and right bank lines were
also digitized, but the direction of these lines was not significant. Then, the flow path
centerline that defines the central flow direction of the river is automatically created,

and in the same layer, the limits of the flooded land are digitized.

Finally, geometric data was imported into HEC-RAS for hydraulic modelling.
According to the TIN value, the Z value of stream centerlines is recognized as a 3D
cross-section. Moreover, the manning’s N value can be considered to each cross-
section. After completion of all the above-described steps, the geometry file is ready to
be exported into HEC-RAS as a GIS export file.
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Figure 22 Pre-processing in HEC-GeoRAS
3.5.2 Geometric data

Figure 23 shows the geometric data, including with river, cross-section, cut
lines, cross-section surface lines, cross-section bank station, and reach length, which is

imported and created in HEC-GeoRAS as a pre-processing data set.
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Figure 23 Geometric river data
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Cross-section plays an essential role in flood simulation because it controls
the flood depth and flood extent based on the amount of precipitation and discharge
along the river and tributaries lines. In creating the cross-section, it should be covered
throughout the whole river lines and flood conditioning area by checking with the
historic flood event of remote sensing and topographic consideration. Moreover, the
cross-sections are required to consider the following facts, such as cross-section
connectivity, the elevation of station equality, proper Manning n value for each cross-

section line.

<~ Cross Section Data - Channel_Grid_Contour_2 — a X
Exit Edit Options Plot Help
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Figure 24 Cross-section data with the editing interface

As mentioned above, the cross-section is significant for hydraulic modeling.
Here, the accurate cross-section data should be done with the Manning N value.
Manning N value is the different condition of surface roughness along the riverbank of
both the river line side. Land use/land cover and geomorphology are the keys to

Manning N value.

3.6.3 Unsteady flow data
To develop the hydraulic model, unsteady flow data is required in the HEC-

RAS model to simulate the flood hazard mapping with flood depth and extend for
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studied flood events. Generally, two main conditions are necessary, such as boundary
condition and initial condition. The unsteady flow simulation was developed with a
series of discharge data along concerning the time of occurrence. In this study, the
upstream boundary conditions were chosen as flow hydrograph and downstream

boundary conditions as flow hydrograph with Normal depth, respectively.
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Figure 25 The unsteady flow data option

3.6.4 Flood inundation mapping
It is the final step of the hydrologic and hydraulic model. HEC-RAS is the

simulation model for flood extent and surface depth of the flood plain area. In the
visualization and validation of the flood area, the GIS environment is required. Firstly,
the results of the HEC-HMS model were exported into the GIS platform. The
connecting file type between RAS and GIS platforms is specially formatted GIS

exchange (*.sdf) file, and it is converted into a raster file.

3.7 Remote Sensing
Remote sensing is a technique in a combination of science and art in acquiring

the information of the thing or area from a distance without in touch with the thing or
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area under investigation [96]. Figure 26 shows the process of the remote sensing
system, and the primary requirement of remote sensing is the radiation and the
electromagnetic spectrum. The electromagnetic spectrum is mentioned by the ranges of

shorter to longer wavelengths of radiation [97].

Generally, there are four kinds of resolution, namely spatial, temporal,
spectral, and radiometric resolutions. The spatial resolution means the length of one
side of a single-pixel between two objects. The spectral resolution is identified as the
width of each band acquired by a sensor that can classify the narrowest area of
wavelength intervals for a band. Temporal resolution is the time of revisiting a specific
place during the satellite rotation. And finally, the radiometric resolution is the level of

quantization divided by the radiance in each band [98].

B

C
A: Energy source or illumination E: Transmission, Reception, and Processing
B: Radiation and the Atmosphere F: Interpretation and Analysis
C: Interaction with the Target G: Graphic & report

D: Recording of Energy by the Sensor

Figure 26 Remote sensing system



52

In the remote sensing system, basically, there are two main kinds of sensors,
namely active sensor and passive sensor [97]. The passive sensor can only collect the
objects or areas during the natural radiation from solar energy. However, an active
sensor emits its radiation toward the target for investigation without the aid of solar
energy radiation. It can acquire the data in any weather condition and condition of no

lighting due to its radiation from the platform [98].

3.7.1 Google Earth Engine (GEE)
It is a cloud-based system which provides the many satellite images and

geospatial dataset that can be enabled to perform geospatial image processing and
analysis by using machine learning algorithms. It is freely accessible to various users
such as scientists, academic researchers, non-profit, business organizations, and so on

[99]. Due to the cloud-based computation of a massive dataset of satellite images,

Since GEE operates the huge file size, it reduces the data processing period
and the positive effect on the capacity to perform large scale computation [100].
3.7.2 Remotely sensed techniques for flood detection

General data processing of SAR satellite images was computed in google

earth engine (GEE), and the steps are as below Figure 27.

Data Collection

Before flood During flood
images images

Processing

- Mosaicking & subset data

- Calibration

- Multilooking

- Speckle reduction

- Deskewing

- Geometric correction (Range
Doppler Terrain Correction)

Before flood During flood
area event area

Change detection

]

Flood Area
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Figure 27 Flow-chart of flood mapping in Google Earth Engine (GEE)

Satellite data of Radar were collected from the google earth engine, which is
the cloud-based system, and so many satellite data are available in it [101]. To calculate
the flood area, the two different periods of data are required before the images of the
flood events and during the flood event. After that, the raw images were processed for
each period. As the study area is covered with more than the three satellite scenes, and
they were mosaicked and subset with the study area. Due to the various scenes at
different incident angles and relative levels of brightness, the first calibration of

processing was carried out, and this step is vital for the quality of SAR data.

The satellite products have noise and pixel size errors, and these will be
reduced in Multlooking processing. The images will be better with a nominal image
pixel size. To lessen the amount of speckle at blurred features or reduce resolution in
condition, the speckle reduction processing is more effective. Deskewing and terrain
correction were also done for geometric correction, especially for terrain due to the

different Doppler time and needed to be done before processing [102].

After processing the two different periods of satellite image were calculated
to extract the flood area from the data of the before-flood period by subtracting during
the flood event, especially for the flood peak period. Finally, the only flood area was
exported into the .tiff file and can be performed in the GIS platform. The processing of
the selected flood events (2015 and 2017) were illustrated in Figure 28 and 29 which
are mentioned the image processing before flood period and after flood period using
the Sentinel-2 data.
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(a) Before flooding (b) After the flooding

Figure 28 Processing the flood computation using the sentinel-1 data for 2015 flood
event at Homalin Area in Chindwin River

() Before flooding (b) After flooding
Figure 29 Processing the flood computation using the sentinel-1 data for 2017 flood
event at Homalin Area in Chindwin River
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3.7 Processing for flood risk assessment

In the evaluation of the flood risk, plenty of datasets are required, namely the
flood hazard, flood vulnerabilities, and flood exposures first. Moreover, it is too
complicated in consideration of hydrology and hydraulic conditions of the river system,
which can be the potential to harm the lives and damage the properties during the flood
[103].
3.7.1 Hazard mapping
In this study, the flood hazard maps are modelled in different return periods using the
hydrological model and hydraulic model for the different return periods for the flood
maps in the previous section. For flood risk assessment, 50 years flood inundated model

was used as the flood hazard area to estimate the future flood risk condition.

3.7.2 EXxposure map
Population dataset was collected from the Columbia University Earth Institute

(https://energydata.info/organization/about/columbia-university-earth-institute)  and

extracted the data with the study area, as described in Figure 30. It is in the geo-tiff file
with the pixel value of population data in the Chindwin River basin. Downstream is a

more populated area than the upstream of the river where is the most mountainous area.
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Figure 30 Population density map

The cropland was calculated in cloud-based computation, Google Earth
Engine (GEE), using the Sentinel-2 optical satellite imagery of the 2019 year, as shown
in Figure 31 which is provided the general flow chart of crop mapping. Generally, there
are four main steps namely, data collection, pre-processing, processing and result.
Firstly, the Sentinel-2 satellite data which have spectral bands of Top of Atmosphere
(TOA) reference from the satellite data in GEE. In the pre-processing steps for Sentinel-
2 included shadow and cloud removal, geometric correction, mosaicking, and subset.
Cloud and shadow removal is an essential step because of the negative influence cloud
shadow can have on data analysis especially in the optical remotely sensed data for
further data classification. Moreover, the geometric correction was also processed.

Mosaicking and data subset were applied according to the boundary of the study area.

The ground truth data were collected from the true data of Sentinel-2 optical
image for the crop land computation in GEE. And the sampled data were trained by
using the random forest method (RF) to explore the crop land and non-crop land area
in the code of 0 and 1 data. Here 1 data of grid code is the crop land and the other, 0
data is non-crop area as shown in Figure 32. Finally, it was exported into .tiff file for

further processing in the GIS platform.

Sentinel-2 Data Collection (2019)

v

Pre-processing

Shadow masking Cloud masking Geometric correction || Mosaic & Subset
Processing
Composite Ground truth data Primitive Random Forest
Result
Crop land

Figure 31 General flow chart of crop mapping
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Figure 32 Crop map of Chindwin river basin

The locations of the schools were assessed from the database of [104]
Myanmar Information Management Unit (MIMU), and the area outside of Myanmar,
the school locations were lucking data as Figure 30. These spatial point sources were
buffered into a different distance from the schools to account for one of the flood

exposures, as shown in Figure 33.

The location of Hospitals (Figure 34) was spatially created from the Myanmar
UTM Topographic Map (Survey Department) and buffering the data with various
distance from the sources. The maximum length is about 100 km and converted into a

raster format, as illustrated in Figure 3.34.
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Figure 34 (a)Location of hospitals and (b) Buffering of hospitals

Road Network is also one of the factors which can reduce the flood risk. The datasets
were assessed lines feature from the Open Street Map (OSM) [105] and selected the
only road network. The line patterns of the road networks were clipped and buffered
the road distance to access the road directly. And these buffered data were also

converted into a raster format, as shown in Figure 35.
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Figure 35 (a) Location map of the road network and (b) Buffering the road network

3.7.3 Vulnerability mapping
Even though the same intensity of flood extent and depth happened in the

flood-prone areas, the impacts were different because of various levels of resilience
[46]. The more resistance of people are strong, the lesser the adverse effects are, while
the more strength of people is weak, the bigger the negative impacts are. In this task,
two components of flood vulnerabilities are applied, such as the urban area and age of

people, even though there are plenty of indicators to vulnerabilities [88][90].

Figure 36 describes the demographic comparison graph of three layers for age

composition (less than 14 & more than 65 years old) and literacy.



Figure 36 Illustration of statistical, demographic data of study area (Census 2014)
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Sr.
No.

State/
Region

District

Township

No. of
Age-
<14

No. of
Age-
65 <

No. of
Literacy
(Age 25 <)

Chin

Hakha

Hakha

28686

2878

3471

Chin

Falam

Tedim

35689

3534

6339

Chin

Mindat

Mindat

18139

2042

6731

Chin

Mindat

Matupi

15165

2474

5265

Chin

Falam

Falam

15447

2277

2732

Chin

Falam

Tonzang

9236

751

1335

Kachin

Mohnyin

Mogaung

43488

6751

5593

O IN|oO|oDWIN|F-

Kachin

Puta-O

Sumprabum

950

105

0
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9 Kachin | Myitkyina | Myitkyina 91095 14345 1173
10 Kachin | Puta-O Puta-O 23497 2942 65
11 Kachin | Myitkyina | Tanali 15524 1293 462
12 Kachin | Mohnyin Mohnyin 50450 7732 606
13 Kachin | Mohnyin Hpakant 63405 4624 5593
14 Magway | Pakokku Myaing 65091 18028 515
15 Magway | Gangaw Tilin 11221 5011 293
16 Magway | Pakokku Pauk 54771 10837 1901
17 Magway | Pakokku Yesagyo 59541 16730 409
18 Magway | Gangaw Saw 9226 2758 108
19 Magway | Gangaw Gangaw 34649 8340 293
20 Sagaing | Monywa Chaung-U 25640 8330 236
21 Sagaing | Yinmabin | Yinmabin 38594 37757 151
22 Sagaing | Shwebo Ye-U 33312 10145 84
23 Sagaing | Kale Kalewa 16475 2733 21
24 Sagaing | Mawlaik Paungbyin 40908 5597 70
25 Sagaing | Hkamti Lay Shi 17623 1536 17
26 Sagaing | Hkamti Lahe 17623 1536 33
27 Sagaing | Yinmabin | Pale 40549 10484 471
28 Sagaing | Monywa Budalin 33943 10479 146
29 Sagaing | Kale Mingin 31665 5446 83
30 Sagaing | Tamu Tamu 19302 2289 40
31 Sagaing | Hkamti Nanyun 3653 240 99
32 Sagaing | Monywa Monywa 87869 24976 725
33 Sagaing | Kale Kale 107473 16847 262
34 Sagaing | Katha Banmauk 37932 4252 254
35 Sagaing | Sagaing Myaung 24483 9168 144
36 Sagaing | Yinmabin | Salingyi 30957 9049 2831
37 Sagaing | Yinmabin | Kani 39463 8674 107
38 Sagaing | Shwebo Taze 49450 13094 198
39 Sagaing | Mawlaik Mawlaik 16390 2650 60
40 Sagaing | Katha Pinlebu 36185 5779 174
41 Sagaing | Hkamti Hkamti 14071 1254 413
42 Sagaing | Shwebo Kyunhla 30245 58513 140
43 Sagaing | Hkamti Homalin 89453 7953 1154
44 Sagaing | Shwebo Tabayin 56153 17158 97
45 Sagaing | Monywa Ayadaw 39538 103851 222
46 Sagaing | Sagaing Myinmu 24483 9309 114

Source:[106]
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Figure 37 (a) shows the township level map for the age composition (more

than 65 years old) with the level of the flood vulnerability. The Kalay and Monywa

townships in age composition (> 65 years old) are higher than other townships for the

flood vulnerability. In comparison, the Homaline and Kalay townships are higher for

the age composition (<14-year-old).

For the literacy assessment, the Kalay and Homalin townships are also higher

than other towns, while the northern part of the Chindwin river basin is found as low in

township level, as shown in Figure 37 (b).
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Figure 38 Overall steps of urban area computation in Google Earth Engine
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The urban area (residential area) was computed from the cloud-based system
(Google earth engine) using the Sentinel-2 satellite data for the 2019 year as the overall
step of Figure 38. In the pre-processing steps for Sentinel-2 included shadow and cloud
removal, geometric correction, mosaicking, and subset. Cloud and shadow removal is
required due to the negative influence cloud shadow especially in the optical remotely
sensed data for further data classification. Moreover, the geometric correction was also
processed. Mosaicking and data subset were applied according to the boundary of the

study area.

The ground truth data related six classes such as forest, agriculture, shrub,
bare land, water bodies, the urban area (residential). The training data were randomly
collected to cover the whole Chindwin river basin. And these samples were trained by
using the random forest method (RF) to explore the six classes in google earth engine.
And then it was exported into .tiff file and converted into shape file (.shp) in the GIS
platform. Finally, the crop land of this study area were computed for one of the flood
exposures. According to the result of Figure 35, it describes the condition of the urban
area in the Chindwin river basin, and the high urbanization is found in the lower
Chindwin river catchment, Kalay and Homalin townships, which can be assumed as a

high vulnerability in flood risk assessment.
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EXPERIMENT RESULTS AND DISCUSSION
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In this chapter, the experiment results of the four main sections will be

discussed and presented. They are the results of the hydrologic model, the hydraulic

model with its selected flood events of the flood inundation maps and the return periods,

the flood validation maps derived from the remote sensing techniques in a cloud-based

system, and finally, flood risk assessment by consideration of the flood hazard, flood

exposure, and flood vulnerability.

4.1 Hydrologic model (HEC-HMYS)

In this study, the HEC-HMS model was calibrated for different flood events

to determine the best fit between the model and observation. Nine storm events of 2010,
2011, 2012, 2013, 2014, 2015, 2016, 2017, and 2018 have experimented with the

hydrological model.

Table 6 Calibrated parameters of HEC-HMS model in Chindwin River Basin

Sub- Initial | Constant Impervious | SCS Lag Base-flow | Base-flow Reces_sion -
Baain Loss Rate (%) (min) rate (thres_hold Ratio to
(mm) | (mm/hr) (m3/s/km2) ratio) Peak
w1080 | 7.23 3.953 4.12 420 0.095 0.89 0.133
W1090 | 4.52 1.532 6.21 360 0.092 0.88 0.228
W560 | 6.14 1.930 4.21 1454 0.093 0.87 0.162
W590 | 7.19 3.972 4.23 480 0.093 0.94 0.200
W630 | 4.28 1.930 4.21 420 0.090 0.96 0.201
W650 | 5.21 3.498 5.29 180 0.093 0.93 0.185
W700 | 4.25 2.895 3.28 480 0.092 0.97 0.232
W740 4.9 3.923 8.13 480 0.092 0.83 0.235
W760 4.5 1.532 6.29 300 0.094 0.90 0.245
w800 | 7.81 3.015 3.25 360 0.095 0.60 0.344
w820 | 4.19 2.881 4.82 480 0.092 0.95 0.240
W840 4.9 3.890 8.23 480 0.095 0.86 0.203
W870 | 7.25 3.015 3.39 720 0.091 0.91 0.352
W970 4.8 3.819 3.25 1654 0.092 0.98 0.379
W980 | 4.25 2.881 3.52 480 0.094 0.97 0.234
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Table 6 shows the final calibration parameters with data in HEC-HMS for the
study area. In this rainfall-runoff simulation, HEC-HMS assigned to model the only
flooded period of the selected years by accounting the following calibrated parameters
such as initial Loss, constant--rate, impervious, SCS lag, base-flow rate, threshold
ration in base-flow, and recession ration to the peak. These model parameters were
calibrated using the trial and error method until a reasonable match between observed

and computed hydrograph in event-based simulation.

4.1.1 Calibration and validation results
There are seven calibrations and two validations for flood events to determine

the correlation between the computed and observed flows.

In the calibration of seven different flood events, the optimization trial option
was applied using the Peak Weighted Root Mean Square Error (PWRMSE) objective
function and the Univariate Gradient (UG) search algorithm method. Figure 40 shows
the results of calibration for seven storm events, and each presented the results as the

close correlation between the simulated and observed flows.
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(c) Comparison of observed and

simulated outflow for the calibrated
year (2012-Jul to Aug)
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(d) Comparison of observed and simulated

outflow for the calibrated year (2013-Sep)
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Figure 40 (a-g) Calibration results of HEC-HMS model
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Table 7 Results of calibration for the selected seven years of flood events

Year (Flood) R R? Ens
2010 0.96 0.94 0.94
2011 0.93 0.86 0.80
2012 0.98 0.95 0.94
2013 0.98 0.95 0.93
2014 0.97 0.94 0.94
2016 0.98 0.95 0.93
2018 0.97 0.93 0.91
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Table 7 presents the results of the seven-year flood events for the calibration of the
Chindwin River Basin, namely, Coefficient of Correction (R) Coefficient of
Determination (R?) and Nash Sutcliffe Efficiency (Ens).

LY Validation- 2015 Validation - 2017 (July)
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(a) Validation result of 2015 flood event (b) Validation result of 2017 flood event
Figure 41Validation results of the HEC-HMS model for 2015 and 2017 flood events

Once the calibration was completed with seven selected flood events, then the
final calibration parameters were taken as input data in the selected two storms flood
events of (2015 and 2017) for the model validation, as shown in Figure 41. In the
validation for 2015 flood event, the results of coefficient of correlation (R), the
Coefficient of Determination (R?), and Nash Sutcliffe efficiency (ENS) values are 0.97,
0.949, and 0.938 respectively while the validation results of coefficient of correlation
(R), the Coefficient of Determination (R?), and Nash Sutcliffe efficiency (ENS) for
2017 flood event were obtained as 0.97, 0.945, and 0.941. These relationships of both
flood events indicated a closed and proper correlation between the observed and

simulated flow.

4.1.2 Simulation of design flood hydrography
In this study, the 2, 5, 10, 20, 50, and 100 year return periods have computed

the design flood hydrograph using the HEC-HMS model for the same duration. In the
HEC-HMS model, the design rainfall hyetograph with selected return periods was input
Meteorological Data file. SCS storm data was inputted to analyze the flows for 2, 5, 10,
20, 50, and 100-year storm events. Design flood hydrograph with the selected return
periods was illustrated in Figure 42.
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Figure 42 Design flood hydrograph with the selected return periods

4.2 Hydraulic model (HEC-RAS)
Simulation of storm events and different return periods modelled with the

HEC-RAS was done. They are required to validate and calibrate for better accuracy

assessment. The results of the models are described, as shown in Figure 43 and 44.

4.2.1 Calibration and validation results
HEC-RAS model produced the flood inundation map in the flood extent and

flood depth for this study. The flood extent of the 2015 and 2017 flood events was
checked with the flood map calculated in remotely sensed techniques using the Google
Earth Engine while the flood depth was validated with the observed data from rain-
gauge station (Appendix 1V) and bed cross-section profile data (Appendix V) which
are collected from Department of Meteorology and Hydrology (DMH).

In the calibration, the Manning Roughness Coefficient ‘n” value is also crucial
for the flood depth calculation, and it was assumed the values until the nearly same
amount between observed and simulated data. The calibrated Manning of all cross-

sections along the Chindwin River is generally ranging from 0.045 to 0.07.

Figure 43 shows that there is a negligible difference between the observed and

computed values. The performance of the model was evaluated by three statistical tests,
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namely, coefficient of correction (R), coefficient of determination (R?), and Nash-
Sutcliffe model efficiency coefficient (ENS) with 0.86, 0.72, and 0.81 respectively.
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Figure 43 Calibration result of HEC-RAS model for 2012 flood event

The two storm events of 2015 and 2017 years were validated between
observed and simulated water surface elevation. The difference between them was
small, and it can be considered as acceptable values, as illustrated in Figure 44. The
results of the calibration and validation process of the HEC-RAS model are seen to be
fair with the Nash-Sutcliffe model efficiency coefficient (Ens), coefficient of
determination R?, and Root Mean Squared Error value (RMSE). Therefore, the model
is performed reasonably well with fitted Manning roughness coefficient ‘n’ and

assumed friction slope.
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Figure 44 Validation result of HEC-RAS model for 2015 and 2017 year flood events

4.2.2 Simulation of flood scenarios
Previously, the flood events were simulated with the HEC-RAS model, and it

is also analyzed to know the future flood condition in the different return periods. In
this study, the selected five return periods, 2, 5, 10, 20, 50, and 100-year, were
calculated using the input data, which was derived from the HEC-HMS model. Figures
45 and 46 show the main river channel of the maximum flow profile and 3D perspective

view of the flood plain and river channel for 50 year return period flood.
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Figure 46 3D perspective view of floodplain and channel (50 year return period)

4.2.3 Flood hazard mapping
Flood hazard maps were analyzed for the selected flood events of 2015 and

2017. Firstly, the water level (flood) profile data and cross-section data simulated in
HEC-RAS were exported into the GIS platform and generated as TIN based flood

surface model.

According to the results of both flood events of 2015 and 2017, the flood
extent of the study areas covered some parts of the Homalin city, Kalay city at tributary
and the downstream regions such as Mawlaik and Monywa townships as shown in
Figure 47. The depth of flood event was classified into the seven classes of flood
inundation depth, named as <2 m, 2.1-4.0m, 4.1-6.0m, 6.1 —8.0 m, 8.1 — 10.0 m,
10.1-12.0 m, and > 12.0 m.
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Moreover, the different return periods of 2, 5, 10, 20, 50, and 100-year were
also calculated for the flood hazard maps, respectively. As described in Figure 48, the
depths and extents of the flood for 2, 5, 10, 20, 50, and 100-year return periods are
gradually increased according to the recurrent interval. The most flooding extents and
dangerous water depths have occurred for the flow condition of 20, 50, and 100 return

year due to the maximum flow conditions.
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Table 8 Flood inundation area and depths of the 2, 10, 20, 50, and 100-year flood
return periods

Area (km2)
Depth (m) 2 year 5 year 10 year 20 year 50 year 100 year
<20 572.4 572.3 581.5 895.5 1312.1 1593.4
2.1-40 832.0 832.3 842.3 1362.6 1602.1 1794.9
4.1-6.0 1362.4 | 1362.5 1391.6 1402.5 1472.8 1593.6
6.1-8.0 726.0 732.2 742.4 752.3 991.3 1320.5
8.1-10.0 268.3 271.4 282.4 322.3 352.3 402.2
10.1-12.0 332.3 338.3 342.9 344.3 364.2 409.8
>12.0 40.5 42.3 48.2 52.3 62.3 100.2
Total Area (km2) 41339 | 4151.3 4231.3 5131.8 6157.1 7214.6
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Figure 49 The relationship of flood extent and depth of the 2, 5, 10, 20, 50, and 100
year return period floods

4.3 Validation for the flooded area
In this research, remotely sensed techniques were also used to extract the

flooded area of the different flood events from the satellite data of Sentinel-1. Use in
remote sensing data aims to validate the flood area for the relevant flood events in this

study.
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Figure 50 Flood area computed from the Sentinel 1 satellite data in Google Earth
Engine for (1) 2015 flood area and (2) 2017 flood area

The results from flood inundation map simulated from the HEC-RAS model
and the flood-prone area extracted from the remote sensing data (Sentinel 1) were
validated for 2015 and 2017 flood events. According to the overlapped result between
simulated map and map from sentinel one as presented in Table 9, 71.5% and 72.1%
were the same for 2015 and 2017 flood events, and they are generally considered as the
reasonably good validated check for the simulated maps. The comparison map between
the simulated map and flooded map computed from remote sensing data are illustrated

in Figure 51.
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Figure 51 Flood comparison between flood inundation map by RAS model and flood
map by remote sensing technique for (a) overlapped area of 2015 flood, and (b)

overlapped area of 2017 flood

Table 9 Comparison of flood inundation area of simulated result and flood area from

remote sensing

Remote Sensing By RAS Model
Year Unit Flood ’ . Over- Over Under
y Simulation . L. .
mapping lapping | Estimation | Estimation
2015 Area (km2) 2992.40 4057.99 | 2902.2 1065.6 -90.2
Area (%) 715 26.3 2.2
2017 Area (km2) 2305.20 3072.11 | 22155 800.4 -56.2
Area (%) 72.1 26.1 1.8

4.4 Flood risk assessment

Flood risk assessment was done by considering the factors of the flood hazard,

flood exposure, and flood vulnerability.

Figure 52 was modeled for the 50-year return period and used as the flood

hazard map in this flood risk assessment. It was classified into four classes, and higher
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flood hazard has commonly occurred in the lower Chindwin river basin and Kalay flat
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Figure 52 Flood hazard map of Chindwin river basin

Based on the various factors of population, crop, school location, hospital
location, and road network, which are potential to be exposures in the Chindwin river
basin, the flood exposure map was calculated as shown in Figure 53. The higher flood
exposures were occurred in the downstream region of the catchment and flat land terrain
of Kalay tributary due to the desnse population density and cultivated area, especially

in the locations of Monywa and Kalay Townships.
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Moreover, the flood vulnerability is also critical to consider the flood risk

area. In this study, the four factors of the potential flood vulnerabilities are deemed to

be, such as the age composition of old and child people (more than 65 years and less

than 14 years old), literacy, and urban area. In the result of flood vulnerability analysis,

the high flood vulnerabilities areas were found in Homalin, Kalay, and Monywa

Townships. In contrast, north of the watershed area was studied as low as shown in

Figure 54.
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Figure 54 Flood vulnerability map of Chindwin river basin

Finally, the flood risk assessment was calculated by accounting the three main
factors of the flood hazard, flood exposure, and flood vulnerability, which was
separately calculated in previous sections. Below, Figure 55 is the overall flow chart of

risk assessment.
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Figure 55 The overall process of flood risk assessment
As the topography controls the study area, the flat land terrain followed by the

agriculture area was found in the downstream part and Kalay tributary. So, the potential
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flood risk areas have also resulted in those areas. Notably, the townships of Kalay and

Monwya are standing as higher flood risk than other regions.
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Figure 56 The result of flood risk assessment for Chindwin river basin

4.5 Discussion
In the hydrologic modelling (Figure 40 and 41), the selected flood events were

validated and calibrated using the HEC-HMS model, the results of R, R?, and Ens for
each event are closely the same and presented in a good correlation between the
simulated and observed flows. Moreover, the different return period floods were also
computed and resulted in a good relationship between the simulated and observed

flows.

These computed data were utilized in further flood inundation mapping as
certain water levels in the HEC-RAS model. The flood extent and inundation area for
2015 and 2017 storm events were calibrated and validated with the observed water level
from rain-gauge stations and river bed flow observation data from the Department of
Meteorology and Hydrology (DMH), and flood area mapping computed from the
Sentinel 1 with remotely sensed techniques. Figure 51 shows the comparison of flood
inundation area between the simulated flood extent and flood area from the remote
sensing technique. Even though the study area is too big for simulation, the over-lap
flooded area of the Chindwin river basin is about 71.5 % and 72.1% for 2015 and 2017
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flood events, respectively and these results are generally acceptable and reasonable
between simulation and observed flood extent from remotely sensed technique for

validation.

In Table 10 of the flood inundated depth for the selected return period flood
events, the seven classes of flood depth area are categorized as the flood hazard depths.
Among these classes, the thickness between 4.1 m to 6.0 m is observed as the most
flooded area than another flooded extent, while the depth (more than 12 m) was found
as the lowest depth in each return period flood. Generally, each return period in the
flood depth and area is increasing as the river flow is high.

Table 10 Data of the peak discharge and storm inundation area for the selected
return periods

Return Period Peak Discharge Total Storm Inundation area

(year) (m3/sec) (km2)

2 14,500.8 4,133.9

5 22,199.2 4,151.3

10 28,365.9 4,231.3

20 34,586.9 5,131.8

50 42,973.1 6,157.1

100 49,354.9 7,214.6

Table 10 describes the estimated values of peak discharge from the hydrologic
model and the storm inundated area for each selected return period simulated by the
hydraulic model. According to the results, the peak discharge and the storm inundation

area are consequently increasing in each return period.

In the indication of flood risk assessment level, there are a total of 1341 village
tracts except for the part of India in the Chindwin River Basin, as shown in Figure 53.
According to the overlay analysis, 23.64 % of total village tracks are flood risk area in
scale, and the low, medium, high, and very high magnitude of flood risk are 11.3%,
3.9%, 5.1%, and 3.3% in village tract level respectively. The high flood risk areas have
mainly occurred in Homalin, where are the junction of upstream Chindwin river and U
Yu tributary, Kalay flat land terrain at Kalay tributary, and downstream area, Monywa
city. Detailed village tracks affected by flood risk in scale were described in Appendix
VI.
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CHAPTER S

CONCLUSION, RECOMMENDATIONS AND FUTURE
WORKS

5.1 Conclusion
The primary source of flooding in the Chindwin River basin is a result of

riverine flood due to the primary heavy rainfall intensity and the other conditioning
factors such as LULC, soil type, permeability, discharge rate, topographic condition,

and geomorphological controls and so on.

This research provides the integration of GIS-based hydrologic and hydraulic
systems using the HEC-HMS and HEC-RAS models. The selected flood events were
validated and calibrated using the hydrologic model, which is to determine the design
flow hydrograph between the simulated and computed flow data, and the results of
model performance are relatively reasonable in statistical criteria. Moreover, the
simulation of design flood hydrography for 2, 5, 10, 20, 50, and 100 year return periods
was carried out for the hydrologic model as input data.

The 13859 km length of all streams for 968.2 km length of Main River
(Chindwin River) and 4177.7 km length of two tributaries (U Yu tributary with 253.5
km and Kalewa tributary with 164.2 km) were studied. The observed water level data
were utilized to compute the flow condition of the different return periods of the river
that were analyzed in the HEC-RAS model. The flood area in the river basin was
validated with the satellite data of Sentinel 1 for the years of 2015 and 2017,
respectively. The overlapped regions between the maps simulated by the hydraulic
model and remote sensing data are about 71.5 % and 72.1% for 2015 and 2017 flood
events. These can be remarked as a proper validation. The flood depths were also
validated with the field observation data and river bed cross-section data of the

Department of Meteorology and Hydrology (DMH).

To validate the flood extent, which was derived from the hydraulic model, the
Sentinel-1 satellite images for 2015 and 2017 were computed for the flood areas in the
cloud-based system of google earth engine (GEE). The overlapped results between

simulated map and flood areas from Sentinel-1 were 71.5% and 72.1% for 2015 and
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2017 flood events, respectively. The results can be said as somewhat acceptable
validation in this study. On the other hand, the validated check for the flood depth
between the simulated depth and the observed depth was also applied, and it also strictly

results and a good correlation.

Flood risk assessment is very important for flood risk management. However,
so many datasets are required due to the consideration of flood hazard areas, flood
exposures, and flood vulnerabilities. In this study, the 50 year return period flood
modeled by HEC-RAS was utilized as a flood hazard map. For flood exposures, the
population density, cropland, school, and hospital locations, and road network were
used and converted into raster datasets to calculate the flood exposure map. And flood
vulnerabilities map were computed from the datasets of urban area and age

composition.

According to the overlay analysis using the flood hazard map of 50 year return
period, the high flood risk has occurred about 8.4% of the total village tracts in the

Chindwin River Basin, especially in the Homalin, Kalay, and Monywa townships.

5.2 Recommendations
Based on the knowledge of this research, | would like to recommend some

as below.

(1) Digital elevation model (DEM) is fundamental to delineate the river and sub-
basins for hydrologic model and geometric data such as cross-sections, which
are also required accurately for flood hazard maps. In this study, DEM (12.5 m)
was used and needed to validate for better accuracy and exceptional resolution
grid of the raster file.

(2) Due to the limitation of five rainfall gauge stations in the whole river basin, the
more rainfall data from stations are needed. Or there is a way to retrieve the
meteorological datasets from satellite imageries to cover the entire catchment
area.

(3) In the hydraulic model, geometric data is crucial, especially the cross-section line
should be covered the flooded area, and these can be checked by the historic flood
area and considered with the topographic levelling on both start and endpoints of

every single cross-section line.
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(4) Flood studies should be considered with the different time series analysis from
remote sensing data and estimated for the future flood.

(5) In flood risk assessment, the population density data for flood exposure should be
the data grid with the village track/ward level for better risk assessment.

5.3 Future Works
(1) Detail CN grid value, which is needed to calculate from land cover and soil type,

will be applied for better rainfall-runoff simulation.

(2) As the largest tributary of Main River, Ayeyarwaddy River, the different sub-
basin of Main River will be conducted for comparative studies.

(3) 2D hydrodynamic models will be recommended for higher accuracy and better
presentation in the flood analysis of the entire river basin.
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