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ABSTRACT

Climate change is a real threat that brings heavier and more frequent extreme weather events. Many researchers have
found that climate change will increase the risk of flooding around the world. The SOBEK inundation model and Taiwan
Typhoon Loss Assessment System (TLAS) are used in this study to see if embankment and flood storage control measures
can mitigate the impact (loss) of extreme events under climate change. Based on the simulation results, three inundation cases
are simulated starting about 18 hr after the embankment is breached. When embankment and detention pond measures are not
in place (Case A), the average flood depth in the catchment area caused by the TOP event is roughly 1.45 m. When adapta-
tion measures such as [Case B raising embankments (Case B) and] are in place, the flood depth decreased by 39 and 33%,
respectively. TLAS was used to evaluate the potential losses associated with the three cases (Case A, B, and C). When we add
flood-control measures, the total loss reduced by adaptation measures for future extreme events in the Zhengwen River basin
was NT$7 billion. This study provides applicable coping strategies for future extreme precipitation events that will effectively

reduce the impact of extreme storm events.
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1. INTRODUCTION

Climate change is bringing severe impact to many re-
gions around the world. According to climate projections,
when the global temperature increases by 1°C, precipitation
will increase by 1 - 2% and atmospheric water-vapour will
increase by 6 - 7%. Rainfall has become even more concen-
trated in many regions.

Scientists have recently discovered that the frequency
of extreme hydrological events will increase under the in-
fluence of global warming and climate change. Taiwan is
located in the subtropics and impacted by a variety of natu-
ral disasters every year including typhoons, torrential rain,
droughts, cold snaps, and earthquakes. The Taiwan Climate
Change Projection and Information Platform (TCCIP 2010)
report showed statistics for the frequency of heavy precipi-
tation typhoons in Taiwan in 1970 - 2009, in which heavy
precipitation typhoons occurred roughly once every 2 years
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before 2000. Heavy rainfall typhoon events have occurred
at least once a year since 2000. Typically, the average asset
loss directly caused by severe weather each year in Taiwan
is about NT$15 billion, 85% of which is related to typhoons.
Typhoons bring strong winds and torrential rains that can di-
rectly cause many severe disasters, e.g., flash floods, flood-
ing of coastal and low-lying areas and damage to houses,
roads, and bridges.

The main scientific tool used for long-term climate
simulations is the general circulation model (GCM) (Green
et al. 2011). The purpose of the GCM is to project global
climate characteristics and trends. Hence, GCM projections
(rainfall, temperature, humidity, etc.) are unable to provide
adequate, effective information for flooding simulation at the
local scale. Scientists have developed various downscaling
methods in recent years to increase the spatial resolution, pro-
viding more information for correcting the error margin from
GCM simulations, as well as presenting the influence of topo-
graphic distribution in local areas (Dominguez et al. 2012).
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With such downscaled projection datasets, it is possible
to simulate the water level of rivers and 2D flooding depth
using proper simulation models. However, less attention has
been focused on to what extent flood control measures miti-
gate the flooding effect with a quantitative value in terms
of economic loss. Johnson and Davis (1975) illustrated the
computer program HEC-5C capability to analyse structural
combinations (such as site elevation using fill or stilts and
site protection using dikes or flood walls) and non-structur-
al (such as evacuation/relocation and land use regulation)
flood control measures. Ghanbarpour et al. (2008) used the
HEC-HMS to model the watershed response to any changes
from structural (slope terracing, retarded dam construction,
pitting, and furrowing) and non-structural (land use chang-
es) flood control measures and synchronized hydrograph
analysis. Kuntiyawichai et al. (2011) integrated hydrologi-
cal Soil and Water Assessment Tool (SWAT) and 1D/2D
SOBEK hydraulic model to evaluate the effectiveness of
two structural measures including natural flood storage and
green river channel.

Extreme storm events frequently result in socioeco-
nomic impacts and the loss of human life. The flooding has
become more severe and more frequent in the last decade,
according to the statistical analysis for 1970 - 2009 disas-
ters from heavy rainstorms (NCDR 2010; Hsu et al. 2011).
For example, Typhoon Morakot (August 2009) devastated
Taiwan and caused over 700 deaths. According to the inves-
tigation and statistical data provided by Taiwan’s Morakot
Post-Disaster Reconstruction Council, the total economic
loss from Typhoon Morakot was approximately NT$6451
million in Taiwan.

The hazard type refers to the natural hazard character-
istics, e.g., the flow depth and duration of a flood. Expo-
sure relates to the inventory that suffers a potential loss. If
hazard loss is concerned with damage to household assets,
the household inventory is used. Vulnerability refers to “the
characteristics of a person or a group in terms of their capac-
ity to anticipate, cope with, resist, and recover from the im-
pact of a natural or man-made disaster-noting that vulnerabil-
ity is made up of many political-institutional, economic, and
socio-cultural factors” (Schneiderbauer and Ehrlich 2004).
Vulnerability factors are traditionally physical factors, e.g.,
the anti-shaking ability of buildings, but the factors related to
humans are absent (Messner and Meyer 2006).

Even fewer studies have built a flood loss model that in-
cludes both exposure and vulnerability variables. Wang et al.
(2002a, b) analysed the total flood loss data for 93 typhoon-
induced floods and built a Taiwan flood damage model.
Variables in the model include average total precipitation,
population density, per capita income, and wind speed near
the center of the typhoon. Li et al. (2008) and Li and Yang
(2010) divided residential losses into human resources loss
and property loss (e.g., 4 housing structure loss, furniture and
household appliance loss, transportation vehicle loss, and oth-

er losses), collected data from various types of losses using
questionnaire surveys and established a residential disaster
loss model. Variables in the model include flood depth, house
possessions, household members, flood duration, apartment
mansion, residential years, and income. Since the flood loss
model includes hazards, exposure, and vulnerability charac-
teristics as variables, the user can further describe risks. To
understand the possible changes brought by future climate
scenarios to the Zhengwen River basin, this study evaluates
to what extent the flooding control measures could mitigate
the impact of flood disaster and reduce potential losses.

2. METHODOLOGY

2.1 Overall Conceptual Framework

This study collected geomorphic and hydrological data
from the study area as the inputs of inundation model. Flood
control measures such as raising embankments and build-
ing a detention pond are added to the inundation model for
simulation. Finally, this study evaluates the benefit of these
measures for mitigating the impact of flood disaster. This
paper is organized as shown in Fig. 1.

2.2. Flood Simulation

This study uses the SOBEK model, developed by WL
Delft Hydraulics (WL Delft Hydraulics 2006), for flood
simulation. SOBEK adopts an integrated approach for river
hydraulics and hydrological processes, regional drainage,
and urban drainage systems.

This study uses the SOBEK channel flow (CF) mod-
ule along with the rainfall runoff (RR) module for discharge
and water level simulation in river channel. The estimated
rainfall runoff volume is calculated as lateral inflow (node)
that converges in the main stream when calculating un-
steady river channel flow. In the 2D inundation model, the
river channel boundary conditions are the discharge and wa-
ter level from the river channel hydraulic simulation. The
downstream boundary condition is the sea level generated
from the coastal hydrodynamic model (full name of FV-
COM). Overland flow from rainfall in the region is used for
calculations for areas beyond the river channel. The flood-
ing situation (position, area, depth) is simulated at 40 m spa-
tial resolution and 1 hr temporal resolution.

2.2.1 RR Module

The rainfall-runoff scheme uses the Sacramento rain-
fall runoff concept (Burnash et al. 1973). There are four
flow component sources including direct runoff, surface
runoff, interflow, and base flow in the Sacramento model.
Unit Hydrograph is used to transform the runoff from direct
runoff, the surface runoff, and the interflow into a discharge
hydrograph at a location on the main channel system.
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2.2.2 CF Module

River channel simulations include the establishment of
relevant structures such as bridges, reservoirs, river-crossing
structures (e.g., weirs, culverts, orifices, and pump stations).
The water flow is completed by solving the complete De
Saint Venant equations. The following equations are solved
for one-dimensional flow:

94, 90 _
7+ i = glat (1)
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where, Q: discharge (m? s'); h: water depth (m); R: hydrau-
lic radius (m); glat: lateral discharge per unit length (m? s!);
Ay wetted area (m?); wy flow width (m); T,,,,: wind shear
stress (N = m?); p,,: density of water (kg m?).; #: time (s); x:
distance (m); g: acceleration due to gravity (m s?) (=9.81).

2.2.3 Overland Flow Module

The overland flood model simulates and subsequently
determines the boundary conditions in a river channel based
on the flow and water level results from the 1D simulation,
although calculations for conditions outside river channels
require regional precipitation and land surface overland flow
data. The following equations are solved for overland flow:
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where, x: x direction spatial coordinate (m); y: y direction
spatial coordinate (m); u: velocity in x-direction (m s'); v:
velocity in y-direction (m s™); d: depth below plane of refer-
ence (m); V: velocity magnitude (= v u* + v ) (ms™); a: wall
friction coefficient (1 m™); C: Chezy coefficient (m'? s™).

2.3 Flood Loss Assessment

The Taiwan Typhoon Loss Assessment System (TLAS)
established by the National Science and Technology Center
for Disaster Reduction (NCDR) was used to evaluate the
potential losses associated with extreme events. The prop-
erty loss calculation includes 27 types of land use modules,

such as agriculture, forestry, fishery, and animal husbandry
loss; industrial and commercial service loss; public build-
ing loss; and traffic and hydraulic facilities loss. Variables
in the model include flood depth, household possessions,
household members, flood duration, apartment mansion,
residential years, and income (Li and Yang 2010).

2.4 Criteria of Comparing the Models

In order to validate the simulation model, comparisons
were made between the simulated and observed water level
values and three statistical indices were utilized. These in-
dices are the coefficient of efficiency (CE), error of peak
water level (ELp), and error of the time for peak (Erp):

(1) Coefficient of efficiency, CE

Z?=1(Lobs B Les[)2

CE=1-2; — 6)
Zi=1(Lobs - Lf’bs)z
(2) Error of peak discharge, EL;
Loi-L
EL — pest pobs 7
P Lpobs ( )
(3) Error of the time for peak, Erp
ETP = Tpesl B Tpobs (8)

Where, L. denotes the estimating flood discharge (cms);
L represents the observed flood discharge (cms); and Lobs
is the mean value of the observed flood discharge (cms); L.
and L, are the peak water level of flood of observation
and estimation, respectively; T, and T, denote the time to
peak discharge of estimation and observation, respectively.

3. CASE ANALYSIS
3.1 Study Area

The Zhengwen River basin is located in the southwest
part of Taiwan. The Zhengwen River stretches 138.5 km
long, its basin covers an area roughly 1176.7 km?. The mean
annual precipitation and air temperature are approximately
2700 mm and 19°C, respectively (Tung 2001). The main
Zhengwen River stream contains abundant hydraulic re-
sources including the Zhengwen Reservoir, Taiwan’s larg-
est reservoir, Nanhua Reservoir, and Wushantou Reservoir.
The Zhengwen Reservoir is located in its basin, which also
has the Nanhua Reservoir and Wushantou Reservoir located
in this basin (Fig. 2).

3.2 Geomorphic and Hydrological Data
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Fig. 2. Map of the Zhengwen River basin in Taiwan.
When simulating the flow rate and water depth at the results. Sea level data produced using FVCOM is used as

flooded area it is necessary to first gather geomorphic and
hydrological data, including channel cross section, hydrau-
lic structures, future climate extreme typhoon rainfall, land
use, and water level.

The collected rainfall data includes historical typhoon
rainfall observations and dynamic downscaling data from
a future climate change scenario. The collected water level
data includes gauge station and tidal station data near the

(Chen

estuary and are used as validation data for the simulation ing th

Hence,

the downstream boundary condition in the SOBEK model.
FVCOM is used to project changes in astronomi-
cal tide at the estuary in the future climate change scenario
and Liu 2014). The digital elevation model (DEM)
and land use are shown in Fig. 3. In the SOBEK, computa-
tional profile the catchment is divided into 1347 x 888 cells
(horizontal and vertical) with a cell size of 40 m.

This study used the climate projection simulated us-
e high-resolution (~20-km horizontal resolution)
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Fig. 3. Surface information of study area (a) Land use map (b) DEM.

atmospheric general circulation model (AGCM) developed
by the Meteorological Research Institute (MRI) under the
Japan Meteorological Agency (Mizuta et al. 2012) as the
initial and boundary conditions to drive a regional model.
The weather research and forecasting (WRF) model devel-
oped by the National Center for Atmospheric Research, used
for conducting dynamic downscaling, produced the dataset
termed as MRI-WREF used in this study. The MRI-AGCM,
Japan, was developed based on the numerical model origi-
nally used for the operational short- and medium-range fore-
cast, and were used by Kitoh et al. (2009) to simulate cli-
mate projection with 20-km horizontal resolution for three
time segments: late 20" century (baseline, 1979 - 2003),
early 21* century (2015 - 2039), and late 21* century (2075
-2099). Fita et al. (2010) modified the WRF as the CLWRF
(Climate WRF), which was adopted in this study to conduct
dynamic downscaling of 5-km horizontal resolution.

The selected typhoon events with the highest 24 hr
rainfall at the Zhengwen catchment area from baseline
(1979 - 2003), the early 21* century (2015 - 2039), and late
21% century (2075 - 2099) generated by the WRF were used
to simulate the single most severe future urban flooding
event. For the three projection periods, the TOP event at the
late 21* century had the most intensive rainfall. However,
the bias in the MRI-WRF should be corrected. For details
about the bias correction of this dataset please refer to Su
et al. (2016) in this special issue. Su et al. (2016) applied
the quantile mapping method to correct the bias and the
corrected TOP typhoon event is termed as TOP_BC here-
after. The hourly rainfall of the TOP_BC event is used as
the input data for the SOBEK model. The highest tide at the
downstream boundary is projected by the FVCOM model,
as shown in Fig. 4.

Since MRI-WRF is a grid-based dataset, this study col-
lected rainfall records from WRF grids, which nearby to the
four Water Resources Agency’s rainfall stations within the
study area (Fig. 2).

Typhoon Morakot (2009) brought the highest recorded
rainfall in southern Taiwan and is selected as a benchmark

event for this analysis. The rainfall records from Typhoon
Morakot (2009) and TOP_BC typhoon event in the late 21*
century at the four rainfall gauges were used as the flooding
simulation model input. The rainfall hyetograph and statis-
tics comparison between Typhoon Morakot and TOP_BC
typhoon event in the late 21* century are shown in Fig. 5.
For both typhoons, the 48 hr maximum accumulated rain-
falls are over 1000 mm and the highest intensity rainfall was
over 60 mm per hour. Furthermore, the 1, 3, and 6 hr accu-
mulated rainfalls of the TOP_BC typhoon event are higher
than that for Typhoon Morakot (Fig. 5). According to the
Central Weather Bureau, these two typhoon events (Mora-
kot and TOP_BC in the late 21* century) are categorized
as an “extreme torrential rain” with definition of its 24 hr
accumulated rainfall exceeding 350 mm.

3.3 Model Verification

The SOBEK model requires verification against the
observed historical records to ensure the performance of the
simulation results. The model was validated using the Fana-
pi and Morakot typhoon events (Fig. 6). The results showed
that the model is capable of reproducing the observed water
levels at the Xinzhong water level station. This can also be
observed from the three statistical indices (Table 1). The
CE, EL;, and Ep values are 0.81,3 hr,and -2.2 (or 0.91, 1 h,
and 5.5) for Typhoons Morakot and Fanapi, respectively.

Typhoon Morakot was used for 2D inundation simu-
lation model verification. The simulated maximum inun-
dation area was compared to that of field investigations
(Fig. 7). Figure 7 shows the simulated maximum inunda-
tion area matched the field investigation data to a reasonable
extent.

4. COST EFFECTIVENESS EVALUATION FOR
ADAPTATION WORKS

To investigate the effect of engineering counter-mea-
sures, three engineering scenarios were considered using the
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Table 1. The evaluated indices for Typhoons
Fanapi and Morakot at the Xinzhong water
level station.

Typhoon CE Ep EL; (%)
Morakot 0.81 3 hr 22
Fanapi 091 1 hr 55
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TOP_BC typhoon event in the late 21* century. In the evalu-
ation, we assume that the embankment was breached at the
18" hour in the TOP_BC typhoon event. Case A is the base
scenario. It is used as a reference to compare the effects of
other measures. In Case B both the right and left embank-
ments are raised by 1 m with a total length of approximately
20 km (see the red line in Fig. 8). Case C involves building
a detention pond with a total area of approximately 1500 ha
(see the yellow polygon in Fig. 8).

Figure 9 shows that the inundation begins at the 18"
hour after the embankment is breached. The inundation area
with depth higher than 0.5 m increased rapidly. In Case A
extending the inundation area with depth higher than 0.5 m
stops after about the 41 hour at about 900 km?. Extending
the inundation area with a depth higher than 0.5 m for both
Case B and C stops at about 600 km? after the 41 hour.
Figure 9 shows that the inundation area with depth higher
than 0.5 m increased relatively slow for Case B than for the
other two cases.

Figure 10 shows Case B and C with the maximum
flood depth and area distribution diminishing in the middle
and lower Zhengwen River catchment. Taking the spatial
average of the maximum simulated flood depth, using the
TOP_BC typhoon event, in the three cases (Case A, B, and
C), the averaged maximum flood depths of 1.45, 0.88, and
0.97 m in the Zhengwen River basin, respectively. It reveals
that with a proper flood control measure, such as raising the
embankment in the study area could reduce the flood dam-
age by up to 39% (Case B).

Figure 11 shows the simulated peak water levels at

Detention pond
approximately 1500 ha
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Ll .
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R
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GuoXing and Sigangda Bridges for the three cases. From
Fig. 11, higher peak water level values could be observed in
Case B and C. The reason for this is that raising the embank-
ment reduces some overbank flow. Cases B and C showed
little peak discharge contribution.

The abovementioned results revealed that the flooding
control measures are able to significantly reduce the flood-
ing. Furthermore, we discussed the adaptation benefits by
conducting economic loss analysis based on the types of land
use using the TLAS model. In the TLAS model, the inunda-
tion area and depth of Case A (before adaptation) and Case
B and C (after adaptation) were used as inputs. This study
divided land use into eight categories, namely agriculture,
industry, commerce, public facility, transportation facility,
hydraulic facility, housing, and tourism (Fig. 12). Figure 12
arranges land use categories by their potential losses, and
shows that the transportation facility has the greatest loss, es-
pecially at the sides of the river channel, followed by housing
loss due to the relatively high population density of Tainan
City, which is an urban area. But the Transportation facility
and housing land also greatly benefitted, mainly because the
flood depth decreased and flood water was retained in the
channel (Case B) and detention pond (Case C), greatly re-
ducing the risk of flooding. The transportation network and
housing covered the entire area and naturally had great loss
during a flooding. When the flooding depth is significantly
decreased, the amount of loss is remarkably decreased even
though the affected area was still large. For example, a house
might encounter considerable loss if the flood depth reaches
1 m because the furniture and appliances are all immersed

[ - Miles
0 2 4 8 12 16

Fig. 8. Illustration of flooding control measures for Case B and C.
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in water, but if the flood depth decreases to 50 cm, flood
water cannot reach the furniture and appliances, which are at
a certain height along with the height of the foundation, and
the loss is significantly reduced.

Finally, if we add the benefits to all land use categories,
the total loss reduced NT$7 billion by flooding control mea-
sures for future extreme events in Zhengwen River basin.

5.SUMMARY AND CONCLUSIONS

Climate change may cause an abnormal increase in in-
tensive rainfall and further increase the risk of river flooding.
Hence, it is necessary to conduct a comprehensive review of
current river design standards. This study used the Zheng-
wen River basin as an example. The inundation model was
used to determine if flood control measures such as rais-
ing the embankment and building a detention pond could
mitigate the impact of the most extreme events (TOP_BC)
under future climate change scenario.

Based on the simulation results, without additional flood-
ing control measures, the spatially-averaging maximum flood
depth in the catchment area caused by the TOP_BC event is
roughly 1.45 m. When additional flooding control measures
(embankment and detention pond measures) are in place, the
average flood depth decreased up to 39% to 0.88 m. Base on
the simulation results for Case B and C, the inundation areas
(flood depth greater than 0.5 m) are reduced by 300 km? for
the TOP_BC typhoon event in the late 21* century.

TLAS was used to assess the loss in three cases and the
results showed that the economic loss could be reduced with
additional flood control measures such as raising the embank-
ment and building a detention pond. When 20 km embank-
ments along the main river channel are raised by 1 m with a
detention pond facility, the total loss would be reduced by
NT$7 billion.
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