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Abstract: The sensitivity of simulated flood depth and area to DEM resolution are acknowledged,
but their effects on flood damage and risk estimates are less well understood. This study sought to
analyse the relative benefits of using global DEMs of different resolution sizes, 5 m AW3D Standard,
12.5 m ALOS PALSAR and 30 m SRTM, to simulate flood inundation, damage and risk. The HEC-
RAS 2D model was adopted for flood simulations, and the Toba River in the Klang River Basin
in Malaysia was chosen for the case study. Simulated inundation areas from AW3D coincide the
most with reported flooded areas, but the coarser-resolution DEMs did capture some of the reported
flooded areas. The inundation area increased as the resolution got finer. As a result, AW3D returned
almost double flood damage and risk estimates compared to ALOS PALSAR, and almost quadruple
compared to SRTM for building-level damage and risk analysis. The findings indicate that a finer-
resolution DEM improves inundation modelling and could provide greater flood damage and risk
estimates compared to a coarser DEM. However, DEMs of coarser resolution remain useful in
data-scarce regions or for large-scale assessments in efforts to manage flood risk.

Keywords: hydraulic modelling; digital elevation model; flood damage; flood risk

1. Introduction

Floods have caused devastating impacts and losses to the world community. Climate-
related disasters have constituted up to 91% of the 7255 disaster events that were recorded
between 1998 and 2017, and floods accounted for 43% of all tallied disasters, making them
the most common type [1]. Furthermore, the global exposure to floods is likely to increase
by three times by 2050; the largest absolute changes can be expected in North America and
Asia [2]. Future flood events may not be preventable due to their uncertain nature and
considering exacerbation from climate change. Jha et al. [3] summarized that climate change
significantly affects flood risk in four ways: (i) rise of sea water level, resulting in more
coastal flooding; (ii) alteration of local rainfall patterns leading to more riverine flooding
and flash flooding; (iii) changes in frequency and duration of drought, causing groundwater
extraction and land subsidence; and (iv) increase in frequency of storm occurrence, leading
to more frequent storm surges. Moreover, population growth, increasing urbanization and
infrastructure decay can be attributed as factors contributing to the trend of increasing in
economic losses due to flooding [4]. However, the risk of flooding can be reduced through
the implementation of strategies that are developed with assistance from simulations of
probable flood inundation depths, area and damage. Not only that, statistical validation
techniques can be used to provide a flood risk index on a municipal scale using different
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sources of municipal-level data [5]. For the regional scale, Aroca-Jiménez et al. [6] presented
the construction of an integrated socio-economic vulnerability index (ISEVI) that considers
all vulnerability components and social and economic dimensions.

A digital elevation model (DEM) that provides terrain information is intrinsic to flood
inundation modelling, damage and risk analysis. DEM data can be obtained from various
data sources: (i) contour maps through ground surveys; (ii) light detection and ranging
(LiDAR) through airborne laser scanning; and (iii) remotely sensed data, such as those from
Cartosat-1, ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
and Shuttle Radar Topography Mission (SRTM) [7]. Recently, there has been growing
technology for unmanned aerial vehicles (UAV), popularly called ‘drones’, to collect large
amount of elevation data [8]. One of the main characteristics of DEM is its resolution,
which inevitably influences flood inundation simulations [7,9]. The most preferred DEM
for flood studies is LIDAR due to its high accuracy. However, a high-resolution DEM such
as LiDAR is often unavailable due to its high production cost, and to some extent because
of privacy and safety reasons. These limitations have steered flood studies towards using
global DEMs that are accessible and relatively affordable. Furthermore, global DEMs have
proven to be useful in flood inundation and risk analysis, especially for data-scarce regions
and large-scale assessments.

Acknowledging that DEMs of different resolutions could lead to disparities of in-
undation simulation, various studies were undertaken to investigate the effects of DEM
resolution. The uncertainty caused by DEM resolutions in inundation model output is
typically evaluated using reference cases, such as those from observed data or simulations
with the highest possible resolution available (e.g., LIDAR DEM). Errors in flood inundation
are generally found to be much greater from a low-resolution DEM than a high-resolution
DEM. For example, McClean et al. [10] found that flood inundation is overestimated by
2 to 3 times when using global DEM of coarse resolution compared to LIDAR. Meanwhile,
Bhuyian and Kalyanapu [11] also demonstrated that the uncertainty in flood consequence
(i.e., number of structures affected) depends on the DEM type and resolution. These show
that the DEM properties are critical in determining the risk of flooding.

Despite the various studies that have investigated the effects of DEM types and
resolutions to flood inundation, not many studies have attempted to quantify the sensitivity
caused by the different DEM resolutions in the inundation modelling to flood damage and
risk. The valuation task is a challenge if historical information and datasets are limited [12].
With the absence of information, the challenge remains in efforts to validate flood risk
models as a whole [13]. To offset the data unavailability, flood risks with inherent errors in
the inundation modelling can be analysed in terms of their sensitivity to changes in the
DEM type and resolutions [14]. In a developing country that has the same tropical weather,
Costa Rica, where baseline information is lacking, Quesada-Roman et al. [15] presented a
technique for regional flood risk assessments in large-scale catchments. Other than that, the
hydrometeorological risk assessment based on population census minimum geostatistical
units to depict a spatially distributed risk matrix is a methodology with which to assess
flash flood impact due to a hurricane [16]. Pinos et al. [17] proposed an open-access tool
using accessible data at the municipality level to assess economic flood losses in urban and
agriculture areas.

This study sought to examine the sensitivity of flood inundation characteristics (i.e.,
depth and flooded area) to flood damage and risk arising from different DEM resolutions.
Three global DEM data products were used: SRTM (with a 30 m resolution), ALOS PALSAR
(with a 12.5 m resolution) and AW3D Standard (with a 5 m resolution). The Toba River,
located in Kuala Lumpur, Malaysia, which frequently experiences fluvial flooding, was
chosen for the investigation. The Toba River does not appear in the global topographic
data because of its small width; hence, a pre-processing step was undertaken to modify
the riverbed level and width consistently across all considered DEMs following available
survey information. The following sections are as follows: Section 2 explains the study
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area, Section 3 describes the developed methodology and data used, Section 4 presents and
discusses the results, and Section 5 concludes the study.

2. Study Area

Lowland areas in Kuala Lumpur are often hit by floods, mostly initiated by high
intensity of short-duration rainfall (i.e., [18]). The Toba Catchment, a sub-basin of the
greater Klang River basin located upstream of Kuala Lumpur, Malaysia, was selected for
the case study. This catchment is located northwest of Kuala Lumpur (Figure 1a) and
lies between the latitudes of 3°9’45"" N to 3°12’00” N and longitudes 101°38’00"" E and
101°42/00"" E. It has a river length of 2.56 km, an average river width of 7.32 m, and a
catchment area of 8.47 km?. The headwaters of the Toba River start in the southwest of the
catchment and join the Keroh River at the downstream end. A review of flood reports and
consultations with stakeholders from the Kuala Lumpur City Hall (DBKL) has led to the
selection of the Toba Catchment. Mainly, the selection focuses on a basin that is prone to
fluvial flooding. From the flood reports, multiple flood occurrences have been recorded
along the Toba River from 2009 to 2020, which are summarized in Table 1. The range of
flood depths on roads and community areas was between 0.3 and 1.0 m [19]. The reported
flood depths are based on the approximations right after flood events and are bound to
have inaccuracies. The data are here to provide prior insight into areas that are prone to
flooding and the intensity of the events, yet the information cannot accurately be referred
to given that the data are not absolute.
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Figure 1. The Toba Catchment. (a) Reported flood locations with some locations having multiple
occurrences, and (b) land use map.
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Table 1. Reported flood occurrences in Segambut [19].

Rainfall Information

Reported Locations Date of Occurrence Reported Depth (m) Storm Duration (h) Probability of Exceedance 1

6-Feb-09 0.5 n.a? na.

. . 14-Oct-19 0.3-0.9 1 88
Masjid Ubudiyah 14-Feb-20 0.1-0.9 15 38

18-Jul-20 0.3 n.a. n.a.

18-Apr-12 0.3-0.6 3 n.a.

Jalan Segambut 16-Sep-16 03-1.0 na. na.

18-Apr-12 0.3-0.6 3 na.

21-Aug-12 0.3-0.6 3 n.a.

Jalan Kelapa Muda 16-Sep-16 0.3-1.0 na na.
3-Apr-18 0.2-0.5 1 0

18-Apr-12 0.3-0.6 3 n.a.

21-Aug-12 0.3-0.6 3 n.a.

12-Sep-12 0.3-0.6 3 n.a.

6-May-13 0.3-0.7 3 55

. 24-Apr-14 0.4-1.0 n.a. n.a.

Segambut Bahagia 13-Aug-15 15 1 29

4-Sep-15 0.3 n.a. n.a.

15-Nov-15 0.3-0.6 1 n.a.

4-Mar-16 0.3-0.6 1.5 30

16-Sep-16 0.3-1.0 n.a. n.a.

0.3-0.5 2 15

Secambut 10-Apr-13 0.3-0.6 2 20

& 3-May-13 0.3-0.7 1 70
10-Oct-13 0.3 3 20

13-Aug-15 15 1 29

Segambut Dalam 15-Nov-15 03-06 1 na,

Segambut Bahagia Tambahan 16-Sep-16 0.3-1.0 n.a. na.
Segambut Tambahan 26-Apr-17 0.3-1.0 2 13
Lot 1593 Kg. Segambut Dalam 14-Feb-20 0.1-0.9 15 38

Lengkok Kelapa 16-Sep-16 0.3-1.0 na. na.

Jalan Kolam Air 4-Sep-15 0.3 n.a. n.a.

Note: ! IDF curve based on DID. 2 n.a. = not available.

3. Methodology and Data

A flood risk assessment aims to quantify the expected annual damage (EAD) consider-
ing the monetary impacts of flooding. Flood risk is determined by flood hazards, exposures
and the degrees of vulnerability of those exposed to flooding. This study defines flood
hazard as the flood events’ probabilities and the corresponding magnitudes of flows [20,21].
Meanwhile, the exposure of elements at risk to floods is determined by flood inundations.
Through these definitions, a chain of methodology was developed that consists of three
modules (Figure 2). The first module aims to simulate flood inundations from the different
DEMSs and across a range of different return periods. This is followed by the second module,
which quantifies the resulting damages with applications of a vulnerability function along-
side the simulated depths and area. Since multiple return periods and an associated DEM
are used, the second module involves a repetitive computational process. Lastly, the final
module quantifies flood risks using the information of flood probability and damages. The
DEM properties are inherent in the first and the second modules, allowing the intermediate
and the end results to be linked back to the DEM type and resolution. Furthermore, the
methods apply consistent reclassification on spatial data layers from flood inundation to
damage calculations to fit the DEM resolution characteristics, which makes the results
comparable. Integrating various spatial data layers has been widely undertaken in flood
damage and risks assessments (e.g., as reported by Zhou et al. [22]).
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Figure 2. Conceptual workflow for this study. The workflow was repeated for three DEMs with
different spatial resolutions.

3.1. DEM Data

Advanced Land Observing Satellite Phased Array L-band Synthetic Aperture Radar,
also abbreviated as ALOS PALSAR, is a geometric and radiometric terrain of corrected
data product with a pixel size of 12.5 m, generated from high-resolution and medium-
resolution DEMs [23]. An optical sensor onboard the Advanced Land Observing Satellite
operated from 2006 to 2011 was designed to generate global elevation data [24]. In addition,
Advanced World 3D (AW3D) is a product that is generated utilizing the global data archives
from five years of observation of the optical sensor [25].

This study compared the application of DEM from the Shuttle Radar Topography
Mission (SRTM) at 30 m resolution, ALOS Phased Array type L-band Synthetic Aperture
Radar Mission (ALOS PALSAR) at 12.5 m resolution [26] and the 5 m resolution of AW3D
Standard. The first two datasets are available for most areas on Earth and are freely
accessible to the public (Appendix A). The third is a finer resolution commercial DEM
product obtained from the provider. Unlike the 30 m resolution AW3D (AW3D30), which is
freely accessible to the public, the 5-m resolution AW3D Standard is not yet freely available.
The SRTM data for the study area were downloaded from the official website of the U.S.
Geological Survey [27]. ALOS PALSAR was obtained from Alaska Satellite Facility (ASF)
Distributed Active Archive Centre (DAAC). The variation in DEM used in the study was
used to compare the effects of DEM resolution in damage and risk estimation of floods.

In most cases, DEM provides poor riverbed profiles because of the failure of remote
sensors to penetrate water surfaces [11,28]. The loss of river profile is a common issue
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for small rivers but less so for larger rivers [29,30]. This is evident in [31], where they
discovered that the absence of river channel characteristics is not very apparent until
the DEM resolution goes above 10 m, though this also depends on the river width. In
order to reduce the error, studies have suggested using a finer-resolution DEM for the
channel and a lower resolution DEM for the floodplain [31]. This eliminates the need for
survey information on the in-channel; there is evidence that it can produce acceptable flood
inundation simulations [31]. Understandably, flood simulations would be better if survey
information of in-channel bed elevation is included, as suggested in [29,30,32]. However,
this relies on data availability and other constraints, such as computational expenses.

During the preparation of inundation simulations, it was found that the Toba River
was not detected in GIS. This was likely due to the size of the river width being smaller than
the size of the DEM cell. Terrain modification for all three DEMs was therefore undertaken.
The riverbed elevations and widths from multiple surveyed cross-sections of the actual
river obtained from the authority were generated in the DEM to establish the flow path
for inundation simulations. The in-river geometry was then interpolated and resampled
into smaller size pixels of 0.25 m before being merged with the floodplain terrain data of
the original DEM. The final products after modification (Figure 3), within which the river
channel has been resolved, were used in the hydrodynamic simulation.

(b) (c)

Figure 3. Maps of before and after modification of DEM terrain in Toba Catchment: (a) AW3D
Standard, (b) ALOS PALSAR and (c¢) SRTM.

3.2. Flow Data

In any quantitative flood risk study, information on flow-probability relations is essen-
tial. The Toba River catchment is an ungauged catchment, and historical flow records are
not available. This study constructed a flow—probability relationship based on information
in the 2015 Toba River flood alleviation scheme report [33]. In the 2015 flood study, the
Toba River catchment is divided into 43 subcatchments with a range of areas between
0.1 and 0.5 km? for rainfall-runoff simulations. HEC-HMS model was then applied for
storm durations of 0.5, 1, 2 and 3 h to arrive at a critical storm duration of 1 h. The peak
flows corresponding to the critical storm duration were simulated in the 2015 study for
2,5, 10, 20, 50 and 100-year return periods. Based on a 1D-hydrodynamic simulation from
MIKE 11 at the 100-year return period peak flow, the 2015 study successfully reproduced
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the exceeding water levels in some sections along the river. This reflects the realistic values
of the peak flows simulated from the 2015 study.

Following the reported peak flows—probability information from the 2015 report, the
present study extended the relationship to account for probable magnitude of a 1000-year
return period event using a power model fit (Figure 4). Furthermore, 3- and 4-year return
period events were also added to arrive at a total of six design flood events. The returned
peak flows are in the range of 7.45 to 22.91 m3/s. The overall small magnitude of discharge
implies the relatively small catchment and the location of the catchment at the upstream
location of Klang River Basin.

201

Discharge (m3/s)
™

101

0 250 500 750 1000
Return Period

Figure 4. Peak flow-return period relationship of the Toba River.

3.3. Land Use, Cross-Sections and Manning’s Data

For use in the hydrodynamic modelling, riverbed level and width from 22 surveyed
lateral cross-sections of the Toba River from the DBKL report [33] were integrated into the
DEM, and a from land-use map of 2020 obtained from the authority in printed copy was
digitized, as presented in Figure 1b. Based on the land use map, there is about 32% forested
area, and the rest of the area is dominated by residential land. It was reported in the
2015 flood study that the river surface is mostly made up of concrete at the upstream site,
and gabion and rubble pitching at the downstream section. In HEC-RAS, Manning’s value
was set as 0.015 for the longitudinal section lined with concrete, and 0.030 and 0.035 for
the gabion and stone pitching, respectively [34]. Manning’s n for residential, commercial,
utilities, facilities, transportation, industrial, mixed development and commuter lines was
set as 0.15; it was 0.025 for barren land, which is generally covered by 15% road reserves
and cemeteries. Meanwhile, a recreational park and a mixture of land areas (e.g., some
constructed materials, but mostly vegetation in the form of lawn grasses) were set to have
Manning’s n of 0.04. For the forest land area, the manning roughness was set as 0.16. These
values were specified as suggested in Curtis [35], which adopted the values from various
studies (i.e., [34,36]).

3.4. Flood Inundation Modelling

The HEC-RAS model was developed by the Hydrologic Engineering Centre of the
Institute for Water Resource for the United States Army Corps of Engineers and has been



Water 2022, 14, 2208

8 of 18

widely used in hydrology and hydraulic modelling. Examples of applications of the 1D
HEC-RAS model can be found in [37,38], and in the 2D hydraulic model by Bates and De
Roo [39], among others. It is widely acknowledged that inundation extents predicted by a
2D model are more realistic and accurate compared to a 1D approach because of the small
variability in its predictions for different topographic and geometric representations [28].

In this study, flood inundation was simulated using HEC-RAS 2D hydraulic mod-
elling by assuming the flow was unsteady through the diffusion wave equations, which
characterise the movement of water under the forces of gravity and friction. The model is
facilitated by the river and floodplain discretization into 2D mesh cells [40] and adopts a
sub-grid bathymetry technique [41] that uses both the hydraulic and geometric property
tables that represents the cell and cell faces from the sub-grid terrain.

With the assumption of incompressible flow, the unsteady differential form of the
mass conservation (continuity) equation is:

oH d(hu) d(hv)

5t T Tox +7ay +q=0 1)
where t is time; u and v are the velocity in x- and y-direction, respectively. H is the water
surface elevation and defined as the sum of surface elevation z (x, y) and water depth
h (x, y, t); q is the source/sink flux term.

A key parameter in hydraulic modelling is the resolution of the mesh, which controls
the movement of water through the 2D flow area [36]. A smaller mesh size typically leads to
greater accuracy, but also results in a longer computation time and a larger virtual memory
requirement. We fixed the mesh size at 5 m across all simulations. The model configuration
also includes the step of specifying the internal upstream condition within the 2D boundary,
and the external downstream boundary is located outside the 2D flow area at normal depth
as an indication that the water flows out of the 2D flow area. The input hydrographs
are governed by the peak flows generated from the hydrological modelling, as presented
in Section 3.2.

The simulations were applied to AW3D Standard, ALOS PALSAR and SRTM DEMs
using the same hydraulic configurations. The model generated unique flood inundation
maps for the different flood events and DEM data. Simulated flood characteristics were
then analysed using the HEC-RAS built-in tools (i.e., RAS Mapper) and external GIS tools.

3.5. Flood Damage Estimation

This study focuses on flood damage to residential buildings. A depth-damage function
of a single residential building was used as a sub-function of the total damage estimation.
The depth-damage function represents the susceptibility of buildings to direct physical
damage when in contact with floodwater. The function has been widely used in flood risk
assessment (e.g., [42—47]). The function is explained in Section 3.5.1, followed by the total
damage function in Section 3.5.2.

3.5.1. Depth-Damage Relationship

A depth-damage function is commonly developed from a dataset formed through
systematic surveys and/or questionnaires, with or without insurance claims and data, and
may involve synthetic data development [33,38]. The depth—-damage curve used in this
study was the official flood damage function for Malaysia established in [48,49]. It was
derived from multiple regressions over questionnaire data, hence providing a set of fixed
coefficients values in the function. Equation (2) shows the explanatory variables of the
damage factors used in the function: flood depth in meters, z; flood duration in days, t;
and residential area strata state, F. Strata state, s, uses a binary classification; 1 refers to an
urban area and 0 refers to a rural area. The mean values associated with the variables are
provided as constants in the function (i.e., 0.93, 2.83 and 0.25). The damage factor needs to
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be multiplied by the mean building damage, given as RM 3273.58, to obtain the monetary
direct damage, d,, where subscript z is the flood depth increment.

F = (z-0.93) x 0.32 + (t-2.83) x 0.08 + (5—0.25) x 0.33 + 1 @)

d, = F x 327358 3)

A 6 h flood duration was used based on reports of previous flood events in the Toba
River, and the residential area classification, s, was chosen as 0 for a non-urbanized area.
The duration and residential area classification in the equation were fixed to constant values,
and flood depth varied depending on the inundation depths.

3.5.2. Direct Damage of Flood

In this study, the threshold of damage was set to be when flood depth surpasses the
building’s ground level. It was assumed that the building’s ground levels are provided by
the DEM layer. The total damage over the entire flooded area of a given flood event was
estimated by integrating the damage at flooded pixels. All the flooded cells were classified
by flood depth increments for analytical computation of the total damage;

Z
Dr = Z A Had, 4

z =1

where Dr is the total damage for a flood event, T; A; is the number of cells; and Hp is the
number of residential buildings in each cell.

Information from the land-use map, DEM and flooded area for each flood return
period was overlaid with GIS tools to identify flooded cells. These were then classified
according to flood depth. The size of each cell for damage calculation was specified as
625 m? and consisted of four buildings based on typical residential building density in
Malaysia, which was deduced from satellite imagery [50]. To maintain the initial resolu-
tion of ALOS PALSAR and SRTM for the damage assessment, we fixed the pixel size to
900 m? (30 m x 30 m) for SRTM, 156.25 m? (12.5 m x 12.5 m) for ALOS PALSAR and 25 m?
(5m x 5m) for AW3D Standard. For SRTM and AW3D Standard, the number of buildings
was mathematically suited to the cell size ratio to perform the damage calculation. To
classify the cells, we chose 0.3 m depth increments up to the highest inundation depth.
The small incremental interval chosen was aligned with the micro-scale assessment in
which the heterogeneous impact on buildings in the flooded area is emphasized (e.g., [44]).
This helped to distinguish the effects of the DEM resolution on flood damage and risk.
By computing Dt for all considered flood events, the relation of total damage and flood
probability was obtained and used to form a probability-damage relation for subsequent
risk estimation.

3.6. Flood Risk Estimation

The established probability—damage relation provides essential information for quan-
tifying flood risks. The average damage at each interval of flood probability, together with
the difference in probability at the interval, were integrated to determine the expected
annual damage.

N
: Dry1 + Dr)
Risk = ) (pr41 — Pr) Brs1+ Dr) ©)
T=1 2
where p is the probability of a flood event, T, and D is the damage of the flood event. The
equation has been widely used and applied as an approximation to compute the area under
the probability—-damage curve [42,45,47].
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4. Results and Discussion
4.1. Flood Inundations

Flooded areas and median depths extracted from flood inundation maps of different
return periods are presented in Table 2 (the first three main columns). The simulated
flooded area increases with the return period. Similar percentage increases for 3- and
100-year return periods can be observed for all three DEMs. The inundation areas with
AW3D Standard increased by 22%, 12% and 9% between 3 and 20-year return periods,
20- and 50-year return periods and 50 and 100-year return periods, respectively. For the
same periods of comparison, inundation areas with ALOS PALSAR increased 23%, 13%
and 12%, respectively; with SRTM, the values increased by 24%, 10% and 9%, respectively.
There was a moderate decrease in the percentage difference of flooded areas over the higher
return period, which is similar to the findings reported by Banjara [51], where the author
found that simulated flooded areas increase dramatically between 5- and 25-year return
periods, but only moderately increase over higher return period floods. This reflects the
relationship between flows and probability, where changes in flow with a high probability
of flooding are deemed to be smaller. Therefore, the resulting marginal changes in flooded
areas are not as widespread as in between the more frequent floods (Figure 4). However,
this cannot be generalised, as the flow dynamics also depend on the characteristics of the
land surface.

Table 2. Results of total inundation area, median flood depth, total damage and flood risk in expected
annual damage.

. Median Floodplain Total Damage (RM in Expected Annual Damage
. 2 P 8 p 8
Return Period  Inundation Area (km®) Depth (m) Million) (RM in Million)
(Year) A3 AP SR A3 AP SR A3 AP SR A3 AP SR
3 020 009 006 062 136 080 295 188 096
4 021 009 006 067 137 080 311 193 099
5 021 010 006 068 135 083 32 19  1.00
10 023 010 006 078 134 089 354 211  1.08
20 024 011 007 081 125 084 368 230 125 115 0.70 0.37
50 027 013 008 093 125 092 452 262 141
100 030 014 009 098 121 094 503 293 154
1000 035 018 014 101 152 113 658 395 255

Note: A3 =5 m A3WD Standard, AP = 12.5 m ALOS PALSAR and SR = 30 m SRTM.

Comparisons between inundation area generated on the floodplain from the three
DEMs show that a higher resolution DEM results in a larger flooded area as compared
to a coarser-resolution DEM, regardless of the return periods (Table 2). On the other
hand, comparisons between the median flood depths show an inconsistent trend, where
the highest median flood depth is from ALOS PALSAR DEM and not from the highest
resolution DEM, i.e., AW3D Standard. Meanwhile, a general increment of median flood
depth can be observed for AW3D Standard over higher return period, but is not apparent
for ALOS PALSAR and SRTM. The median flood depth considers depths at the individual
flood cells over the entire flooded area, and hence is subjected to not only the flooded
area but indirectly to the number of flooded cells. Given that each DEM is subjected to
different resolutions (and elevation information within each cell), comparisons using only
the expected flood depth can be deceiving. Further visualisation of the relation between
the variation of flood depths and the percentage of inundation cells over the entire flooded
area with respect to the DEM and return period (Figure 5) revealed that it is not possible
to establish a correlation between simulated flood depths and DEM type and resolution.
Nevertheless, the distribution of flood depth percentage area was found to be skewed for
all three DEMs. This highlights the dominating shallow flood depths from the range of
return period events across the three DEMs.
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Figure 5. Distribution of flood depths across the floodplain areas of AW3D Standard, ALOS PALSAR
and SRTM. Results from all flood events are shown. The y-axis is the percentage of inundation area
over the total inundation area for each considered flood depth.

Figure 6 shows a 100-year return period inundation map between the three DEMs.
There were multiple overlaps in both upstream and downstream areas between the sim-
ulated and the reported flood area; areas were generally larger on the downstream ends.
Simulated inundation area using AW3D Standard overlayed the most area reported flooded
compared to the other two DEMs. This indicates that the ability of AW3D Standard to
predict flood extent is greater than the other two DEMs. Nevertheless, the coarser DEM
resolution also shows good agreement at some locations. Ideally, the accuracy of the simu-
lated flood depths against the reference case (e.g., from a benchmark model such as LiDAR)
is measured using indicators, such as the fit index [52]. Such comparisons are not viable in
this study, owing to the absence of a very fine resolution DEM.

It is apparent that the inundation area, especially at the low-laying region down-
stream of Toba River of the coarser-resolution DEM, is much smaller as compared to the
finer-resolution DEM (as provided in Table 2). This is paralleled by the findings from
other studies showing that coarser DEM resolution results in smaller flooded area. For
example, Cook and Merwade [28], when investigating the effects of topographic data, geo-
metric configuration and modelling approach on flood inundation mapping using LiDAR,
10 m and 30 m DEM, found that the area of flood inundation decreases with higher spatial
resolution. Zhang [53] also found that the inundation extents using a coarser-resolution
SRTM-DEM are smaller than with the LIDAR-DEM. The larger inundation area from a
coarser DEM type is likely to be influenced by the considerable anomalous of its ground
elevation being smoothed into coarse values by the surrounding lower latitudes, resulting
in greater flood depths on certain cells [54]. The greater flood depths on cells of the coarse
DEM due to the smoothing effect can be seen in Figure 5. A number of cells with unusual
higher values of flood depths are shown that are from SRTM DEM, but not from A3WD and
ALOS PALSAR. Furthermore, the smoothing effects may result in extreme inundation areas
being ignored if relatively local low-laying regions exist. As a result, the inundation area
from the simulation is expected to reduce. The sample cross-sections of SRTM and ALOS
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PALSAR in Figure 6 (D) upstream, (E) midstream and (F) downstream exemplify how local
low-laying regions may have caused reductions in simulated flooded area when compared
to the ASWD. A smaller slope variability from finer-resolution DEM also resulted in a
greater flooded area from A3BWD as compared to the other two DEMs. As discovered by
Garrote [55], coarser DEM has higher slope variability than finer-resolution DEM, which
may cause the flow to spread more freely on the floodplain, hence inundating more areas.
The higher slope variability is due to its coarser resolution, which causes random land cells’
elevation levels to be much higher compared to the finer-resolution DEM [31].

Elevation (m)

IS
&

401

351

4| — Aw3D Standard

Downstream Midstream Upstream
* Reported Flooded Area
DEM b

== ALOS PALSAR //
-- SRTM >

’ * o 0 e ’ * Chai;:ge(m) = we * o = e
Figure 6. River cross-sections at three different locations: D = upstream, E = midstream and
F = downstream. Black dots in the cross-sections are referring to the riverbank. Flood maps of
simulated flooded area and depths from 100-year return period event for (a) AW3D Standard
(b) ALOS PALSAR and (c) SRTM. Reported flooded locations are in red dots.

Channel characterizations are another factor that inevitably affects simulated depth
and area [56,57]. The present study superimposed lateral riverbed levels and widths
on the Toba River channel cross-sections but ignored the cross-sections’ full dimensions.
The interpolations that merged the bed level and the original DEM caused the final river
geometry to vary across the DEMs. As a result, the river capacity and propagation of
flood water differ between DEMs. Unless actual measurements of extremely detailed
and accurate river geometry are used in the model, the river capacity is only a rough
representation of that of the real river channel. Nevertheless, the merged AW3D Standard
exhibits a better proportion of river cross-sections as compared to the other two, especially
in the downstream section (Figure 6). This indicates that the representation of the merged
A3WD DEM better reflects the existing channelised river of the study area, which adds
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confidence that the modified-river and A3WD floodplain DEM is better in representing the
channel than the other two DEMs, conforming the findings of the overlayed inundation
map with reported flood locations.

Some studies have highlighted that the aptness of the size of DEM resolution depends
on the severity of events and modelling purposes. Sanders [58] explained that the flood
frequency can influence the suitability of DEM and added that a finer-resolution DEM
is preferred for relatively frequent floods (i.e., 2-10-year events). This is because a finer-
resolution DEM is better for reproducing small channels that are likely associated with
frequent floods. However, the finer-resolution DEM is less important for modelling severe
and less frequent floods (e.g., dam break events). A coarse-resolution DEM may not be
suitable for detailed designing of hydraulic structures, yet it is beneficial to support flood
mapping as a non-structural measure to raise awareness and educate people living in flood-
prone area [59]. Hence, coarse DEM can be applied to support structural and non-structural
measures.

4.2. Estimation of Flood Damage and Risk

The total economic damage in Ringgit Malaysia (RM) was calculated using Equations
(2)—(4). Alongside the return period (or probability), flood damage-return period curves
were produced for AW3D Standard, ALOS PALSAR and SRTM. The curves appear to
exhibit similar incremental patterns over the higher return periods (Figure 7). The concave
shape of the damage-return period curves (or the convex shape of the damage—probability
of exceedance curves) from all DEMs depict the expected reduction of the damage rate
over the higher return period, which conforms with the rate of inundation area (Table 2).
The damage increment was 100% from the lowest to the highest return period considered
across all DEMs. The total damage for any specific event at the Toba River is expected to be
greater than RM 1 million. In terms of flood risk, the expected annual damage reaches up

to RM 1.2 million.
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Figure 7. Flood damage estimates for AW3D Standard, ALOS PALSAR and SRTM with interpolation
lines. Bullet dots refer to the total damage for each flood event.

Previous studies have shown that damage estimation is difficult to validate because
of limited and incomplete historical damage data [45,48,60,61]. The present study also
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faced the same challenge because of a lack of historical data and unavailability of insurance
claim information; hence, validation of the EAD estimates was not possible. The calculated
damage is also prone to a certain degree of uncertainty due to adaptation performed by
some residents. Frequent occurrence of flooding results in people adapting to flooding by
modifying their houses. The construction of a concrete blocks of low walls and raising
the plinth levels of their houses were some of the structural measures implemented by
residents [62].

The flood damage and risk results highlighted the importance of considering discrete
flood depths over the flooded area. For example, although flooded areas of 3- and 4-year
return period events for SRTM are similar and the median flood depths of the two are the
same (Table 2), the difference in their aggregated damage is RM 0.02 million. Furthermore,
the inclusion of low and high probability flood events leads to an improved flood risk
estimate. Floods with relatively small return periods (or high exceedance probability)
exhibit low economic damage per event. Still, due to being a frequent occurrence, it should
be considered in the whole assessment of risk, as the potential impact may extend far
greater than expected [63].

Three resolutions of DEM were applied here, and the analysis showed that estimates
of flood damage and risk were at their greatest for the 5 m AW3D Standard, followed
by 12.5 m ALOS PALSAR and 30 m SRTM. This highlights that the finer-resolution DEM
resulted in greater flood damage estimates and EAD than when a coarser DEM was used.
Furthermore, the influences of DEM resolution on flood damage and risk estimates are
aligned with the increase in flooded areas (Section 4.2), but not with the distribution of
flood depth or median flood depth (Figure 8), as the trend of median flood depth shows
inconsistency across the resolution of DEM. This observation emphasizes the importance of
integrating the area and depth for the effects of DEM resolution to be better understood in
a risk-based assessment of flooding instead of a fragmented approach that considers only
one of the flood parameters (e.g., flood depth).

Inundation Area (km~)
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Figure 8. The output comparisons of AW3D Standard, ALOS PALSAR and SRTM.

4.3. Limitations and Recommendations for Future Works

Several limitations were inherent in this research given that it was based on a small
sub-catchment area. First is the absence of a gauging station in study area. Flow and water
level data are the key data for simulating flood inundation, as it is essential for the model
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to compute the volume of water that the channel can contain before overflowing into the
floodplain and inundating the nearby area. Then, the DEM spatial resolutions applied in
this study were coarse. Finer-resolution measurements, such as LiDAR, will provide better
accuracy; however, LiDAR is not cost-effective, and data collection is time-consuming.
Hence, for future works, it is recommended to improve the DEM datasets for this proposed
methodology. Finer resolution offers better accuracy when representing the topographic
features. Flood risk assessment at the micro-scale level would be upgraded and could help
increase the reliability of risk-based flood decision making at the local level.

The non-availability of local damage data or a flood map for the study area was a
drawback to the validation process. The application of the national damage function in a
local study may result in the overestimation of damage and risk computation. The damage
and risk estimation for the present study focused on the impact due to flood depth only.
Therefore, the damage and risk estimation could be expressed in other functions that depict
the influences of other flood factors than flood depth. Other relevant hazard indicators for
a flood (i.e., flood duration, velocity and time of occurrence) could also play big roles in the
damage function. Not only that, but the proposed methodology could be extended with
another type of land use (commercial, transportation, etc.). As mentioned previously, this
study was conducted for one particular research area; hence, a similar study of another
area with distinctive topography, hydrological characteristics and size would be worth
exploring. However, the detail setting of the methodology could be altered accordingly
to fulfilling the needs and limits of the study. For example, consider the application of a
reasonable mesh size to maintain the numerical accuracy (i.e., computational needs).

5. Conclusions

The use of DEM greatly assists flood damage and risk assessment, yet the type of DEM
used is inevitably constrained by the availability and financial resources. Furthermore,
poor representations of rivers may require a pre-treatment of DEM before the assessment
could be made. Very few studies have explored the effects of super-imposed river terrains
paired with the DEM’s original form for floodplain on flood damage and risk estimates.
Moreover, the effects of different DEM resolutions in this regard have not yet been explored.
This study aimed at investigating the relative benefits of applying different DEMs with
riverbed modifications to damage and risk estimates. A methodology was proposed to
carry forward the spatial characteristics into 2D inundation modelling, followed by the
damage and risk estimations. The simulated depths and areas from the three DEM sources
used, AW3D Standard (5 m resolution), ALOS PALSAR (12.5 m resolution) and SRTM DEM
(30 m resolution), governed the final risk estimates.

The findings from this study show that the application of finest resolution DEM (AW3D
Standard) with modified riverbed terrain yielded the best performance in the simulating
flooded area. Nevertheless, the coarser resolution of DEM (SRTM) with improved riverbed
terrain also agreed with many reported flooded areas. Implementation of building-level
damage analysis further showed that the use of the DEM with finer resolution almost
doubles the estimated flood damage severity and the flood risk compared with the use of a
much coarser-resolution DEM. This finding highlights the potential advantage of using a
finer-resolution DEM for flood risk management. Overall, the simulation outputs exhibit
notable relationships between DEM resolution, inundation area, and flood damage and
risk, but not for median flood depth. This emphasises caution when comparisons are being
performed on the basis of expected flood depth over a large inundation area.

The application of global DEMs has aided risk-based decisions about the use of hard
measures (mainly structural, such as engineering interventions) or soft measures (mainly
non-structural, such as policy development) at the local, catchment or national levels [9,58].
For large-scale assessments, the use of a global DEM compensates for the absence of local-
resolution DEM and reduces the time and cost of data acquisition [9,64]. The methodology
developed here could prove beneficial for such assessments and can be readily expanded to
include other sectors that are at risk, such as commercial sectors or infrastructure facilities.
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Appendix A

The freely available DEM for this study can be downloaded from the following
web pages:
1.  ALOS PALSAR DEM: https:/ /search.asf.alaska.edu/#/ (accessed on 22 June 2020).
2. SRTM DEM: https:/ /earthexplorer.usgs.gov/ (accessed on 22 June 2020).
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