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Abstract

As flood intensities are increasing, Flood Early Warning Systems (FEWS) are becoming more crucial
so the right mitigation measures can be taken. This study focused on the Phetchaburi river basin in
Thailand, which experiences floods yearly. Currently, precipitation data from rain gauges are used in
the FEWS for this region. However, weather radar is also available in Thailand. Weather radar is
usually able to capture the spatial variability of precipitation in more detail. Therefore, this study aimed
to research the effect of spatially distributed precipitation on flood modelling in the Phetchaburi river
basin.

Using HEC-RAS, a hydrodynamic rainfall-runoff model of the Phetchaburi river basin was made. The
area of interest was the middle reach of the Phetchaburi river and its two tributaries, lying in-between
three reservoir dams upstream and the Phet Diversion Dam downstream. The Phetchaburi river and
its tributaries were calibrated using measured dam outflow and water level data. Three types of pre-
cipitation data were used as input, namely homogeneous precipitation data and spatially distributed
precipitation data obtained from weather radar and from rain gauges.

High infiltration rates were found for the Phetchaburi river basin. When homogeneous precipitation
data was used as input, precipitation intensity would be too low, allowing all precipitation to infiltrate into
the subsurface. Using homogenous precipitation data as input results in a underestimation of floods.
On the contrary, precipitation intensities in spatially distributed precipitation data were high enough
to exceed the soil infiltration capacity, leading to surface runoff and floods. When solely looking at
the water balance, using precipitation data from weather radar and rain gauges as input lead to similar
results. However, when it came to the water levels at specific locations, precipitation data from weather
radar performed better. The density of the rain gauge network in the Phetchaburi river basin is too low
to capture the spatial variability of the precipitation events in detail. This resulted in floods or the lack
thereof at the wrong locations. Weather radar captures the spatial variability of precipitation in greater
detail than rain gauges can. This study showed that using precipitation data from weather radar as
input results in more accurate flood modelling in the Phetchaburi river basin.
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Introduction

1.1. Background

Climate change has been a hot topic for years now, and not without reason. Global warming not only
leads to an increase in drought intensity and duration, it also leads to higher intensity precipitation
(Trenberth, 2011). This higher intensity precipitation will lead to higher runoff and therefore also higher
intensity floods (Asadieh and Krakauer, 2017). Especially the Asia-Pacific region has suffered the
most amount of natural disasters in the past few decades, with earthquakes, storms and floods being
the ones with the most fatalities in this region (ESCAP, 2017). Among three different types of floods
(coastal, flash and riverine), riverine floods are the most common type of floods in Asia and the Pacific
(Kimuli et al., 2021).

With an increase in flood intensities, it becomes much harder to find realistic solutions to completely
prevent floods. However, by implementing a Flood Early Warning System (FEWS), mitigation measures
can be taken to reduce the amount of damages and people affected. A study by Kimuli et al. (2021)
conducted a trend analysis for the Asia-Pacific region for the years 1990-2018 and found that while
there is an upwards trend for the amount of flood occurrences, the trend of fatalities is declining. This
could be a result of implementations of surveillance systems that help in forecasting and early warning
so people can be evacuated on time and thereby reducing the amount of fatalities.

In this study, the focus will be on the Phetchaburi river basin in Thailand. This region experiences floods
yearly. The river reach of interest for this study lies in between the Kaeng Krachan Dam upstream and
the Phet Diversion Dam downstream. Aside from the main river, there are also two tributaries, each
also originating from a reservoir. The three upstream reservoir dam outflows are directly impacting
how much discharge flows through the rivers and the Phet Diversion Dam outflow decides how much
water can leave the system. When the Phet Diversion Dam is closed during heavy precipitation events,
the area right upstream of the diversion dam experiences floods. The water level can be higher than
normal which typically only lasts a few days. However, opening the diversion dam can in turn also
result in flooding of the area downstream of the dam. If it is known in time how a flood will propagate,
the dam can be managed more efficiently. This way the flood upstream of the Phet Diversion Dam can
be managed without causing significant problems downstream of the dam.

For this to work, implementing a FEWS that can accurately predict floods is crucial. Since heavy precip-
itation events can lead to floods, the accuracy of precipitation data is of great importance. Precipitation
data from automatic rain gauge stations are readily available in Thailand. However, the amount of rain



gauges in the study area is limited. Precipitation is a highly heterogeneous process on varying scales
in space and time (Marani, 2005). If a network of rain gauges is not dense enough, the rain gauges will
not be able to capture the spatial variability of a precipitation event in great detail since they are only
point measurements (van de Beek et al., 2010). This might lead to inaccuracies when these point data
are interpolated (Bardossy and Pegram, 2013). The higher the intensity of a precipitation event, the
higher the uncertainties are since precipitation tends to be more localized if the intensities are higher
(Terink et al., 2018). Even in quite large basins (areas up to several thousand square kilometres), a
dense network of rain gauges is mostly useful for estimating the total volume of a precipitation event in
an area rather than for the characterization of its spatial variability (Nicétina et al., 2008).

Aside from rain gauges, weather radar is also available in Thailand, covering much larger areas. Pre-
cipitation data from weather radar are not being used in the FEWS yet. Radar is capable of capturing
spatial and temporal information of precipitation in greater detail than a rain gauge network (van de
Beek et al., 2010). A study by Terink et al. (2018) found that for a small rural lowland catchment at
least 12 rain gauges per km? are needed to be able to capture the spatial variation in precipitation that
is present in radar precipitation estimates. However, there are multiple errors that can be present in
radar data, so corrections are needed to improve the quality of radar data (Uijlenhoet and Berne, 2008;
Hazenberg et al., 2011). The goal of this study is therefore to assess the advantages and disadvan-
tages of using precipitation data from weather radar as input for flood modelling in the Phetchaburi river
basin.

1.2. Research question
The research question is as follows:

What is the effect of spatially distributed precipitation on the flooding of the middle reach of the Phetch-
aburi river?

Spatial and temporal variability in precipitation and river basin characteristics highly influence the stream
flow (Singh, 1997). Multiple studies have studied the effect of spatially distributed precipitation on runoff
modelling in comparison to non-spatially distributed precipitation (Arnaud et al., 2002; Gires et al., 2012)
or compared different types of spatially distributed precipitation products (van de Beek et al., 2010; Silva
et al., 2022). Since every region has its own unique physiographic and precipitation characteristics and
different types of data available, it is interesting to see what the results for specifically the Phetchaburi
region is.

1.3. Flood modelling

To answer the research question, a hydrodynamic rainfall-runoff model was made using the Hydrologic
Engineering Centre-River Analysis System (HEC-RAS). This is a well known and widely used software
for flood modelling. A 1D model is not capable of having precipitation as input. To be able to take the
spatially distributed precipitation into account, it was decided to use a combined 1D-2D model. A study
by Vozinaki et al. (2017) found that their combined 1D-2D model performed better than the 1D model
if the DEM is of sufficiently high resolution.

1.4. Thesis outline

In Chapter 2 the study area and available data for this study are described. The methodology of the
modelling of the study area is described in Chapter 3. In Chapter 4 the approach for the model runs
in the study area is described. The results of the model runs are presented in Chapter 5. In Chapter
6 the model set up and results are discussed. Chapter 7 contains the conclusion of the study and
recommendations for further studies.



Study area and available data

2.1. Study area

The Phetchaburi river basin is located in Thailand and covers most of the Phetchaburi province and
partially the Samut Songkhram province and Ratchaburi province. It covers a total area of 6255 km?2.
The wet season is from May to October, with an average annual precipitation of around 1110 mm in
this basin. The annual minimum temperature is 27.9 °C and annual maximum temperature is 33.5 °C
(Onarun et al., 2023).
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Figure 2.1: Topography map of the Phetchaburi river basin (Sreesomjai, 2024).

The river basin can be divided into three main regions. The most upstream reach of the Phetchaburi
river is from the river source to the Kaeng Krachan reservoir. This upper region of the river basin is
located in the Kaeng Krachan National Park. The most downstream reach of the Phetchabuiri river is
from the Phet Diversion Dam to the estuary. In this lower region of the river basin the Phetchaburi river
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branches out a lot. The main area of interest for this study is the middle region of the Phetchaburi river
basin, with three rivers in between reservoir dams upstream and the Phet Diversion Dam downstream
(Figure 2.1):

» The Phetchaburi river, the main river. Flows downstream of the Kaeng Krachan Dam to the Phet
Diversion Dam. It is around 60 km long and has a slope of around 0.00067.

» The Mae Prachan river, a tributary of the Phetchaburi river. Flows downstream of the Mae
Prachan Dam and joins the Phetchaburi river right before the Phet Diversion Dam. It is around
60 km long and has a slope of around 0.001.

» The Huai Phak river, a tributary of the Phetchaburi river. Flows downstream of the Huai Phak
Dam and joins the Phetchaburi river halfway. It is around 14 km long and has a slope of around
0.002.

All three dams upstream are outlets of reservoirs. The Kaeng Krachan Dam also has a hydro-power
generator. The reservoir behind the Kaeng Krachan Dam is a lake and is part of the Kaeng Krachan
National Park. This park is a protected national park, covering the west half of the Phetchaburi province
in mostly forest land (Figure 2.2). The east half of the province mostly consists of agricultural cropland.
The study area is in the transition area between these two different types of land use so both types are
present. When it comes to the soil, the study area consists of mostly acrisols and ambisols, with a bit
of luvisols (Figure 2.3). In the study area, the geology mostly consists of graywacke and fluvial, alluvial
and colluvial deposits (Appendix A).
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Figure 2.2: Land cover data of the Phetchaburi river basin obtained from Copernicus (Copernicus, n.d.). The study area is
highlighted by the mesh.
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Figure 2.3: Soil data of the Phetchaburi river basin obtained from SoilGrids (SoilGrids, n.d.). The study area is highlighted by
the mesh.

Just upstream of the Phet Diversion Dam, which is the outlet point of the study area, the Phetchaburi
river floods every year. Flood walls of around two to three meters high have been built next to the
river around three years before this study, however, these do not seem to significantly help. The rivers
are filled with vegetation, especially downstream (Figure 2.4). However, there are plans to remove the
vegetation from the river in the future.

Figure 2.4: Phetchaburi river around 1 km upstream of the Phet Diversion Dam.



2.2. Data

2.2.1. Digital Elevation Model

A Digital Elevation Model (DEM) of the area was used as basis for the 2D hydrological model. The one
provided for this study has a resolution of 5 m, which is sufficient to capture the river basin in detail.
However, since a DEM typically does not contain any information about the river bathymetry below the
water surface, additional cross section data was needed. On top of that, the DEM is from 2003 and
the river has changed and additional flood walls were built during this time, which also needed to be
manually added in the model.

2.2.2. River bathymetry

Cross section data of the Phetchaburi river and the Mae Prachan river were provided for this study. No
cross section data of the Huai Phak river were available. However, since the flow of this river is quite
small and does not contribute much to the Phetchaburi river, it was decided to use the river bathymetry
obtained from the DEM. Analysing all the cross section data, it became apparent that the depths in the
DEM were not deep enough. This was mainly the case the more downstream the river we go. The
amount of cross sections was not enough to directly put them into the model so it was decided to first
draw the cross sections by hand. These initial cross sections were cut from the DEM and were manually
changed to resemble the data. On top of that, the cross sections did not cover the downstream part
of the Phetchaburi river. Additional cross sections were obtained through field work. Where possible,
an Acoustic Doppler Current Profiler (ADCP) was used. At locations where this was not possible, a
weighted measuring tape was used. These additional cross sections were also not directly put in the
model but were used as a guideline to get a better approximation of the river bathymetry.

2.2.3. Dam outflow

As mentioned before, there are three reservoir dams upstream and one diversion dam downstream
in the study area. The hourly operations worksheet of the Kaeng Krachan Dam, which releases into
the Phetchaburi river, was obtained from the Electricity Generating Authority of Thailand (EGAT) for
the years 2018-2023 (Figure 2.5). The total outflow of the Kaeng Krachan Dam consists of the outflow
of the hydro-power generator, the irrigation outlet and the spillway. The hydro-power generator and
irrigation outlet can discharge a maximum flow of 100 m3/s. The spillway can discharge a maximum
flow of 1380 m3/s. The Kaeng Krachan Dam opens every morning to release water for recreational
purposes and closes again every evening. Under normal circumstances, the discharge during the day
is usually around 30 to 40 m3/s and goes to zero during the night. There have been events where the
outflow was much higher, reaching up to more than 350 m®/s.
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Figure 2.5: Hourly outflow data of the Kaeng Krachan Dam for the years 2018-2023.



For the Mae Prachan Dam and the Huai Phak Dam, only a daily hourly operations worksheet from the
Royal Irrigation Department (RID) was available, for the years 2020-2023 (Figures 2.6 and 2.7). For
both these reservoir dams, the total outflow consists of the outflow of the river outlet and the spillway.
The outflow of the irrigation outlet goes directly to the irrigation channels and does not contribute to
the outflow into the rivers. Under normal circumstances, the discharges of both these dams are low.

However during the latter half of a year, higher discharges can also be observed with peaks up to 60
m3/s.
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Figure 2.6: Daily outflow data of the Mae Prachan Dam for the years 2020-2023.
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Figure 2.7: Daily outflow data of the Huai Phak Dam for the years 2020-2023.

For the Phet Diversion Dam, outflow and water level data of every 12 hours was available for the years

2019-2023 (Figure 2.8). The peaks in these data occur at the same time periods as the peaks in the
reservoir outflows.
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Figure 2.8: Outflow data of the Phet Diversion Dam for the years 2019-2023. The outflow is measured twice a day, with in red
the outflow measured at 06:00 and in blue the outflow measured at 18:00.



2.2.4. Discharge and water levels in the rivers

Hourly discharge and water level data from several telemetering stations from the RID were provided
for this study (Figure 2.9). The Phetchaburi river has three stations upstream of the Diversion Dam.
Stations B.8A and B.9 have data from 2018 up to 2024, while station B.18 only has data from 2022 up
to 2024 so it was decided to only use the first two stations. The Mae Prachan river has two stations,
B.11 and B.6A, both have data from 2018 up to 2024. The Huai Phak river only has one station, B.8A,
which has data from 2021 up to 2024. When comparing the water levels in the rivers (Figures 2.10 to
2.12) with the respective outflows of each river (Figures 2.5 to 2.7), the same peaks can be observed.
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Figure 2.9: Locations of the telemetering stations (in orange) measuring discharge and water level in the Phetchaburi river, Mae
Prachan river and Huai Phak river (Sreesomijai, 2024).
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Figure 2.10: Hourly water levels measured at stations B.3A and B.9 in the Phetchabuiri river for the years 2018-2024.
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Figure 2.11: Hourly water levels measured at stations B.11 and B.6A in the Mae Prachan river for the years 2018-2024.
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Figure 2.12: Hourly water levels measured at station B.8A in the Huai Phak river for the years 2018-2024.

2.2.5. Precipitation

Two types of measured precipitation data were available for this study, namely precipitation data from
automatic rain gauge stations and precipitation data from a weather radar station. Precipitation data
from the automatic rain gauge stations were obtained from the Hydro Informatics Institute (HIl) and the
Early Warning System (EWS) project of the Department of Water Resources in Thailand. In total there
are 13 stations in the study area (Figure 2.13) with precipitation data available for the years 2018-2022
(Appendix B). These automatic rain gauges use a tipping bucket system for measuring precipitation.
The automatic rain gauge stations from the HIl have a temporal resolution of 15 minutes and the the
ones from the EWS have a temporal resolution of 10 minutes. Precipitation data from both sources
were resampled to hourly precipitation data for this study. The following rain gauge stations had issues
or only had precipitation data for a limited time period:

+ Station STN0281 registered some impossibly high values in 2020 and 2021 and did not register
much precipitation in 2022.

+ Stations BCAP, SWR007 and BPGD did not register any high peaks in 2021 during the wet sea-
son.

+ Stations GALU and RMPT stopped working in 2021.
+ Stations STN1647, STN1646 and STN1641 only became active in 2021.
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Figure 2.13: Locations of every automatic rain gauge station in the study area obtained from two Thai organisations.

Weather radar precipitation data products were obtained from the Department of Royal Rainmaking
and Agricultural Aviation. The Sattahip radar station has a radius of 240 km and covers the entire
study area. The station has a temporal resolution of 6 minutes. It is an S-band radar with a frequency
of 2860 MHz and produces constant altitude plan position indicator (CAPPI) products at a level of 2.5
km. The provided weather radar precipitation data was corrected for this study. Precipitation data for
the years 2018 and 2021 were available with time steps of an hour and grid sizes of 600 by 600 m.
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Methodology of the modelling of the
Phetchaburi river basin

3.1. Hydrodynamics background theory

1D unsteady flow

A 1D model can be run in HEC-RAS for either steady or unsteady flow. Steady flow is only applicable
in situations where the flow is steady, gradually varied and one dimensional, and the river channels
have small slopes. Since precipitation was included in this study and the 1D model was combined with
the 2D model, unsteady flow needed to be used. Unsteady flow is computed based on conservation
of mass (continuity) and conservation of momentum (HEC-RAS, 2024).

Conservation of mass states that the net rate of inflow into a control volume must be equal to the net
rate of change of storage inside this volume. This is expressed with the continuity equation:

9Ar  0Q _

where Ay is the total flow area, Q is the flow as a function of distance x and time t, and g, is the lateral
inflow per unit length.

Conservation of momentum states that the net rate of momentum entering a control volume plus the
sum of all external forces acting on it must be equal to the rate of accumulation of momentum. This is
expressed with the momentum equation:

0Q aQV oz, ~
E + W + gA(a + Sf) =0 (32)

where V is the control volume, g is the gravitational acceleration, A is the cross-sectional area, % is
the water surface slope, and S; is the friction slope.

From these, Barkau (1982) derived a set of equations which is now the basis for the unsteady flow
computation in HEC-RAS.
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2D unsteady flow
In HEC-RAS, 2D unsteady flow can be computed using either the shallow water equations or the dif-
fusion wave equations. In this study the diffusion wave equations were used for the computations.

The shallow water equations are derived from the Navier-Stokes equations. In the case that the hori-
zontal length scale is much larger than the vertical length scale, conservation of mass implies that the
vertical velocity is much smaller than the horizontal velocity. The Navier-Stokes vertical momentum
equation then shows that the vertical pressure gradients are nearly hydrostatic. On top of that, if there
are no baroclinic pressure gradients (variable density) and no strong wind forcing, it can be implied
that the horizontal velocity is constant throughout the depth of the water. Vertical velocity and vertical
derivative terms can then be neglected and the shallow water equations are obtained:

du 4 Ju 4 du _ 0z, 4 10 hau N d hau 0Tpy 0Ty, 10pg 3.3

ot T “ox ”ay Jev="9g ox  hox (Vexx ax) h oy ey ay) dpR  9ph p Ox (3.3)

av av ov dzy, 10 v 10 ov_ 0tpy 075y 10p,

E + ua Ua fCU ga + Ea(Vt’xxh&) + E@(Vt,yyh@) - 6,0R 6ph - /—)E (34)
where

u, v: velocities in the Cartesian directions [L/T]

g: gravitational acceleration [L/T?]

z,. water surface elevation [L]

Vexx Viyy+ horizontal eddy viscosity coefficients in the x and y directions [L2/T]
Tpx, Tn,y- bOttom shear stresses in the x and y directions [M/L/T?]

R: hydraulic radius [L]

T, Ts,y- SUrface wind stresses in the x and y directions [M/L/T?]

h: water depth [L]

f: Coriolis parameter [1/T]

Do atmospheric pressure [M/L/T?]

The diffusion wave equations are an approximation of the shallow water equations. In shallow flow
where the barotropic pressure gradient (gravity) term and the bottom friction terms are dominant in
the momentum equations, the unsteady, advection, turbulence and Coriolis terms can be disregarded.
After removing these terms and rearranging the equation, the final diffusion wave equation is obtained:

oh
Frin V-(BVz,)+S+q (3.5)
where:
hR?/3 1 oz, | M?
,8 = n VZS + EVpa — ,057 (36)
1 dtg
S=v [‘*(@V*’a - @)] ©7)
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where V is the gradient operator, p is the water density and z, is the wind shear stress.

3.2. Model structure

The Phetchaburi river basin was modelled using a combined 1D/2D model. The rivers were modelled
in 1D and the floodplain was modelled in 2D (Figure 3.1). The boundaries of the system were the
reservoir dams upstream and the Phet Diversion Dam downstream. The reservoirs themselves were
not included in the model, only the outflows of the reservoir dams were used as boundary condition.
Similarly for the Phet Diversion Dam, when water flows through the Phet Diversion Dam it leaves the
system. This way the lower reach of the Phetchaburi river is excluded so there were no tidal influences
on the study area.

(a) Full extent of the DEM. The modelled study area is covered (b) Close up of the model structure at the junction between
by the mesh. the Phetchaburi river and the Huai Phak river, with the rivers
in blue, riverbanks in red and cross sections in green.

Figure 3.1: Map and details of the model structure in HEC-RAS.

To model the rivers in 1D, three components were needed, namely the lines for the river, riverbanks
and cross sections. These were manually drawn in. Cross section profiles were directly taken from the
DEM, but as mentioned in Chapter 2, these cross sections were manually changed where necessary.
On top of that, all three rivers also contain multiple weirs, which cause sudden large drops in depth at
those locations. For simplicity these weirs were not in the model. However, large drops in depth caused
computational instability, so to increase computational stability, the cross sections were modified to
make the change in depths more gradual instead. In total there are 1332 cross sections with distances
in the range of 50 to 200 m between each of them.

The base for the 2D component is the DEM with a resolution of 5 m. The rivers divide the terrain into
four areas so four 2D flow areas with a computational mesh were needed, with in total 21890 cells.
Since the conveyance of water is computed per cell, the resolution of the computational mesh decides
how detailed this conveyance is modelled. The focus of this study was on how much and where the
water enters the rivers, so the conveyance of water only needed to be more detailed close to the rivers.
The cells adjacent to the riverbanks therefore have sizes of around 30 by 30 m and this increases up
to 600 by 600 m the further away the cells are from the riverbanks. The DEM contains the full extent of
the Phetchaburi river basin, however, only the study area is covered by the mesh and this is thus the
extent of the model. The areas not covered by the mesh were excluded in the computations.
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The 1D rivers and 2D flow areas are connected through lateral structures, which coincide with the
riverbanks. As soon as the water level goes above the riverbanks, water leaves the 1D river and enters
a 2D flow area. The flow of water can also go the other way, namely when precipitation falls on top of
a 2D flow area and flows into the 1D river along the riverbanks.

3.3. Model parameters

Manning’s roughness coefficient

The only parameter the Phetchaburi river and its tributaries were calibrated for was the Manning’s
roughness coefficient. The calibrations were done based on measured water level data from the
telemetering stations. The Manning’s roughness coefficient is an important parameter for comput-
ing the conveyance in a river and thus affects the wave celerity. The Manning’s roughness coefficient
varies along a river because of many factors like channel irregularities and vegetation for example
(Watson, 1987; de Doncker et al., 2009). For simplicity, in this model the Manning’s roughness coeffi-
cient was set to the same value everywhere along the river. The Manning’s roughness coefficient can
also vary across the river. Riverbanks usually contain more vegetation, resulting in higher Manning’s
roughness coefficients than in the main channel. The Manning’s roughness coefficient can be set for
the right riverbank, the left riverbank and the main channel. For simplicity, the left and right riverbanks
were set to the same value with this value being higher than the value for the main channel. To de-
termine the total conveyance in HEC-RAS, the river is first subdivided into multiple sections based on
the different Manning’s roughness coefficients. In each subdivision the conveyance is then calculated
from the following Manning’s equation (HEC-RAS, 2024):

Q =ks;"? (3.8)
1.486
K=— AR?/3 (3.9)

where
K: conveyance for subdivision
n: Manning’s roughness coefficient for subdivision
A: flow area for subdivision
R: hydraulic radius for subdivision (area / wetted perimeter)
Sy slope of the energy gradeline

For the 2D floodplains, the Manning’s roughness coefficients were based on the values by HEC-RAS
(n.d.), which are adapted from Chow (1959), for each land use type.

Infiltration

When precipitation falls in the Phetchaburi river basin, part of it will infiltrate into the subsurface while
the remaining part becomes surface runoff and contributes to the floods. HEC-RAS has three different
methods to compute infiltration. For this study it was decided use the Deficit and Constant method
(Figure 3.2). In this method the soil is a single homogeneous layer where the moisture is evenly dis-
tributed throughout the soil layer. During a precipitation event, precipitation infiltrates into the soil layer
until the moisture deficit is satisfied. Once the maximum deficit is satisfied, the moisture leaves the
system with a constant percolation rate. When the precipitation rate is higher than the percolation rate,
the difference becomes excess precipitation, which enters the system (HEC-RAS, 2024). The amount
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of precipitation that infiltrates into the soil layer leaves the system and does not contribute to runoff.
Groundwater flow is outside the boundaries of this study.

Precipitation rate Precipitation rate
[mm/hr] [mm/hr]

Excess precipitation
[mm]

Maximum deficit
[mm]

Initial deficit
[mm]

Percolation rate
[mm/hr]

Figure 3.2: A visualisation of each step in the Deficit and Constant method. When the maximum deficit is satisfied, excess
precipitation becomes surface runoff.

In between precipitation events water can also leave the system through evaporation. However, since
this study was focused on single precipitation events, evaporation could be neglected. The only three
parameters of interest were then: the maximum deficit [mm], the initial deficit [mm] and the potential
percolation rate [mm/hr]. The infiltration layer was made using the land cover layer. For simplicity, the
only spatial variation in the percolation rate was based on two types of land use. A higher percolation
rate for forest land use types and a lower percolation rate for all other land use classes such as cropland
and built up.

3.4. Boundary conditions

Dam outflow

The upstream boundary conditions of the rivers are the outflows of the three reservoir dams. The inputs
are in the form of hourly flow hydrographs. These flow hydrographs cannot have zero flow because
the model becomes numerically unstable if there is no flow. The minimum flow for which the model can
run is 5 m3/s for each river. The downstream boundary condition is the outflow of the Phet Diversion
Dam. The input for this boundary condition can be in the form of a stage or flow hydrograph.

Precipitation

The last input is precipitation. As mentioned before, the amount of precipitation that is not lost to
infiltration becomes excess precipitation which becomes runoff. For each cell on the computational
mesh, the water surface elevation and the velocity and its direction are computed using the diffusion
wave equations mentioned before (HEC-RAS, 2024). These parameters decide the conveyance of the
runoff.

In HEC-RAS precipitation data can be in the form of gridded data, point data or a constant value. In
this study, all three types of data were used and compared. The gridded data used in this study was
in the form of weather radar precipitation data. These data were obtained from the weather radar
station as mentioned in Chapter 2. These are spatially distributed precipitation data. Precipitation data
from rain gauges is a form of point data and this is also a form of spatially distributed precipitation
data. The decision to use the Thiessen Polygon method (Thiessen, 1911) was made to interpolate the
point data. The rain gauge data was scaled when necessary, so that the total amounts of precipitation
that falls in the study area are the same. In case of precipitation in the form of a constant value,
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precipitation falls on the whole computational mesh with a constant value. In this study this was used
for homogeneous precipitation. Homogeneous precipitation is an artificial precipitation scenario where
the total precipitation obtained from the weather radar station is evenly spread out over the duration of
the precipitation event and homogeneously spread out over the whole area. This type of precipitation
data is thus not spatially distributed. For all three types of precipitation the total amount of precipitation
was the same, the only difference was how and whether they were spatially distributed.

3.5. Model schematisation

The final model schematisation can be seen in Figure 3.3. The blue boxes represent the two compo-
nents of the model. The white boxes represent the input and output of the model. The arrows represent
how the different components are connected and how the water flows.

Water leaving the system ;
through the Phet Diversion Dam

Ve N e
Reservoir .
outflow 1D river » Hydrographs
J -
Flooding

Precipitation ‘ 2D flow areas » Flood map

Water leaving the system
through infiltration

Figure 3.3: Schematic representation of the model components and boundaries.

Reservoir outflows directly enter the rivers and thus decide the discharge in the rivers. Precipitation
falls on the flow areas, where part of the precipitation will leave the system through infiltration. The
remaining precipitation becomes runoff and enters the rivers, contributing to the discharge in the rivers.
Water leaves the Phetchaburi river through the Phet Diversion Dam. If it starts flooding on any of the
rivers, water enters the flow areas. Two types of outputs are produced at the end of each model run,
namely hydrographs, for water level and discharge, and a flood map.

16



Model runs approach for the
Phetchaburi river basin

4.1. Calibration of the Phetchaburi river and its tributaries

An increase in water level upstream could contribute to a flood downstream. It is thus important that the
velocity with which a wave propagates, which is called the wave celerity, is correct. The wave celerity
depends on the Manning’s roughness coefficient in a river. The Manning’s roughness coefficients were
not known for the Phetchaburi river and its tributaries so these had to be calibrated. Since hourly
outflow data of the Kaeng Krachan Dam and hourly water level data of two telemetering stations in
the Phetchaburi river was available, the wave celerity was known so the Phetchaburi river was thus
calibrated on these data. The Kaeng Krachan Dams opens during the day and closes during the night
under normal circumstances, making the oscillations in these data ideal for calibrating the Phetchaburi
river on. However, for the Mae Prachan river and Huai Phak river this was not possible since the
reservoir dam outflows for these rivers had a temporal resolution of a day so no oscillations were
observed. The Manning’s coefficients for these rivers were thus only calibrated based on water level.
No precipitation was present during the calibration phase to make sure no other factors influenced the
water levels.

4.2. River capacity

After calibrating the Phetchaburi river, the river capacity could be found. When no precipitation is
present, only the outflows of the reservoir dams contribute to the discharge in the Phetchaburi river. It
was therefore interesting to find out what the maximum amount of reservoir outflow could be before the
Phetchaburi river started to flood. Since the discharge and water level downstream in the Phetchaburi
river is decided by the outflow of the Phet Diversion Dam, the amount of discharge it takes before
the river starts to flood partially depends on the outflow of the Phet Diversion Dam. To find the river
capacity there were thus two scenarios, namely the "closed” scenario and the "open” scenario. The
closed scenario represented a situation where the Phet Diversion Dam is closed and the outflow of the
Phet Diversion Dam cannot increase. The open scenario represented a situation where the outflow of
the Phet Diversion Dam changes with the discharge of the river, so the outflow of the Phet Diversion
Dam could increase when the discharge increased.

17



4.3. Selecting and assessing infiltration parameters and precipita-
tion data types

Scenarios

The focus of this study was on flood modelling during precipitation events. As explained in Chapter
3, part of the total amount of precipitation infiltrates into the subsurface and the excess precipitation
becomes runoff. since the three types of precipitation data are differently spatially distributed, the result
for each precipitation data type could be different for the same infiltration parameter. It was therefore
decided to run different infiltration parameters simultaneously with different precipitation data types.
Since the model was only run for single precipitation events, the maximum deficit and initial deficit did
not play a big role so these were set to a constant value. Only the percolation rate was of interest in
this study. The percolation rate decides how fast precipitation infiltrates into the subsurface. For the
percolation rate, four scenarios were defined:

» No infiltration: this is to see what the situation would look like if infiltration is ignored in the river
basin.

* Percolation rate of 3 mm/hr: a small percolation rate to see if this already has a big influence on
the results.

» Percolation rate of 5 mm/hr: a slightly bigger percolation rate to see what the effect is of a small
increase in the percolation rate.

* Percolation rate varying from 5 to 20 mm/hr: to take into account the different land cover types.
A high percolation rate of 20 mm/hr for forest land and a low percolation rate of 5 mm/hr for all
else.

These four infiltration scenarios were run in combination with homogeneous precipitation and spatially
distributed precipitation data from the weather radar station and automatic rain gauge stations. In
total there were thus twelve scenarios (Figure 4.1). These twelve scenarios were then run for two
precipitation events.

Radar Homogeneous Gauge
Percolation rate: Percolation rate: Percolation rate:
5-20 mm/hr 5-20 mm/hr 5-20 mm/hr
Radar Homogeneous Gauge
Percolation rate: Percolation rate: Percolation rate:
5 mm/hr 5 mm/hr 5 mm/hr
Radar Homogeneous Gauge
Percolation rate: Percolation rate: Percolation rate:
3 mm/hr 3 mm/hr 3 mm/hr
Radar Homogeneous Gauge
No infiltration No infiltration No infiltration

Figure 4.1: The infiltration and precipitation data type scenarios. Four infiltration scenarios are combined with three precipitation
data types, resulting in a total twelve scenarios per precipitation event.
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To evaluate the results, a water balance diagram was made for each scenario. From these the total
inflows and outflows of the whole study area could be analysed. Using the water balance diagrams, the
percentage of precipitation that did not infiltrate into the soil and thus became runoff was calculated.
To analyse the water level in each river, hydrographs were plotted for each telemetering station in the
Phetchaburi river and its tributaries. The hydrographs were visually corrected for a bias. After the bias
correction, the root mean squared error (RMSE) for each hydrograph was calculated. The RMSE was
calculated as follows:

RMSE = @.1)

where n is the total amount of measurements, y is the measured value, and y is the modelled value.

Precipitation event selection

The Geo-Informatics and Space Technology Development Agency (GISTDA) is a Thai space agency
and research organisation involved in remote sensing. GISTDA has a decision support system for dis-
aster management that provides geospational information on floods, forest fires and droughts. Flood
maps of historical floods in Thailand can be found on their website. For the middle reach of the Phetch-
aburi river basin there was only one flood recorded in 2018 (Figure 4.2). However, the date of this
flood is unknown. Upon inspecting the precipitation data for the year 2018, there did not seem to be
any significant precipitation events compared to other years (Appendix B). However, upon inspecting
the dam outflows (Figure 2.5) and the water levels measured by the telemetering stations (Figure 2.10),
it is likely that the cause of the flood was the high outflow of the Kaeng Krachan Dam over a time period
of several months. Therefore, the events were chosen based on high precipitation peaks instead.
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Figure 4.2: Flood map of a flood event at the Phetchaburi river in 2018, obtained from GISTDA.
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Figure 4.3: Hourly precipitation data in the study area for the time period 2021-10-22 06:00:00 to 2021-10-23 06:00:00.
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Figure 4.4: Hourly precipitation data in the study area for the time period 2021-10-22 06:00:00 to 2021-10-23 06:00:00.

After analysing the precipitation data from the automatic rain gauge stations, several precipitation
events from the year 2021 were considered. After analysing the data of the weather radar station,
two precipitation events were selected that had no missing data. The first precipitation event was from
2021-10-22 to 2021-10-23 (Figure 4.3) and the second precipitation event was from 2021-08-29 to
2021-08-30 (Figure 4.4). In total there were seven automatic rain gauge stations available for the year
2021.
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Results

5.1. Calibration of the Phetchaburi river and its tributaries

The Manning’s roughness coefficients for the rivers were calibrated based on two historical events. As
mentioned in Chapter 2, under regular circumstances the Kaeng Krachan Dam opens during the day
and closes during the night. The noticeable rising and lowering of the water level in the data was ideal
for calibrating the Manning’s roughness coefficient in the Phetchaburi river on wave celerity. Event 1.1
was a regular period from 2020-01-01 to 2020-01-05 (Figure 5.1a). Event 1.2 was from 2021-04-01
to 2021-04-05. This was a period where the Kaeng Krachan Dam did not fully close like it did during
event 1.1, but oscillations in the dam outflow and water levels were still present (Figure 5.1b). For the
Mae Prachan Dam and the Huai Phak Dam, the outflows are daily as mentioned before. This made it
impossible to calibrate these rivers on any oscillations so these rivers were only calibrated based on
water level. The Manning’s roughness coefficient of the riverbanks of all the rivers were kept constant
with a value of 0.06.
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Figure 5.1: Hourly outflow data of the Kaeng Krachan Dam for the selected events.

Calibration of the Phetchaburi river

For event 1.1, the outflow of the Kaeng Krachan Dam was zero at night so an additional base flow of 10
m3/s was added to replace the zero flow in the input flow hydrograph. The resulting modelled hydro-
graphs of the water levels (Figure 5.2) match up with the measured water levels after a bias correction,
with RMSE of smaller than 20 cm (Table 5.1). For event 1.2, no additional base flow was added. The
modelled hydrographs for event 1.2 (Figure 5.3) also match up with the measured hydrographs after a
bias correction, with RMSE of smaller than 3 cm (Table 5.1). The Manning’s roughness coefficient in
the Phetchaburi river was 0.03 for these results, which falls in the expected range of values.
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Table 5.1: Bias and RMSE of the modelled water levels after calibrating the Phetchaburi river.

Station Bias event 1.1 [m] RMSE event 1.1 [m] Bias event1.2[m] RMSE event 1.2 [m]
B.3A (upstream) -0.060 0.175 -0.327 0.011
B.9 (downstream) 0.136 0.187 -0.071 0.026
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Figure 5.2: Hydrographs of the observed and modelled water levels in the Phetchabuiri river for event 1.1.
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Figure 5.3: Hydrographs of the observed and modelled water levels in the Phetchaburi river for event 1.2.

Calibration of the Mae Prachan river

For event 1.1, the outflow of the Mae Prachan Dam was zero, however the measured water levels were
not zero so a base flow of 15 m3/s was used. The resulting modelled hydrographs (Figure 5.4) were
corrected for a bias, resulting in RMSE of smaller than 4 cm (Table 5.2). For event 1.2, the outflow of
the Mae Prachan Dam was only 1 m3/s according to the measured data. Again a base flow of 15 m3/s
was used instead. The resulting modelled hydrographs (Figure 5.5) were corrected for a bias, resulting
in RMSE of smaller than 2 cm (Table 5.2). For both events oscillations in the measured water levels
can be observed. However, the amplitudes of these oscillations are small, which explains the small
RMSE. The biases are a bit higher despite the fact that the Mae Prachan river was calibrated on water
levels. This is explained by the fact that the modelled water levels for station B.11 were a bit too low
while the modelled water levels for station B.6A were a bit too high, so these results are the optimal
compromise. The Manning'’s roughness coefficient in the Mae Prachan river was 0.03 for these results.

Table 5.2: Bias and RMSE of the modelled water levels after calibrating the Mae Prachan river.

Station Bias event 1.1 [m] RMSE event 1.1 [m] Bias event1.2[m] RMSE event 1.2 [m]
B.11 (upstream) -0.024 0.037 -0.127 0.008
B.6A (downstream) 0.129 0.024 0.134 0.021
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Figure 5.5: Hydrographs of the observed and modelled water levels in the Mae Prachan river for event 1.2.

Calibration of the Huai Phak river

For event 1.1, the outflow of the Huai Phak Dam was only 1 m3/s in the measured data. It was thus
decided to use an outflow of 5 m3/s instead. Since no oscillations were present in the modelled or
measured water levels, the modelled hydrograph (Figure 5.6) is the exact same as the measured
hydrograph after a bias correction, with a RMSE of 0 m (Table 5.3). For event 1.2, the outflow of the
dam was 0.5 m®/s in the measured data. An outflow of 5 m3/s was also used for this event. The
modelled hydrograph (Figure 5.6) had a RMSE of smaller than 1 cm after a bias correction (Table
5.3). For both events, the modelled water levels are higher than the measured water levels. It was
not possible to model lower water levels since neither the reservoir dam outflow nor the Manning'’s
roughness coefficient could go lower because of computational instability. The Manning’s roughness
coefficient in the Huai Phak river was 0.035 for these results.

Table 5.3: Bias and RMSE of the modelled water levels after calibrating the Huai Phak river for event 1.1 and event 1.2.

Station Bias event1.1[m] RMSE event1.1[m] Biasevent1.2[m] RMSE event1.2[m)]
B.8A 0.260 0 0.193 0.007
Station B.8A event 1.1 Station B.8A event 1.2
— aobs
a1 - —— mod 39.670 7
39.665 4
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Figure 5.6: Hydrographs of the observed and modelled water levels in the Huai Phak river for event 1.1 and event 1.2.
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5.2. River capacity

The discharge in the Phetchaburi river is decided by the reservoir dam outflows. To get an idea of how
high these outflows can be before the Phetchaburi river starts to flood, the outflows of the reservoir
dams were increased until the most vulnerable locations started to flood. Since the focus was on the
maximum capacity of the Phetchaburi river for this part of the study, precipitation was not included as
input. The only other variable was the Phet Diversion Dam outflow, for which there were two scenarios.
The first one was the “closed” scenario, the Phet Diversion Dam did not open further so the outflow
stayed constant at a rate of 50 m3/s throughout the whole run. The second one was the "open” scenario,
the water level at the Phet Diversion Dam stayed constant at a value of 18.3 m, which was the mean
value for the years 2019 to 2023. The outflow of the Phet Diversion Dam could increase depending
on the discharge in the Phetchaburi river. For simplicity, only the outflow of the Kaeng Krachan Dam,
which discharges into the Phetchaburi river, was changed. The outflows from the Mae Prachan Dam
and Huai Phak Dam stayed constant at a rate of 15 m3/s and 5 m®/s respectively.
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Figure 5.7: Water levels in the cross sections at locations 1, 2, 3 and 4 respectively from downstream to upstream on the
Phetchaburi river for the closed and open scenarios for different discharges.

The results for the water levels can be seen in Figure 5.7. Each column is a cross section at a specific
location (Appendix C) and from left to right it goes from downstream to upstream on the river. Location
1 is a cross section immediately upstream of the Phet Diversion Dam. The other locations were chosen
based on where the Phetchaburi river is sensitive to floods. All these locations are on the lower half of
the Phetchaburi river since the upper half does not experience any floods. For the closed scenario with
an outflow of 35 m3/s from the Kaeng Krachan Dam, which resulted in a total discharge of 55 m3/s,
the water level just reached the riverbank height at location 3. In case of the open scenario, this same
water level was reached when the outflow from the Kaeng Krachan Dam was 100 m?/s and thus a total
discharge of 120 m3/s. From downstream to upstream, at around one third of the Phetchaburi river the
downstream condition had no effect on the upstream water levels any more, which was around location
3. From there on out the water levels in both scenarios were the same if the discharges were the same.
The water level at location 3 is the same for both scenarios with a total discharge of 120 m3/s and this
is also the case for location 4 (Figure 5.7). However, at location 1 and 2 the water levels are much
higher in the closed scenario for the same inflow.
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5.3. Selecting and assessing infiltration parameters and precipita-
tion data types

As explained in Chapter 3, part of the total amount of precipitation in the Phetchaburi river basin infil-
trates into the subsurface and the remaining part becomes runoff. For the chosen infiltration method,
which was the Deficit and Constant method, there were three parameters. The maximum deficit and
initial deficit were set to a constant value of 20 mm and 10 mm respectively. For the percolation rate,
which is the parameter that decides how fast precipitation infiltrates into the subsurface, there were
four scenarios as described in Chapter 4:

* No infiltration: all the precipitation will end up in the river basin.
* Percolation rate of 3 mm/hr: the same value for every land use type.
* Percolation rate of 5 mm/hr: the same value for every land use type.

+ Percolation rate varying from 5 to 20 mm/hr: every forest land use type has a percolation rate of
20 mm/hr, all else has a percolation rate of 5 mm/hr.
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Figure 5.8: Water balance diagrams for each infiltration and precipitation data type scenario for event 2.1 in 1000 m®. For

the radar and gauge scenarios an increase in the percolation rate results in similar decrease in precipitation excess while the
homogeneous scenarios result in little to no excess precipitation.

The four infiltration scenarios combined with the three precipitation scenarios resulted in a total of twelve
scenarios, and thus twelve water balances, for each event. In each water balance diagram (Figures
5.8 and 5.9), the upper white box shows the amount of water coming from each reservoir and the lower
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white box shows the total amount of precipitation, the excess precipitation and the infiltration loss. The
arrows show the total values from the reservoirs, the total precipitation that enters the river basin, and
the amount of water that leaves the system through the Phet Diversion Dam. For each scenario the
total precipitation stayed the same while the infiltration loss, and therefore also the excess precipitation,
changed.
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Figure 5.9: Water balance diagrams for each infiltration and precipitation data type scenario for event 2.2 in 1000 m3. For
the radar and gauge scenarios an increase in the percolation rate results in similar decrease in precipitation excess while the
homogeneous scenarios result in little to no excess precipitation.

In every scenario when the percolation rate increases, more water can infilirate into the subsurface
and thus the infiltration loss increases and excess precipitation decreases. It is noticeable that when
homogeneous precipitation data is used as input, the excess precipitation already becomes around
17% of the total precipitation with a small infiltration rate for event 2.1 and around 5% for event 2.2. With
a small increase in the infiltration rate the excess precipitation even goes to zero. Using homogeneous
precipitation data in the highest infiltration scenario also results in the excess precipitation being zero.
When spatially distributed precipitation data from the weather radar or rain gauges is used as input,
the decrease in excess precipitation is less steep. For the highest infiltration scenario the excess
precipitation is around 21% and 36% of the total precipitation for event 2.1 for weather radar and rain
gauges respectively. For event 2.2 this is around 20% of the total precipitation for both weather radar
and rain gauges. It is noticeable that when precipitation data from weather radar is used as input, the
resulting water balances are very similar to the water balances resulting from using precipitation data
from rain gauges as input.
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Table 5.4: Bias of the modelled water levels in the Phetchaburi river and its tributaries for event 2.1 and 2.2.

For each of the twelve scenarios, there are five telemetering stations with water levels for both events
(Appendix D). The measured water levels were visually corrected for a bias (Table 5.4) so that the base
water level was the same for both the modelled and measured water levels.
stations are highlighted (Figures 5.10 to 5.14). For each station, the upper three plots show for each
precipitation data type the water levels for each infiltration scenario. This way it can be seen how the
water level reacts when infiltration into the subsurface increases. The lower plots contain the same
results, but plotted differently to highlight what the effect of each type of precipitation data on the water
levels is and how they compare to each other. In each plot there is an extra result for a scenario with no
precipitation so the distinction can be made between an increase in water level caused by precipitation

Station Bias event 2.1 [m] Bias event 2.2 [m]
B.3A -0.11 -0.09

B.9 0.15 -0.08

B.11 0.07 -0.11

B.6A -0.55 0.2

B.8A 0 0.13

or an increased reservoir dam outflow.

In this section certain

Table 5.5: RMSE of the modelled water levels at station B.3A upstream on the Phetchaburi river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.330 0.268 0.159
Perc rate 3 mm/hr 0.157 0.086 0.099
Perc rate 5 mm/hr 0.132 0.080 0.092
Var perc rate 0.095 0.080 0.083
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In the measured water level during event 2.1 at station B.3A, which is the most upstream telemetering
station on the Phetchaburi river, a small peak in the water level followed by a big rise in the water level
are visible (Figure 5.10). The big rise in the water level is caused by an increase in reservoir outflow
since it can also be observed in the water levels in the scenario without precipitation. For the modelled
water levels, the small peak in the water level is only present in the water levels modelled with weather
radar precipitation data as input. It is also not present in the water level modelled without precipitation,
which indicates that it is not caused by reservoir outflow. The RMSE are smallest for the scenarios with
homogeneous precipitation data input where all the precipitation infiltrated into the subsurface and no
excess precipitation was present (Table 5.5). This suggests that precipitation does not play a significant
role in this case and using only reservoir outflow the water level can already be properly modelled.

Table 5.6: RMSE of the modelled water levels at station B.9 downstream on the Phetchaburi river for event 2.1.

radar

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.657 0.777 0.859
Perc rate 3 mm/hr 0.230 0.078 0.589
Perc rate 5 mm/hr 0.158 0.097 0.527
Var perc rate 0.054 0.097 0.364
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Figure 5.11: Water levels for each infiltration and precipitation data type scenario at station B.9 downstream on the Phetchaburi
river for event 2.1.

In most cases, using precipitation data from weather radar as input results in the highest water levels.
This is however not the case for station B.9 during event 2.1 (Figure 5.11). Using precipitation data
from the rain gauges as input results in high water levels for station B.9, even for the highest infiltration
scenario, and this also results in high RMSE values (Table 5.6). As for using homogeneous precipitation
data as input, here again the infiltration scenarios that lead to no excess precipitation result in water
levels that are quite close to the measured water levels, but in this case they are slightly underestimating
the water levels. Using precipitation data from weather radar in combination with the highest infiltration
scenario with varying percolation rates results in a bit of excess precipitation. This results in slightly
higher water levels and a smaller RMSE than in the case of using homogeneous precipitation data as
input where there is no excess precipitation at all.
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Table 5.7: RMSE of the modelled water levels at station B.6A downstream on the Mae Prachan river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 1.184 0.669 0.327
Perc rate 3 mm/hr 0.398 0.603 0.547
Perc rate 5 mm/hr 0.222 0.634 0.592
Var perc rate 0.167 0.634 0.617
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Figure 5.12: Water levels for each infiltration and precipitation data type scenario at station B.6A downstream on the Mae Prachan
river for event 2.1.

Station B.6A during event 2.1 (Figure 5.12) is an example of a case where a big increase in water
level is not caused by an increase in reservoir dam outflow. The big increase in the measured water
level is not present in the modelled water levels without precipitation, which indicates that the increase
in water level is caused by precipitation. When homogeneous precipitation data is used as input, the
water level does not increase when infiltration is included, even for the smallest percolation rate. When
precipitation data from rain gauges is used as input, the water level slightly increases but this is almost
negligible. Using both these types of precipitation data as input thus underestimates the water level,
which can also be seen from the high RMSE for these scenarios (Table 5.7). Only when precipitation
data from weather radar is used as input, the big increase in water level is present. When no infiltration
is present and all the precipitation becomes runoff, the water level is overestimated. The best result
with the smallest RMSE is when infiltration is varied, with a high percolation rate for forest land.

Table 5.8: RMSE of the modelled water levels at station B.3A upstream on the Phetchaburi river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.343 0.172 0.133
Perc rate 3 mm/hr 0.211 0.114 0.113
Perc rate 5 mm/hr 0.191 0.113 0.114
Var perc rate 0.123 0.113 0.113
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Figure 5.13: Water levels for each infiltration and precipitation data type scenario at station B.3A upstream on the Phetchaburi
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river for event 2.2.

At station B3.A during event 2.2 there is an increase in the measured water level (Figure 5.13). This
increase is also present in the modelled water level for the scenario without precipitation, indicating
that the increase in water level is caused by an increase in reservoir dam outflow. Using homogeneous
precipitation data as input results in modelled water levels similar to the measured water levels. This is
also the case when precipitation data from rain gauges is used as input and the RMSE for both these
precipitation data types are also similar (Table 5.8). When precipitation data from weather radar is
used however, an additional peak on top of the increased water levels can be observed, contrary to the
measured water level. Only when infiltration into the subsurface increases does the modelled water
level come closer to the measured water level. This can also be observed from the RMSE, which gets
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Table 5.9: RMSE of the modelled water levels at station B.9 downstream on the Phetchaburi river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]

No infiltration 0.798 0.341 0.426
Perc rate 3 mm/hr 0.360 0.151 0.171
Perc rate 5 mm/hr 0.293 0.152 0.163
Var perc rate 0.176 0.152 0.150

At station B.9 during event 2.2 all the precipitation scenarios without infiltration result in modelled water
levels that are higher than the measured water levels. When infiltration is included when homogeneous
precipitation data is used as input, the water level goes down to the same water level as the scenario
without precipitation. When precipitation data from rain gauges is used, the water level resembles the
measured water levels when infiltration is included, however, for the highest infiltration scenario the
water level also goes down to the same water level as the scenario without precipitation. When precip-
itation data from weather radar is used as input, the water levels go down when infiltration is included,
but not as low as for the other precipitation data types. The water level only comes close to the mea-
sured water level for the highest infiltration scenario. The RMSE for both homogeneous precipitation
data and rain gauge precipitation data are already quite low for the scenarios with infiltration, but for
weather radar precipitation data it only becomes low for the scenario with varying percolation rates
Table 5.9.
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Discussion

6.1. Model and data limitations

There are several limitations in the model caused by lack of data. For the DEM the quality and accuracy
are more important than the resolution and precision (Ali et al., 2015). The DEM available for this study
had a quite high resolution of 5 m, however it was old and a DEM also does not capture river depth,
so the cross sections taken directly from the DEM for the 1D component needed modifications. Cross
section data was available, however all the cross sections were 3 km or more apart. The model needed
cross sections every 200 m or less to be stable but using interpolation resulted in unrealistic cross
sections. All cross sections in the model were thus modified and interpolated by hand based on the
cross section data. As a result, the river bathymetry in the river might not everywhere be completely
the same as the actual river bathymetry.

In the model, the Manning’s roughness coefficient does not vary along the river for simplicity. In reality,
the roughness coefficient does vary. A study by de Doncker et al. (2009) shows that the Manning’s
roughness coefficient can vary over the year as the amount of vegetation changes during the year and
even accidental obstacles can influence it. Since Thailand is in a tropical region, the vegetation does
not go through any seasonal changes. However, the amount of vegetation in the downstream part of
the Phetchaburi river and Mae Prachan river is much more than more upstream (Figure 6.1). There are
plans to remove vegetation from the Phetchaburi river so the Manning’s roughness coefficient might
need to be changed in the future. A study by Attari and Hosseini (2019) presented a new method that is
able to calibrate the river with different Manning’s roughness coefficients for different parts of the river.

For the Mae Prachan river and Huai Phak river, the outflow of the reservoir for irrigation goes to a
separate irrigation channel. However, for the Phetchaburi river the outflow meant for irrigation goes
into the main river itself. In case water is taken from the river for irrigation, it is thus possible that the
discharge in the river due to reservoir outflow can decrease. However, this was not taken into account
in this study.

As mentioned before, only daily data of the outflow of the Mae Prachan Dam and Huai Phak Dam were
available so these rivers could not be calibrated on wave celerity. On top of this, the outflow data that
was available contained a lot of low outflows, however the model runs into stability issues for low flows,
especially in combination with low Manning’s roughness coefficients. For the Mae Prachan river this
did not result in any noticeable problems. For the Huai Phak river however, the modelled peak is a few
hours too early compared to the measured peak (Figures D.5 and D.10).
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(a) Phetchaburi river downstream (just (b) More upstream on the Phetchaburi (c) A lot of vegetation downstream in the
upstream of Phet Diversion Dam). A lot river there is no vegetation covering the Mae Prachan river, making the river it-
of vegetation covering half the river. river any more. self barely visible.

Figure 6.1: Photos of the Phetchaburi river and Mae Prachan river.

6.2. The Phetchaburi river basin without precipitation

In case the water level right upstream of the Phet Diversion Dam is maintained at a regular water level
and the Phet Diversion Dam outflow thus increases with the discharge, the river can handle around a
total discharge of 120 m3/s before it starts flooding at the most vulnerable locations of the study area.
If the Phet Diversion Dam is not fully open and instead a regular outflow of 50 m3/s is maintained,
the threshold for the total discharge in the river is around 55 m3/s before it starts flooding downstream
(upstream of the Phet Diversion Dam). The upstream part only floods when the discharge is increased
to 120 m3/s. The Phet Diversion Dam is thus crucial for floods in the downstream part of the middle
reach of the Phetchabuiri river.

6.3. The Phetchaburi river basin with precipitation

Infiltration

Infiltration plays a significant role when precipitation falls in the river basin. The amount of precipitation
that infiltrates into the subsurface ends up in the groundwater, which is out of the scope of this study.
The remaining precipitation becomes surface runoff in the river basin. For the scenario with the best
results, around 80% of the precipitation was infiltrated into the subsurface and thus only 20% of the
precipitation resulted in runoff. This is the scenario where the percolation rate was high for forest areas
and low for non-forested areas. A study by Mongil-Manso et al. (2025) shows that forest cover increases
soil infiltration, with a pine forest having an infiltration rate of five times higher than a scrubland. Other
studies have also concluded that infiltration is affected by land use (Schwartz et al., 2003; Bormann
and Klaassen, 2008; Liu et al., 2018). In this study it was decided to use a simple type of infiltration
method, namely the Deficit and Constant method. However, more complex infiltration methods exist
and different infiltration methods can lead to different results (Chahinian et al., 2005). HEC-RAS can
also use the SCS Curve Number method and the Green-Ampt method, however these methods require
more parameters.

Even though a large fraction of the precipitation infiltrated into the subsurface, the amount of precip-
itation that did end up in the river is still high, resulting in high outflows. From the measured outflow
data of the Phet Diversion Dam an estimation was made of the amount of water leaving the system, for
event 2.1 this was around 4320000 m? and for event 2.2 around 2765000 m3. Compared to these river
outflows, the modelled river outflows (Figures 5.8 and 5.9) are in most scenarios higher. For event 2.2,
the scenarios that had homogeneous precipitation data as input and a percolation rate of 5 mm/hr or
higher have no excess precipitation but even then the modelled river outflows are too high. To find the
cause of these differences, rating curves were plotted for each telemetering station in the rivers (Fig-
ures 6.2 to 6.5). For most stations a higher discharge is needed for the model to reach the same water
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level as the measured ones, especially for the Mae Prachan river (Figure 6.3). This might explain why
the modelled outflows are bigger than the measured ones since the rivers are calibrated on water level.
Aside from the bias in the water levels, the trends of the modelled rating curves seem to be similar to
the trends of the measured rating curves in most cases, except for the Huai Phak river (Figure 6.5).
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When no infiltration is present in the study area, the modelled water levels are significantly higher than
the measured water levels for most stations, regardless of the precipitation data type. When infiltration
is included in the study area, the results for the modelled water levels are different for each precipitation
data type. When precipitation data from weather radar is used as input, the water level significantly
goes down when infiltration is included. The water levels do not go down completely as the peaks in
the water levels can still be seen for every infiltration scenario, with small but noticeable differences.
When the input is homogeneous precipitation data, the water level goes down completely already for
the lowest infiltration scenario and no peaks can be observed for both events regardless of the station.
The precipitation intensity is too low and thus never exceeds the soil infiltration capacity, leading to
no surface runoff and no peaks in the water level. A study by Arnaud et al. (2002) compared uniform
and non-uniform precipitation and found similar results, for the model that only produces runoff after
the cumulative precipitation exceeds a certain threshold, using uniform precipitation input results in an
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underestimation of peak flows and runoff volumes. A study by Nicétina et al. (2008) suggests that when
infiliration excess mechanisms are important in quite large basins, the spatial distribution of precipitation
might play an important role. In my study the only contribution to the runoff aside from the reservoir
outflows is excess precipitation, which explains why infiltration has a big influence on runoff and water
levels.

Spatially distributed precipitation

In this section the focus is on the results obtained with the infiltration scenario with a percolation rate
of 20 mm/hr for forest land and a percolation rate of 5 mm/hr for all else. Using these percolation
rates lead to the highest amount of infiltration into the subsurface and this lead to the best water level
results. As discussed in the previous section, using homogeneous precipitation data lead to poor
results as no excess precipitation was produced. When it comes to spatially distributed precipitation,
using precipitation data from rain gauges as input lead to mixed results. At some stations there is
no peak in the water level where there should be one, while at some stations the peak in the water
level is overestimated. This can be explained by the density of the rain gauges and the way they are
interpolated. A high amount of total accumulated precipitation can be seen in the south as a result of the
precipitation measured by the rain gauges during event 2.1 (Figure 6.6b), which is not present in the total
amount of accumulated precipitation as a result of precipitation measured by the weather radar (Figure
6.6a). The only two rain gauges available in the south for this time period were stations STN0480 and
PCHO003 (Figure 2.13). They are close to each other and both registered high precipitation values.
Since there are no other stations in the south, the whole area is interpolated to have a high amount
of precipitation, while for the weather radar there is less precipitation accumulated further south. As a
result, the water levels at telemetering station B.9 (Figure 5.11) end up being higher when precipitation
data from rain gauges is used as input.

.! i - Wl

(a) Weather radar precipitation data (b) Interpolated rain gauge precipitation
data

Figure 6.6: Total accumulated precipitation in the study area at the end of precipitation event 2.1 for the two spatially distributed
precipitation data type inputs. The study area is highlighted by the mesh and only precipitation inside these boundaries are taken
into account.

The opposite also happened during the same event, for example for telemetering station B.6A the peak
in the water level completely disappears when using precipitation data from rain gauges as input, just
like when homogeneous precipitation data is used as input (Figure 5.12). This can also be seen when
looking at the total amount of accumulated precipitation in the north, the precipitation event that can be
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observed in yellow for weather radar is not present for the rain gauges (Figure 6.6). In this area there
are no rain gauges, so the precipitation that is detected by the weather radar does not get detected by
the rain gauges.

(a) Weather radar precipitation data (b) Interpolated rain gauge precipitation
data

Figure 6.7: Total accumulated precipitation in the study area at the end of precipitation event 2.2 for the two spatially distributed
precipitation data type inputs. The study area is highlighted by the mesh and only precipitation inside these boundaries are taken
into account.

Another disadvantage of interpolated precipitation data from rain gauges is that when the Thiessen
polygon method is used, information from adjacent rain gauge stations are often ignored which results
in a precipitation surface that is not continuous (Guo et al., 2022). In this study it was decided to use
the Thiessen polygon method to interpolate precipitation data from the rain gauges, but in HEC-RAS
it is also possible to use the Inverse Square of the Distance method, the Inverse Distance Squared
(Restricted) method and the Peak Preservation method. However, these are all statistical interpola-
tion methods. Geostatistical interpolation methods on the other hand use additional information, like
elevation, for more accurate estimation of the precipitation and these methods seem to perform better
most of the time (Goovaerts, 2000; Lloyd, 2005; Haberlandt, 2007; Pellicone et al., 2018). However, a
study by Sun et al. (2025) modelled flash floods with around the same amount of rain gauges as in my
study but for a smaller region and found that the Thiessen polygon method gave proper results while
the results for the uniform method were not satisfactory at all.

As for spatially distributed precipitation data from weather radar, using these in the Phetchaburi river
basin results in visible peaks in the water level, even when the amount of precipitation lost to infiltration
into the subsurface is high. A downside of raw weather radar products is that they are in the form
of reflectivity and contain a lot of errors so a conversion to precipitation rates and a lot of corrections
are needed (Chumchean et al., 2003; Berne and Uijlenhoet, 2006). The radar data for this study was
converted and corrected and it is interesting to see that these can perform well in modelling water levels
in the Phetchaburi river. A study by Loritz et al. (2021) found that especially for storms with high spatio-
temporal variabilities the model performance improved when using spatially distributed precipitation as
input in a hydrological model.

Despite the differences in spatial variability between precipitation data obtained from weather radar
and precipitation data obtained from rain gauges, they perform quite similarly when solely looking at
the water balance results. This shows that even if the total water fluxes in and out of the Phetchaburi
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river basin are in the right order, this would not be sufficient information to describe the floods. The
spatial variability of precipitation is crucial for modelling floods at the right location. To highlight this
effect, two cross sections were chosen to visualise the difference in the water level when using one or
the other type of spatially distributed precipitation data (Figures 6.8 and 6.9). As mentioned before, a
big precipitation event was observed in the north during event 2.1 when looking at the precipitation data
from weather radar and this resulted in water levels with the smallest RMSE, while using precipitation
data from rain gauges did not have this result (Table 5.7). When looking at a cross section of the Mae
Prachan river in this area (Figure 6.8) it can be seen that using precipitation data from weather radar
leads to flooding, while using precipitation data from rain gauges does not. Assuming the water level
obtained with precipitation data from weather radar as input is the correct one based on RMSE, this
means that using precipitation data from rain gauges as input underestimates the water level in the river
and incorrectly leads to no flooding. Similarly when looking at the south for the same precipitation event,
using precipitation data from weather radar leads to the smallest RMSE in the water levels so these
can be representative of the reality (Table 5.6). When looking at a cross section of the Phetchaburi river
(Figure 6.9), using precipitation data from rain gauges as input leads to flooding while using precipitation
data from weather radar does not. In this case using precipitation data from rain gauges incorrectly
leads to flooding.
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Figure 6.8: Water levels for different precipitation data types in a cross section of the Mae Prachan river at the end of precipitation
event 2.1. Lowest line is the water level without precipitation. Using precipitation data from weather radar leads to a flood while
using precipitation data from rain gauges does not.
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Figure 6.9: Water levels for different precipitation data types in a cross section of the Phetchaburi river at the end of precipitation

event 2.1. Lowest line is the water level without precipitation. Using precipitation data from rain gauges leads to a flood while
using precipitation data from weather radar does not.
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For both these locations the total amount of precipitation over a time period of a day that lead to flood-
ing was around 80 mm in the surrounding area. The Phetchaburi river basin has experienced daily
precipitation amounts of this size or bigger a few times a year for the years 2018-2022 (Appendix B).
This is in line with the fact that the area experiences floods at least once a year.

However, while using precipitation data from weather radar leads to the best results overall, it does not
always lead to perfect results. When it comes to precipitation event 2.2, which is a smaller precipitation
event than precipitation event 2.1, using precipitation data from weather radar sometimes leads to an
overestimation of the water level in the river. This is most prominent for station B.6A (Figure D.9) and it
can be seen that using precipitation data from rain gauges as input here even leads to a better result.
The cause of the peak in the water level is a small area where around 70 mm of precipitation had fallen
in a day, which is the yellow area on the Mae Prachan river in Figure 6.7a. These precipitation peaks
only lead to a quick increase in the water level for a time period of a few hours before going down again
and also do not lead to any floods. While there are small spots of high precipitation, the amount is not
enough for flooding. In the total amount of accumulated precipitation data obtained from rain gauges,
the maximum precipitation amount is around 30 mm over a large area (Figure 6.7b). These kind of
precipitation events generally do not cause stream floods.
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Conclusions and recommendations

7.1. Conclusion
The aim of this study was to find an answer to the following question:

What is the effect of spatially distributed precipitation on the flooding of the middle reach of the Phetch-
aburi river?

To find an answer to this question, a combined 1D/2D model of the Phetchaburi river basin was made in
HEC-RAS. Three different types of precipitation data were used, namely gridded data from a weather
radar station, interpolated point data from automatic rain gauge stations and artificial homogeneous pre-
cipitation data. This research showed that the spatial variability of precipitation matters in the Phetch-
aburi river basin as the different types of precipitation data lead to different results despite the total
amount of precipitation being the same for every scenario.

The cause of the big differences was the high infiltration rates in the study area. This study found
that a large fraction of the precipitation infiltrates into the soil in the Phetchaburi river basin. When
homogeneous precipitation data was used as input, precipitation intensity would be too low, allowing
all precipitation to infiltrate into the subsurface. As a consequence no runoff was produced which
lead to no increase in the river discharge and water levels. On the contrary, when spatially distributed
precipitation data was used as input, precipitation intensities were high enough to exceed the soil
infiltration capacity. This lead to surface runoff and stream floods.

When it comes to spatially distributed precipitation in the Phetchaburi river basin, both rain gauges
and weather radar are available. When precipitation data from weather radar was used as input, the
resulting water balances were similar to the ones obtained when precipitation data from rain gauges was
used as input. On the other hand, the water balances obtained from using homogeneous precipitation
data as input were completely different, except for the scenario without infiltration. When it comes to
the total water volumes, the type of precipitation data does not matter much as long as it is spatially
distributed. However, getting the correct volumes alone is not sufficient, for flood modelling it is also
important that the modelled floods take place at the right locations. This is where detailed spatial
variability of precipitation becomes important. The density of the rain gauge network in this area is
too low to capture the spatial variability of the precipitation events in detail. This resulted in floods or
the lack thereof at the wrong locations. Weather radar captures the spatial variability of precipitation
in greater detail than rain gauges can. This study showed that using precipitation data from weather
radar as input results in more accurate flood modelling in the Phetchaburi river basin.
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Aside from precipitation, the discharge in the rivers is decided by the outflows of the reservoir dams
and the outflow of the Phet Diversion Dam. The Phetchabuiri river is sensitive to flooding when the Phet
Diversion Dam is closed.

7.2. Recommendations

For flood modelling in the Phetchaburi river basin it is not recommended to use homogeneous precip-
itation data as this would highly underestimate floods. It is recommended to use spatially distributed
precipitation data obtained from weather radar as this is more detailed than precipitation data obtained
from rain gauges.

In this study the focus was on the effect of precipitation on the flooding of the middle Phetchaburi
river basin. However, the study area has three reservoir dams upstream and the Phet Diversion Dam
downstream. These dam outflows influence the discharges in the Phetchaburi river and its tributaries
and these can be controlled. For further studies it would thus be interesting to research what the effect
of precipitation in combination with management of the reservoir dams and the Phet Diversion Dam is
on the flooding of the Phetchaburi river. Several questions that could be researched are:

* When there is a forecasting of a precipitation event, can floods be prevented by pre-emptively
lowering the reservoir dam outflows?

* When a precipitation event is happening, can increasing the Phet Diversion Dam outflow still
prevent or reduce floods?

» Can the Phet Diversion Dam outflow be increased during extreme events without causing floods
downstream of the Phet Diversion Dam?

* What happens to the floods in the Phetchaburi river basin if extreme precipitations increase in
intensity because of climate change?

To improve the model, it is recommended to monitor water levels and discharge at the Phet Diversion
Dam on at least an hourly basis so that the downstream boundary condition is more accurate. The
model could also not be properly calibrated for the Mae Prachan river and Huai Phak river because the
temporal resolution of the reservoir outflow data was not high enough. To improve the calibration of
these rivers, and thus better characterize these rivers, it is recommended to look into obtaining at least
hourly reservoir outflow data.
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Geology of the Phetchaburi river basin

In the west of the Phetchaburi river basin, the geology mostly consists of graywacke. The national park
is located here and it is a mountainous area. Further to the east, still some graywacke can be found,
but colluvial deposits can also be found with alluvial and fluvial deposits around the rivers. In the far
east, mostly tidal flat deposits can be found.
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Figure A.1: Geology map of the Phetchaburi province (Department of Mineral Resources, 2008).
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Daily precipitation data from the rain
gauges in the Phetchaburi river basin
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Figure B.1: Daily precipitation data from rain gauges for the year 2018.
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Figure B.2: Daily precipitation data from rain gauges for the year 2019.
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Figure B.3: Daily precipitation data from rain gauges for the year 2020. Data from station STN0281 is cut off because it has a
few unrealistic values.
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Figure B.4: Daily precipitation data from rain gauges for the year 2021. Data from station STN0281 is cut off because it has a
few unrealistic values.
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Figure B.5: Daily precipitation data from rain gauges for the year 2022.
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Locations of the four cross sections of
the Phetchaburi river

Four locations on the Phetchaburi river were chosen to show the water levels in Figure 5.7 in Chapter
5. The cross section at location 1 is right upstream of the Phet Diversion Dam. Locations 2, 3 and 4
are locations where the Phetchaburi river is sensitive to floods.

Figure C.1: Locations of the four cross sections of the Phetchaburi river.
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Modelled water levels at each station
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Figure D.1: Water levels for each infiltration and precipitation data type scenario at station B.3A upstream on the Phetchaburi

river for event 2.1.

Table D.1: RMSE of the modelled water levels at station B.3A upstream on the Phetchaburi river for event 2.1.

Scenario

Radar

Homogeneous

RMSE [m]

RMSE [m]

Gauge
RMSE [m]

No infiltration
Perc rate 3 mm/hr
Perc rate 5 mm/hr
Var perc rate

0.330
0.157
0.132
0.095

0.268
0.086
0.080
0.080

0.159
0.099
0.092
0.083
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infiltration and precipitation data type scenario at station B.9 downstream on the Phetchaburi

Table D.2: RMSE of the modelled water levels at station B.9 downstream on the Phetchaburi river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.657 0.777 0.859
Perc rate 3 mm/hr 0.230 0.078 0.589
Perc rate 5 mm/hr 0.158 0.097 0.527
Var perc rate 0.054 0.097 0.364
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Figure D.3: Water levels for each infiltration and precipitation data type scenario at station B.11
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upstream on the Mae Prachan




Table D.3: RMSE of the modelled water levels at station B.11 upstream on the Mae Prachan river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.105 0.104 0.106
Perc rate 3 mm/hr 0.105 0.101 0.106
Perc rate 5 mm/hr 0.104 0.101 0.105
Var perc rate 0.101 0.101 0.102
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Figure D.4: Water levels for each infiltration and precipitation data type scenario at station B.6A downstream on the Mae Prachan

river for event 2.1.

Table D.4: RMSE of the modelled water levels at station B.6A downstream on the Mae Prachan river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 1.184 0.669 0.327
Perc rate 3 mm/hr 0.398 0.603 0.547
Perc rate 5 mm/hr 0.222 0.634 0.592
Var perc rate 0.167 0.634 0.617

Table D.5: RMSE of the modelled water levels at station B.8A on the Huai Phak river for event 2.1.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]
No infiltration 0.301 0.443 0.261
Perc rate 3 mm/hr 0.123 0.100 0.115
Perc rate 5 mm/hr 0.101 0.118 0.094
Var perc rate 0.091 0.118 0.081
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Figure D.5: Water levels for each infiltration and precipitation data type scenario at station B.8A on the Huai Phak river for event
2.1.
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Figure D.6: Water levels for each infiltration and precipitation data type scenario at station B.3A upstream on the Phetchaburi
river for event 2.2.

Table D.6: RMSE of the modelled water levels at station B.3A upstream on the Phetchaburi river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]

No infiltration 0.343 0.172 0.133
Perc rate 3 mm/hr 0.211 0.114 0.113
Perc rate 5 mm/hr 0.191 0.113 0.114
Var perc rate 0.123 0.113 0.113
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river for event 2.2.
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infiltration and precipitation data type scenario at station B.9 downstream on the Phetchaburi

Table D.7: RMSE of the modelled water levels at station B.9 downstream on the Phetchaburi river for event 2.2.

Scenario

Radar
RMSE [m]

Homogeneous
RMSE [m]

Gauge

RMSE [m]

No infiltration
Perc rate 3 mm/hr
Perc rate 5 mm/hr

0.798
0.360
0.293

0.341
0.151
0.152

0.426
0.171
0.163

Var perc rate 0.176 0.152 0.150
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Figure D.8: Water levels for each infiltration and precipitation data type scenario at station B.11
river for event 2.2.
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Table D.8: RMSE of the modelled water levels at station B.11 upstream on the Mae Prachan river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]

No infiltration 0.003 0.003 0.003
Perc rate 3 mm/hr 0.003 0.003 0.003
Perc rate 5 mm/hr 0.003 0.003 0.003
Var perc rate 0.003 0.003 0.003
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Figure D.9: Water levels for each infiltration and precipitation data type scenario at station B.6A downstream on the Mae Prachan
river for event 2.2.

Table D.9: RMSE of the modelled water levels at station B.6A downstream on the Mae Prachan river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]

No infiltration 0.523 0.520 0.379
Perc rate 3 mm/hr 0.237 0.042 0.044
Perc rate 5 mm/hr 0.194 0.053 0.030
Var perc rate 0.157 0.053 0.028

Table D.10: RMSE of the modelled water levels at station B.8A on the Huai Phak river for event 2.2.

Scenario Radar Homogeneous Gauge
RMSE [m] RMSE [m] RMSE [m]

No infiltration 0.211 0.069 0.106
Perc rate 3 mm/hr 0.170 0.269 0.262
Perc rate 5 mm/hr 0.180 0.275 0.266
Var perc rate 0.208 0.275 0.270
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Figure D.10: Water levels for each infiltration and precipitation data type scenario at station B.8A on the Huai Phak river for event

2.2.
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