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Preface to “Lowering Risk by Increasing Resilience:

Selected Papers from 8th International Conference on

Flood Management (ICFM 8)”

The International Conference on Flood Management (ICFM), organized every 3 years, fosters

a unique brainstorming platform to exchange ideas and expertise on the multidisciplinary and

multisectoral area of flood management studies.

The 8th International Conference on Flood Management (ICFM8) was initially planned from

17–19 August 2020 at University of Iowa, USA but could not be organized as a full-fledged conference

due to the global pandemic situation. It was eventually agreed that the conference should be

reorganized in August 2021 as a pandemic special “instead of ICFM8” webinar along with publishing

of the Book of ICFM8 Abstracts. ICFM8 had the theme “Lowering Risk by Increasing Resilience” to

spark interdisciplinary conversations focused on the present state of knowledge, as well as necessary

future advances in research and application disciplines related to flood management, particularly the

need to build resilience into future planning.

This Special Issue of Water includes selected research contributions to the ICFM8 that showcase

key concerns and significant challenges of the future, as currently perceived by researchers, industry,

policymakers, and other flood management stakeholders. The eleven papers presented herein

embody a small sample of the many presentations at ICFM8. They span a variety of challenging

issues related to science and technology for flood risk management; handling data and information

for flood risk management; flood disaster prevention, mitigation, and adaptation; flood preparedness,

response, and recovery; flood decision-making, policy, and governance; and flood resilience.

We wish to thank the ICFM8 participants who presented their research findings for

wholeheartedly participating in the preparation of this Special Issue. Although the scope of Water

is limited to selected papers submitted by the contributing participants, we are confident that many

other compelling works presented at the conference found their way to archival literature elsewhere.

Last but not the least, we thank the contributing authors, reviewers, and editors of Water for

embracing this initiative and for their committed support in publishing this topical Special Issue.

Slobodan P. Simonovic, Subhankar Karmakar, and Zhang Cheng

Editors
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A Comprehensive Approach for Floodplain Mapping through
Identification of Hazard Using Publicly Available Data Sets
over Canada

Mohit Prakash Mohanty 1,2,* and Slobodan P. Simonovic 2

1 Department of Water Resources Development and Management, Indian Institute of Technology Roorkee,
Roorkee 247 667, India

2 Department of Civil and Environmental Engineering, Western University, London, ON N6A 3K7, Canada;
simonovic@uwo.ca

* Correspondence: mohit.mohanty@wr.iitr.ac.in

Abstract: Quantifying flood inundation and hazards over large regions is paramount for gaining
critical information on flood risk over the vulnerable population and environment. Readily available
global data and enhancement in computational simulations have made it easier to simulate flooding
at a large scale. This study explores the usability of publicly available datasets in flood inundation and
hazard mapping, and ensures the flood-related information reaches the end-users efficiently. Runoff
from the North American Regional Reanalysis and other relevant inputs are fed to the CaMa-Flood
model to generate flooding patterns for 1 in 100 and 1 in 200-year return period events over Canada.
The simulated floodplain maps are overlaid on the property footprints of 34 cities (falling within
the top 100 populated cities of Canada) to determine the degree of exposure during 1991, 2001 and
2011. Lastly, Flood Map Viewer—a web-based public tool, is developed to disseminate extensive
flood-related information. The development of the tool is motivated by the commitment of the
Canadian government to contribute $63 M over the next three years for the development of flood
maps, especially in high-flood risk areas. The results from the study indicate that around 80 percent
of inundated spots belong to high and very-high hazard classes in a 200-year event, which is roughly
4 percent more than observed during the 100-year event. We notice an increase in the properties
exposed to flooding during the last three decades, with a signature rise in Toronto, Montreal and
Edmonton. The flood-related information derived from the study can be used along with vulnerability
and exposure components to quantify flood risk. This will help develop appropriate pathways for
resilience building for long-term sustainable benefits.

Keywords: flood hazard; CaMa-Flood; flood map viewer; floodplain mapping; flood risk

1. Introduction

In the last few decades, flood events have increased manifold leading to widespread
human, environmental and economic losses [1–3]. Between 1980 and 2018, about 5997 ex-
treme flood events resulted in 223,482 deaths and a mammoth economic loss exceeding
$1 trillion [4]. A recent report by UNISDR (2015) [5] stated that flood-prone areas around
the world house around 800 million residents, of which roughly one-tenth are exposed to
floods annually. Apart from that, numerous scientific research signifies that the looming
disaster situation is expected to become more severe in the future periods due to alterations
in climatic patterns and socio-economic dynamics [6–9]. In a recent study, Dottori et al.
(2018) [10] reported that with a rise in temperature up to 1.5 ◦C, human losses due to
flooding on the global scale could rise to as high as 70–83%, including direct flood damages
up to 160–240%. Under such circumstances, there is a dire need to map and quantify the
flood losses to ensure optimum protection of the communities and assets.

Water 2022, 14, 2280. https://doi.org/10.3390/w14142280 https://www.mdpi.com/journal/water1
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Floodplain mapping provides qualitative (degree/severity of flood hazard) and quan-
titative (inundation extent, duration of flooding, inundation depth, etc.) information on
flooding and is considered a viable option for minimizing flood risk. Most of the research
on floodplain mapping has been demonstrated at small scales, i.e., local and regional. Con-
sidering the widespread damage, there was a growing need to extend this to larger scales
at the country, region and global levels. However, there were two significant challenges: (i)
substantial computational efforts and (ii) public availability of global data sets. During the
last decade, considerable progress has been made in tackling these two issues. Recently, the
scientific research community introduced a suite of global flood inundation models [11,12].
These sophisticated tools are designed to quantify the flood inundation dynamics using
state-of-the-art algorithms over large regions. The flood hazard information is derived
from the inundation parameters through suitable approaches [1,13,14]. A list of the widely
used global flood models is presented in Table 1. Recently, Gaur et al. (2018, 2019) [15,16]
employed CaMa-Flood to determine the timing of floods and changes in their magnitudes
across Canada from 2016 to 2100. In another research, Lim et al. (2018) [17] utilized
runoff observations of 11 GCMs belonging to the CMIP5 consortium as inputs to the Ca-
MaFlood model to generate global river water depths; however, at a coarser resolution
of 0.25◦ × 0.25◦. Earlier, Winsemius et al. (2013) [18] developed a detailed framework in
the GLOFRIS model to determine flood hazards while utilizing climate-related datasets. In
the future, the framework may be viewed as a multi-model approach, enabling a particular
component in the cascade to be used with another element. The flood hazard estimates
from Winsemius et al. (2013) [18] were later downscaled to resolutions of 1 km × 1 km by
Ward et al. (2013) [19], in order to account for the risk assessment.

Table 1. A list of widely used global flood models.

Name of the Model Source

CaMa-Flood; Catchment-Based Macro-scale Floodplain model http://hydro.iis.u-tokyo.ac.jp/~yamadai/cama-flood/,
accessed on 22 March 2021

CIMA-UNEP; Centro Internazionale in Monitoraggio
Ambientale and United Nations Environment Program model

https://www.preventionweb.net/organizations/8635,
accessed on 10 April 2021

GLOFRIS; Global Flood Risk (model https://www.globalfloods.eu/, accessed on 15 August 2021

JRC; Joint Research Centre model https://ec.europa.eu/knowledge4policy/organisation/jrc-
joint-research-centre_en, accessed on 16 September 2021

Fathom Global model https://www.fathom.global/, accessed on 18 April 2021

LIS-FLOOD http://www.bristol.ac.uk/geography/research/hydrology/
models/lisflood/, accessed on 6 May 2021

On the other side, the ready availability of public data sets such as Shuttle Radar
Topography Mission (SRTM) DEM, MERIT DEM [20]; hydrologic and meteorological data
from reanalysis products [21,22]; GCMs [23,24]; and tide data from global tide elevation [25]
have made it easier to develop comprehensive flood model set-ups to derive hazard
values. Weather forecasting models use two-dimensional gridded data sets to generate the
reanalysis datasets [26]. They serve as an alternative for those regions where station-level
observations are scant or sparsely available. Although most studies have utilized runoff
outputs from GCMs, there is a need to understand whether reanalysis observations that
fuse the station level and satellite observations can also be considered efficient hydraulic
inputs to these sophisticated models. Gründemann et al. (2018) [27] used the global
Water Resources Reanalysis (WRR) dataset for characterizing floods over the Limpopo
River basin in Southern Africa. The authors reported that the models are competent in
capturing flood events over stations with a large upstream catchment area. To explore the
efficacy of reanalysis products in reconstructing hydro-meteorological hazardous events
at the regional scale, Senatore et al. (2020) [28] performed dynamical downscaling of
two global reanalyses: ERA-Interim and ERA5 and used them in WRF-Hydro modeling
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system. Although the study reconstructed three heavy precipitation events, the impact at
the inundation scale was not looked into further.

Among all the known natural disasters in Canada, floods are the most severe, as they
constitute the highest costs for recovery [29]. Between 1970 and 2015, the total number of
flood events increased significantly [30]. Therefore, identifying and quantifying flood risks
is indispensable to developing robust adaptation measures and resilience mechanisms.
Although past studies have attempted to derive floodplain information for the entire
globe, high-resolution flood inundation and hazard information for Canada has not been
deeply examined. Exhaustive information on flood hazards will help identify the severely
affected regions, and together with vulnerability and exposure components, can determine
the degree of flood risk. Being the second-largest country in the world, research and
development on various domains of flood management are carried out at the level of
each province. Because of this, a unified methodology that is nationally accepted has not
been identified so far. Under these situations, it is crucial that a nationwide floodplain
mapping be carried out to disseminate the information to various end-users. Recently, a
Federal Floodplain Mapping Guidelines Series was launched by Public Safety Canada,
which covers all components of the flood mitigation process. The extensive framework
consists of four main blocks, namely: (i) Flood Hazard Identification and Priority Setting;
(ii) Hydrologic and Hydraulic Procedures for Flood Hazard Delineation; (iii) Geomatics
Guidelines for Floodplain mapping; and (iv) Risk-based Land-use Guide. For a holistic
approach to flood management, developing a suitable information system that can provide
precious flood-related information to various end-users is essential.

Based on the extensive literature review, it is now well established that quantify-
ing flood inundation dynamics over large scales has become easier, with the increasing
availability of public datasets and global flood models. However, the usability of public
data sets (model inputs) freely available to the research community has not been deeply
examined. Information on flood hazards, an essential component of flood risk, has not
been extensively derived by past research. Most of them have either derived the overland
inundation extent and depths or demonstrated how changes in river channel depths have
led to riverine inundation. The exposure of properties to concurrent flooding over Canada
has not been studied in detail on such a large scale. In a country like Canada, where
several cities have been witnessing a significant increase in settlements and considerable
investment is provided towards flood management activities, it is vital to know the degree
of exposure of properties. The present study evokes the usability of publicly available
datasets for carrying our floodplain mapping and deriving flood hazards at the inundation
scale over Canada. With the inundation information, it also attempts to determine the
exposure of properties at a decadal time scale. Lastly, it reports on developing a web-based
flood information system to efficiently disseminate flood-related information to various
end-users. The development of this platform is welcoming to the fact that it witnessed
around 100,000 investigations and more than 11 million visitors from around the globe
within a month of its release. The following section provides details of multiple datasets
and the flood model used to simulate flooding patterns for different scenarios. This section
also elaborates on the derivation of flood hazards from inundation values. It is followed
by details on quantifying property exposure due to concurrent flooding over the last three
decades. The last portion describes the development of a web-based flood information tool.
Section 3 provides the results and discussions on inundation mapping, hazard modeling,
validation of floodplain maps, and degree of property exposure. The last section gathers
the conclusions and future perspectives of the study.

2. Materials and Methods

The proposed framework for capturing hazards through floodplain mapping and
disseminating flood-related information through a web-based information system is repre-
sented in Figure 1. The framework is demonstrated over the entire of Canada, where floods
are known to be the costliest and most frequently occurring among all known natural
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hazards. On average, around 75% of the budget from the Federal Disaster Financial Assis-
tance Arrangements (DFAA) is utilized for bearing damages from nationwide flooding in
Canada. With significant climate change impacts and changing socio-economic dynamics,
flood events have escalated in the last century, and mainly severe ones have become quite
common [15,31]. Under such situations, it is estimated that around $673 million, i.e., about
75% of the total DFAA, will be necessary to meet the future flood losses in Canada [32].

Figure 1. A proposed framework of floodplain mapping.

The extensive framework comprises four major blocks, namely: (i) Selection of readily
available runoff observations; (ii) Generation of flood inundation and hazard information
through the CaMa-Flood model; (iii) Quantification of decadal property exposure due to
flood inundation; and (iv) Development of the Flood Map Viewer. A detailed explanation
of each block is provided in the following sections.
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2.1. North American Regional Reanalysis (NARR)

The NARR is a readily available product containing high-resolution estimates of vari-
ous atmospheric and land surface hydrologic variables for the North American region [33].
The detailed hydro-meteorological information embedded in NARR was derived while
improving NCEP-NCAR reanalysis datasets [34]. The present work uses the 3-hr runoff
data from 1979 to the present with a surface resolution of 0.3◦ × 0.3◦ as input forcing to the
flood model.

2.2. Catchment-Based Macro-Scale Floodplain (CaMA-Flood) Model

The CaMa-Flood model is a well-known software used to simulate the hydrodynamics
of flood waters over large regions [35]. The CaMa-Flood (version v3.6.2) considers the
discretized version of river networks as hydrological units, otherwise referred to as unit
catchments. The water storage within each unit catchment decides the water levels and
inundation extent. This is ensured by considering the sub-grid topographic parameters
of overland bathymetry and channel. For the river network map, CaMa-Flood utilizes a
grid-based hybrid river network. This arrangement connects one grid to the adjoining
unit catchment, resulting in a realistic sub-grid topography parameterization. The local
inertial equation calculates the channel discharge and velocity [36]. On the other hand,
water storage is decided by the water-balance equation.

The provision of explicit representation of flood-related outputs (water level and
flooded area) is considered one of the main advantages of the CaMa-Flood model among all
the other models in practice. Being a 2D model, the results derived from CaMa-Flood can be
compared and validated at the 1D, i.e., river channel, and 2D, i.e., overland inundation level.
Compared to the other existing models, CaMa-Flood provides high numerical efficiency
for simulating inundation dynamics over large watersheds. The overland inundation is
determined through a robust diagnostic scheme at the unit-catchment scale. The local
inertial equation and the adaptive time step scheme optimize the computation of channel
discharge and water storage [25,36].

Components of the CaMa-Flood Model

The CaMa-Flood requires a suite of geomorphological and spatial inputs for set-up,
which are described in detail in the following sections.

(i) Flow Direction Map: The river network map is derived by employing the Flexible
Location of Waterways (FLOW) technique [37]. This method is also utilized to generate
the sub-grid-scale topographic parameters such as the length of the channel and its level,
elevation of the floodplain and unit-catchment area.

(ii) Global River Width (GWD-LR): The Global Width Database for Large Rivers
(GWD-LR) was developed by Yamazaki et al. (2014) [38] by utilizing the SRTM water
body mask and flow direction map. This data provides the river widths from bank to
bank and effective levels. It has been observed that the effective river width in this dataset
is comparatively narrower when compared to a few other existing sources. However,
the relative difference does not exceed 20%. Moreover, as the river widths are derived
from a reliable flow direction map, the applicability of GWD-LR for large-scale inundation
modeling is expected to contain few error percentages.

(iii) Global Water Map: The Global Water Body Map (G3WBM) was introduced by
Yamazaki et al. (2015) [39] by implementing an automated algorithm over a set of Landsat
images from the Global Land Survey (GLS) database at various temporal scales. They
considered around 33,890 scenes from four GLS epochs to create a noise-free water body
map. The G3WBM is also free from ice/snow gaps and cloud covers. The water body
frequency was identified by overlapping multi-temporal Landsat images to distinguish
the permanent water bodies from the temporary ones. It has also been observed that the
G3WBM efficiently separates river channels and adjoining floodplains more precisely than
other competitive datasets.
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(iv) OSM Water Layer: Yamazaki et al. (2019) [40] introduced OSM Water Layer, a
global surface water data by extracting water masks from the OSM. The OSM Water Layer
is available freely in both PBF and GeoTiff formats. The raster version of the map has four
categories, i.e., Major rivers, large rivers and lakes, minor streams, and canals.

2.3. Methodology of Floodplain Mapping

The NARR runoff dataset is downloaded and aggregated on a daily time scale. The
runoff estimates within each grid for 100 and 200-year events are generated through extreme
value analysis using Generalized Extreme Value (GEV) distribution. This distribution has
an upper bound and a flexible tail, and is mathematically represented as

F(x) = exp

{
−
[

1− k(x − μ)

σ

] 1
ξ

}
, k �= 0 (1)

F(x) = exp
{
− exp

(
− x − μ

σ

)}
, k = 0 (2)

where μ, σ, and k are the location, scale and shape parameters, respectively.
The 100 and 200-year runoff calculated at every grid is considered input to the CaMa-

Flood to generate flood inundation parameters, namely inundation depth and extent. Later
an efficient downscaling procedure is implemented over the coarse maps to create high-
resolution maps at a resolution of 1 km. The floodplain maps for a few regions are extracted
and compared with the existing regional maps of flood-prone areas.

2.4. Determination of Flood Hazard

The range of inundation depths derived through flood inundation modeling is utilized
to derive flood hazard values. The discretization of hazard values is governed based on
the damage to physical assets and human beings [14]. Assuming ‘(ân)’ is the depth of
inundation associated with each pth grid in the considered domain, the value of flood
hazard Ȟ depends upon ân ∈ D ∀ p ∈ P. Here, D denotes the set of all flood depths. The
flood hazard Ȟ may be expressed as f (D) as described below

ζ: D → Ȟ ∈ R+ such that
 = ζ ((â1), . . . , (ân));  ∈ Ȟ; p ∈ P and (â1), . . . , (ân) ∈ D

(3)

where R+ represents the set of positive real numbers, while ‘p’ denotes the total grid cells.
Based on the hazard estimates, the values of ζ ((â1), . . . , (ân)) are discretized into five

classes, as described in Equations (4) and (5)

Ωâ: Ȟ → Ȟâ; Ȟâ = {h̄â ∈ P : h̄â ≤ 5 (4)

âh =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1, 0 ≤ â ≤ 0.2
2, 0.2 <â ≤ 0.6
3, 0.6 <â ≤ 1.5
4, 1.5 <â ≤ 3.5

5, â > 3.5

(5)

where âand âh represent the value of flood hazard and its index for the pth grid.

2.5. Quantification of Exposure of Properties Due to Flooding

The continuous 3-hr North American Regional Reanalysis (NARR) runoff values for
1991, 2001 and 2011 were considered as hydraulic inputs to the CaMa-Flood model set-up
along with the other relevant geomorphological inputs. The simulated maximum flood
depth map for the three-time periods is further utilized to quantify the degree of exposure
of properties. The property footprints for 1991, 2001 and 2011 are obtained from the housing
statistics, Statistics Canada (www.statcan.gc.ca, accessed on 16 June 2021). Based on data
availability, 34 cities are considered that fall on Canada’s list of 100 most populous cities [16].
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The footprints of the properties during 1991, 2001 and 2011 are overlaid on the maximum
flood depth map simulated during the corresponding years to estimate the total number of
properties exposed due to concurrent flooding.

2.6. Development of Flood Map Viewer

To disseminate flood-related information to various stakeholders and local commu-
nities in Canada, Flood Map Viewer (http://www.floodmapviewer.com/, accessed on
30 June 2021)—a web-based, freely accessible public tool, has been developed. The web-
based tool considers entire Canada as the base map. It presents flood-related information
for 100 and 200 years for various historical and climate change scenarios at a high resolution
of 1 km × 1 km. Special attention is given to user-friendliness to ensure that the information
can be understood by a non-technical end-user [35].

3. Results

3.1. Floodplain Maps Derived by Utilizing NARR

The 100-year and 200-year runoff are inputs to the CaMa-Flood model to generate
Canada-wide floodplain maps. These high-resolution floodplain maps (resolution of
1 km × 1 km) are illustrated in Figure 2, overlaid on the MERIT DEM. The percentage of
maximum water depth, an indicator of flood hazard, is presented in pie charts inside these
maps. We notice that about 10.10 percent of inundated regions fall within the low-hazard
category (depth below 0.2 m) during 100-year (Figure 2a) as compared to 9.68 percent for
a 200-year flood event (Figure 2b). On the contrary, the cumulative percentage classes
close to 80 percent for the latter, roughly 4 percent more than observed during the 100-year
event. The remaining classes of flood hazards for 100-year and 200-year events constitute
8.72 and 7.89 percent (low hazard), 5.03, and 2.72 percent (medium hazard). Very-low and
low flood hazard classes are mostly found over Canada’s north and central regions. The
efficacy of representing extreme events by NARR over Canada is well documented in the
recent literature [35,41]. The observations confirm the excellent performance of NARR as a
suitable input parameter, as it can capture the high-and very-high hazard spots well. In
a recent article, Essou et al. (2016) [42] highlight that NARR uses a 3D-VAR assimilation
approach that provides high efficiency in representing extreme events such as floods.

3.2. Validation of Floodplain Maps with Benchmark Maps

The 100-year and 200-year floodplain maps generated through computational mod-
eling are compared with a few existing floodplain maps over six regions in Canada. The
spatial flood-related information in these maps is obtained from the respective basins
by considering precise and extensive input data sets such as high-resolution topography,
river cross-section details, etc., while using a regional flood inundation model. As such,
comparing simulated floodplain maps with the existing ones over the regions will ensure
the performance of the flood model. Figure 3 compares simulated and existing floodplain
maps over six areas: Lower Fraser River Basin, Grand River Basin, St. John Basin, Calgary
basin, Assiniboine Basin and Red River basin. The enlarged version of the maps is provided
in the Supplementary Document (Figures S1–S6). Overall, all the simulated maps perform
well in representing the inundation dynamics over these regions.

While comparing the flood inundation over Fraser Basin (geographical extent ~ 11,134 km2)
for 100 years and 200 years, we notice more than 3/4th of inundated spots in the existing
floodplain maps comply with the simulated ones (Figure 3a). With a 200-year map, we
see an underestimation of a few areas in the western coastal region, as highlighted by
red-colored grids. This is because the flood model set-up considered in this study accounts
for the riverine inundation. While demonstrating the comparison over Calgary Basin
(geographical extent ~1345 km2), we notice a high similarity with the existing floodplain
maps. Earlier, Sampson et al. (2015) [43] also noticed a similar behavior while comparing
their simulated floodplain maps over Calgary. The authors used SRTM DEM to represent
the topographical features in the flood model. The present study exhibits a higher degree
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of similarity with the benchmark floodplain map due to the consideration of MERIT DEM,
in which significant noise corrections over SRTM DEM have been conducted.

Figure 2. (a) 100-year and (b) 200-year floodplain maps derived by utilizing NARR. The inset
pie-chart provides details on the percentage of area exposed to a particular degree of flood hazard.

Past research has confirmed a high degree of performance of MERIT DEM in flood-
plain mapping, synonymous with LiDAR DEMs over various case studies [44–47]. The
Assiniboine Basin (geographical extent ~162,000 km2) is a large river basin consisting of
Qu’Appelle, Souris, and Assiniboine sub-basins. This region’s past flood events in 2011
and 2014 incurred huge economic and physical losses. Blais et al. (2016) [48] regard the
2011 event as the most extreme event that Canada has witnessed. The NARR-derived
floodplain maps for both scenarios match the benchmark floodplain inundated spots. A
slight discrepancy is noticed over the northern and eastern parts. The possible reason
for this observation is the rapid changes in the channel slope of the Assiniboine River
at various chainages over the study region, which may not be precisely captured by the
MERIT DEM [49]. The red river basin (geographical extent ~119,000 km2) resides beside
the Assiniboine basin. As the red river flows northwards, it follows a meandering river
course, which aggravates the chances of inundation near the floodplains during extreme
weather events.
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Figure 3. Comparison and validation of generated floodplain maps (both for 100 years and 200 years)
against existing ones over six flood-prone regions of Canada, namely (a) Lower Fraser Basin, (b) Cal-
gary Basin, (c) Assiniboine Basin, (d) Red River Basin, (e) Grand River Basin, and (f) St. John Basin.
The enlarged version of the sub-maps is provided in the Supplementary Document (Figures S1–S6).

The flood event that occurred in 1997 over the Red river basin is often referred to
as the “Flood of the Century” [50,51]. Through a visual comparison, it is clear that the
simulated floodplain matches very closely with the existing flood inundated spots. The
complete riverine inundation is adequately simulated over the study extent. A limited
number of small stream networks are left behind. This is due to the inclusion of Global
River Width data as an input, which cannot identify river widths of size less than 183 m.
The Grand Basin (geographical extent ~6800 km2) in Southwest Ontario consists of three
distinct landforms: plains in the northern and western parts, moraines in the eastern and
central portions, and clay in the southern. This region’s major flood drivers are rapid
snowmelt with concurrent rainfall and high surge. The simulated floodplain maps capture
the inundated spots competitively. However, a slight underestimation is observed with the
200-year floodplain map over the basin’s lower stretch. The St. John Basin (geographical
extent ~12,222 km2) is between Quebec and New Brunswick. The primary drivers of
concurrent flooding occur from April to May from the runoff resulting from the melting
snowpack. A major spring flooding was seen in 2008, when a relatively warmer climate
resulted in a higher melting of snowpack. Although the St. John basin is a coastal region,
the inundated spots over the southern stretches are simulated reasonably well by NARR
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(Figure 3f). A few areas of over-predicted and under-predicted grids are noticed, possibly
due to noise in MERIT DEM elevation values.

3.3. Exposure of Property to Flooding at a Decadal Time Scale

The property footprints were overlaid on the floodplain maps simulated for 1991, 2001,
and 2011 with the NARR dataset. As mentioned in Section 2.5 34 cities falling in Canada’s
100 most populous cities were collected based on data availability. The distribution of these
cities over the provinces is as follows: two cities each in Alberta, Saskatchewan and New
Brunswick; four cities in British Columbia; fifteen in Ontario; six in Quebec; and one in
each in Manitoba, Nova Scotia, and Newfoundland and Labrador.

The number of properties exposed to concurrent floods in 1991, 2001 and 2011 is
illustrated in Figure 4. Overall, there has been an increase in the number of properties
exposed to flooding in the last three decades. Cities such as Vancouver, Victoria and
Abbotsford-Mission in British Columbia showed more or less an increase in the properties
exposed to flooding in 2001 and 2011. Edmonton recorded a steep rise of nearly four times
in the number of properties exposed to floods in 2011 compared to 1991. Our results are
supported by the recent findings by Chakraborty et al. (2021) [52]. They reported that
British Columbia contains the second-highest percentage of the population exposed to
flooding. Most cities in Ontario depict a rise in numbers, with the maximum being in
Toronto (1997 in 1991, 2020 in 2001 and 2455 in 2011), followed by Hamilton 1224 in 1991,
1522 in 2001, and 1601 in 2011). A similar pattern is noticed in Quebec, where the number
of properties exposed to flooding remained high (more than 2000) throughout the decades.
The remaining cities in Quebec did not show a rapid change in the numbers over the
years. Cities in New Brunswick indicate a sparse number of properties exposed to flooding,
similar to Nova Scotia, Newfoundland and Labrador.

 

Figure 4. Number of properties exposed to flooding in (a) 1991, (b) 2001 and (c) 2011.

3.4. Flood Map Viewer

As highlighted in Section 2.6, Flood Map Viewer is a web-based tool developed to
disseminate Canada-wide flood-related information. The tool aims to help raise awareness
of the general public, professionals in the field and accountable agencies about the existing
flood risk in Canada and its change under future climate conditions. The overlay of postal
codes (available in the Flood Map Viewer) allows search for potential impacts up to the
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street and property level. Flood Map Viewer is efficient in terms of its spatial coverage,
accessibility, ease of operation and visualization compared to similar web-based platforms,
such as Albano et al. (2015) [53], Henriksen et al. (2018) [54], and Xu et al. 2020 [55]. Upon
opening the website, the first page details various options, namely, Maps, Download, Learn
More, and User Guide (Figure 5). The user can click on the ‘Maps’ option to explore the
flood maps. At the top of this page, various possibilities for overlaying on the base map,
such as Canada DEM, Drainage Basins and Postal Codes, are present (Figure 6a,b).

 

Figure 5. A screenshot of the first page of Flood Map Viewer.

Figure 6. A screenshot of the “Maps” option in Flood Map Viewer. (a) depicts the main page showing
the entire map of Canada, (b) represents the various options available for overlaying the DEM,
drainage basins and postal codes over the floodplain maps, and (c) depicts the various options for
enhancing visualization of the floodplain maps.

The second and third options provide details on the flood-related maps for the current
and future conditions). Users have the flexibility to change the transparency and change
the base map to an open-street map or Google Earth imagery as per their requirement
(Figure 6c). The flood-related maps are available on the first page in the ‘Download’ option.
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After clicking on this option, a set of files ranging from flood maps to spatial boundaries
are available for free download. The ‘Learn More’ option describes the entire methodology
used for floodplain mapping. The last option, ‘User Guide’ provides a step-by-step guide
for accessing the flood-related information on the website for any user. A representative
flood plain map is illustrated in Figure 7.

Figure 7. A representative illustration of the Flood Map Viewer (https://www.floodmapviewer.com/,
accessed on 30 June 2021).

4. Discussions

This study reports on using freely available public datasets for flood inundation and
hazard modeling over large regions and further shows how it can be extended to exposure
assessment. The study depicts an improvement in inundation modeling as far as the reso-
lution of the flood maps is concerned. Previous studies such as Bernhofen et al. (2018) [11],
Boulange et al. (2021) [12] and Winsemius et al. (2013) [18] simulated inundation statistics
at a coarser resolution, which might not be adequate further for risk characterization, and
precise flood management. It is customary to obtain inundation statistics comparatively at
a lower resolution with global flood models than with regional or mesoscale flood models.
The reason is that the hydrological, meteorological and spatial information required to
run the global flood models are available at a coarser scale. Nevertheless, the primary
goal is to identify flood hot spots over Canada that have been unaddressed. It would
draw attention to detailed inundation modeling at the local/regional scale. At the same
time, it also provides vital information on the severity of flood hazards over the inundated
sites, which is paramount for multiple stakeholders, including the Federal Government,
for quantifying flood risk and implementing structural and non-structural flood control
measures for flood protection.

The maximum flood depth maps for 1991, 2001 and 2011 are later utilized to char-
acterize the exposure of properties on a nationwide scale. Although many studies have
described exposure to flooding at regional scales, the present study attempts to derive it
at a country-wide scale over Canada that has witnessed a rise in population and flooding
in tandem in recent times. A web-based information system–the Flood Map Viewer–is
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developed as the final outcome to ensure holistic flood management by disseminating
flood-related data. The Flood Map Viewer indicates the inundated areas during 100-year
and 200-year return period events. Users can utilize a suite of options to ease the visual-
ization of flood maps. End-users can also download the flood-related information, thus
removing the barrier to sharing information between the technical flood model experts
and stakeholders.

5. Conclusions and Future Perspectives

With rising flood risk over several regions in the world, water experts are identifying
the utility of floodplain mapping as a sustainable tool for long-term flood management and
protection. Despite most studies focusing on small regions, the possibility of expanding
floodplain mapping research to broader scales was not attempted until the last few years.
This has been made possible with the ready availability of global datasets and state-of-the-
art numerical models for replicating dynamics of flood wave propagation. The present
study explores the usability of publicly available datasets in characterizing flood hazards
over Canada, and its implications for property exposure. It also emphasizes the need
to develop a web-based information system as an efficient medium of communicating
flood-related information to various end-users. NARR and a few other relevant datasets are
considered primary inputs to CaMa-Flood, an acclaimed global flood modeling software to
generate 100-year and 200-year Canada-wide floodplain maps. The simulated maps are
compared and validated with the existing ones over six different flood-prone regions, based
on which they are utilized to quantify the degree of exposure of properties over the last
three decades. The development of the Flood Map Viewer ensures various stakeholders can
easily observe and use the high-resolution flood-related information for disaster mitigation,
land-use planning and resilience development. Future studies may consider recent higher
resolution DEM products such as ALOS-PALSAR to test the performance of CaMa-Flood
model outputs. For a holistic identification of flood hazard spots over the coastal belt,
future studies may couple the existing CaMa-Flood model set-up with an ocean circulation
model such as the ADvanced CIRCulation model (ADCIRC). The flood hazard information
derived from the coupled set-up can be used along with vulnerability and exposure com-
ponents to estimate flood risk to communities and assets. Such exhaustive information on
flood risk may be considered a precious cartographic product by the disaster management
experts and city planners, which would further assist in selecting suitable flood control
measures for upgraded environmental development and management.
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www.mdpi.com/article/10.3390/w14142280/s1, Figure S1: Comparison of simulated and benchmark
floodplain maps derived for (a) 100 and (b) 200-yr return periods for Lower Fraser Basin. Figure S2:
Comparison of simulated and benchmark floodplain maps derived for (a) 100 and (b) 200-yr return
periods for Calgary Basin. Figure S3: Comparison of simulated and benchmark floodplain maps
derived for (a) 100 and (b) 200-yr return periods for Assiniboine Basin. Figure S4: Comparison of
simulated and benchmark floodplain maps derived for (a) 100 and (b) 200-yr return periods for Red
River Basin. Figure S5: Comparison of simulated and benchmark floodplain maps derived for (a)
100 and (b) 200-yr return periods for Grand River Basin. Figure S6: Comparison of simulated and
benchmark floodplain maps derived for (a) 100 and (b) 200-yr return periods for St. John Basin.
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Glossary

CaMA-Flood Catchment-based Macro-scale Floodplain
D Set of all flood depths
ân Inundation depth for a particular grid
FLOW The Flexible Location of Waterways technique
G3WBM Global Water Body Map
GEV Generalized Extreme Value
GWD-LR Global River Width
Ȟ Flood Hazard
MERIT DEM Multi-Error-Removed Improved-Terrain DEM
NARR North American Regional Reanalysis
OSM Open Street Map
p Total number of grid cells in the flood model domain
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Abstract: Uttarakhand, an Indian Himalayan state in India, is famous for its natural environment,
health rejuvenation, adventure, and a pilgrimage centre for various religions. It is categorised into
two major regions, i.e., the Garhwal and the Kumaon, and geographically, the Bhabar and the Terai.
Floods, cloudbursts, glacier lake outbursts, and landslides are the major natural hazards that cause
the highest number of mortalities and property damage in this state. After becoming a full 27th state
of India in 2000, the developmental activities have increased many folds, which has added to such
calamities. This study briefly summarises the major incidents of flood damage, describes the fragile
geology of this Himalayan state, and identifies the natural as well as the anthropogenic causes of
the flood as a disaster. It also highlights the issue of climate change in the state and its adverse
impact in the form of extreme precipitation. Besides these, it reviews the challenges involved in
flood management and highlights the effective flood risk management plan that may be adopted to
alleviate its adverse impacts.

Keywords: flood management issues; natural disasters; climate change; government policies

1. Introduction

The occurrence of natural disasters and climate change are the two complex and
most challenging issues which have long-term impacts on any country’s environmental,
economic, and social well-being. Researchers have focused on forecasting extreme hydro-
meteorological events, such as cloudbursts and extreme precipitation, and their increased
intensity and frequency, especially in the mountainous regions [1]. The mountainous
region’s characteristics such as fragile geology and restricted or marginal accessibility
further escalate such hazards into a disaster [2]. Flash flood, along with the landslides
in mountainous regions, is the most catastrophic natural disaster that causes the loss of
lives and damage to infrastructure and other economic activities [3]. In the last 30 years,
flood alone has contributed to about 50% of the total affected 80 million people due to
natural disasters. On the economic front, flood damage is worth more than USD 11 million
around the world [4]. It is feared that precipitation extremes and the ensuing flooding
are expected to become even more frequent in most parts of Asia, Africa, and South and
Southeast Asia in the next decades due to climate change. Moreover, these countries face
significant difficulty acquiring land use, topography, and hydro-meteorological information,
contributing to major uncertainty in flood management studies [5]. Among Asian nations,
India has the most flood-related fatalities and is highly exposed to disaster risks. In India,
planning and enacting a climate response strategy is even more difficult as the country has
vast geographic heterogeneity [6]. India ranks 31st out of 191 countries in the INFORM
Risk Index (Index for Risk Management), 2020 [7]. In 2021, India ranked 121st out of
182 countries under the Notre Dame Global Adaptation Initiative (ND-GAIN) Index [8],
representing the vulnerability to climate change.

The Indian Himalayan Region (IHR), with diverse demographic, economic, social,
environmental, and political systems, plays an important role in the country’s nexus of
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water, energy, and food. It has an inimitable topographical and climatic setting, making it
prone to numerous hydro-meteorological disasters such as floods, cloudbursts, glacier lake
outbursts, and landslides [9,10]. In the last 30–40 years, the frequency and severity of natural
hazards have risen due to various anthropogenic and changing climatic conditions [11].
The anthropogenic activities such as the construction of dams, roads, deforestation, etc.,
have further aggravated the disasters which have disrupted the Himalayan ecosystem
in the various states such as Uttarakhand [12]. The climate change in the Himalayas has
resulted in irregular precipitation, temperature rise, drying up of perennial rivers, depletion
of natural resources, and an increase in the frequency and intensity of flash floods [13].
Uttarakhand, an important state in the IHR, has undergone a considerable expanse of flood
disasters. The major natural disasters in Uttarakhand include the disasters of 1970, 1986,
1991, 1998, 2001, 2002, 2004, 2005, 2008, 2009, 2010, 2012, 2013, 2016, 2017, 2019, 2020, and
2021 [14,15]. It may be noticed that the severity and frequency of flood incidents have
increased in recent years.

Flood risk management is crucial as it provides optimal utilisation and exploitation of
land and water resources that bring prosperity and sustainable development to a nation [16].
In India, flood risk management in plains has been emphasised, and policies have been
framed to mitigate its ill effects. However, flood risk management in hilly regions is still in
the infancy stage, particularly due to complex and tough terrain with limited accessibility
and a low level of monitoring [17,18]. Experience with the last few decadal floods has
shown that the structural measures alone could not ensure adequate security against such
disasters. Therefore, an effective flood management strategy to safeguard these disasters is
essential. This study briefly summarises the major flood damage incidents in the state and
identifies its natural and anthropogenic causes. Further, the study reviews the challenges
involved in flood management and highlights the flood risk management plan that may be
adopted to alleviate its adverse impacts.

2. Material and Methods

2.1. Study Area Physiography

The IHR is one of the world’s youngest mountain ranges and is characterised by
fragile and sensitive ecosystems concerning geological hazards, geodynamics, topography,
biodiversity, and water resources status [19]. It spreads over 11 states and 2 union territories
and covers 500,000 sq. km. It stretches approximately 2500 km from the Hindu Kush in the
north-west to Myanmar in the south-east [20].

The state of Uttarakhand, a part of IHR, is located between latitudes 28.44◦ and
31.28◦ north and longitudes 77.35◦ and 81.01◦east. Uttarakhand was created out of northern
Uttar Pradesh in the year 2000. Uttarakhand is well-known for its thriving spiritual and
religious tourism industry, ecological diversity and richness, and a cultural ethos rooted
in traditions. The state hosts numerous pilgrimage sites, namely Panch Kedar for Hindus,
Piran Kaliyar for Muslims, Hemkund Sahib for Sikhs, Digambar Jain temple for Jains, and
Christ Church for Christians, the hotspot of tourism activities. The state is divided into
two regions, Garhwal (the western region) and Kumaun (the eastern region), as shown in
Figure 1, having 95 development blocks in 13 districts.

Many perennial Indian rivers originate in Uttarakhand. There are six major river basins
in the states, namely, Alaknanda, Bhagirathi, Ganga, Kali, Ramganga, and Yamuna, as
shown in Figure 2. The major basins of Garhwal region are Alaknanda, Bhagirathi, Yamuna,
and Ganga and major tributaries are Bhilangna, Dhauliganga-Garhwal, Mandakini, and
Tons. The major basins of Kumaon region are Kali and Ramganga and major tributaries
are Saryu, Gori Ganga, and Pindar. Some basic characteristics of the major river basin of
Uttarakhand estimated from geographic information system (GIS) analysis are given in
Table 1.
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Figure 1. Map of Uttarakhand showing district, regions, and locations of cloudbursts.

 

Figure 2. The spatial distribution of IMD-ARG and IMD-AWG along with the major river basins in
the state of Uttarakhand.
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Table 1. The basic characteristics of major rivers of Uttarakhand estimated from GIS analysis.

S. No. Name
Area

(sq. km.)

Mean
Annual Rainfall

(mm)

Mean Slope
(Degrees)

Mean
Elevation

(m)

Elevation
Range (m)

River
Length (km)

1 Alaknanda 11,083 1035 28 3402 459–7785 195

2 Bhagirathi 7323 1011 27 3451 459–7054 190

3 Yamuna 5462 1175 24 2182 360–6278 170

4 Ganga 7282 1240 14 936 217–3076 125

5 Ramganga 11,319 1354 13 939 190–3089 185

6 Kali 11,014 1193 26 2552 185–7070 252

The state is divided into five transverse zones: (a) To the south of the Himalayan
Frontal Fault (HFF)—the Terai. (b) Between the Shivalik (Outer Himalayan) range and the
Main Boundary Fault (MBF)—the Doons. (c) Between the Main Central Thrust (MCT) and
the MBF, along with the ridges up to around 3000 m high—the Middle Himalaya. (d) The
area north of the MCT, which includes the perennially snow-covered peaks at heights of up
to 8000 m—Inner Himalaya. (e) To the north of the snow-covered hills—the Trans Himalaya.
Uttarakhand is a geological part of the Western Himalayas that can be classified into five
morphological regions of varying physiographical and geological features. The regions
from South to North comprise the Outer (sub-Himalayas), then the Lower Himalayas
(Lesser Himalayas), followed by the Greater Himalayas, the Tethys (Tibet), and the Trans
Himalaya [21].

2.2. Climatic Characteristics

The climate in the state ranges widely from the Terai region’s sub-tropical humid
atmosphere to the tundra-like atmosphere in the Greater Himalayas. The climate and
landscape vary greatly with altitude (186–7619 m), from the largest glaciers in the higher
elevation to the subtropical forests in the lowest elevation. Substantial annual precipitation
falls as snow and feeds the Himalayans at high altitudes (>3000 m) [22].

The lowlands along the border of Uttar Pradesh are covered by the drier Terai-Savanna
grasslands, the moist deciduous forest of the Upper Gangetic Plains, and form the Bhabhar
belt. However, due to the extensive agricultural practices, most of these lowland forests
have been cleared [21]. Snow and bare ice occupy the highest altitudes.

This mountainous state occupies 53,483 sq. km., i.e., 1.63% of India’s total land area.
Out of the 13 districts, Uttarkashi occupies the maximum area of 8039 sq. km. (15%), while
Champawat covers the minimum area of 1634 sq. km. (3%). Uttarakhand experiences
four types of seasons, namely, Monsoon from June to September (JJAS), Post-monsoon
from October to November (ON), Cold weather from December to February (DJF), and
Pre-monsoon (Hot Weather) from March to May (MAM). The estimated normal annual
precipitation in the state is 1446 mm. Rain usually starts at the end of April and lasts until
September. The monsoon rainfall amounts to 78% of annual rainfall, making this state
prone to flood incidents during monsoon. Bageshwar receives the maximum normal annual
rainfall (1872 mm), out of which 81% falls in the monsoon season. Haridwar receives the
minimum normal annual rainfall (1107 mm) of all.

Further, due to differences in elevation, position, slope, and other topographical
features throughout the state, the state’s temperatures vary widely. During March and April,
temperatures rise until they peak in May and June, when the mean maximum temperature
in the southern and valley regions of the state is between 34 and 38 ◦C, and the mean
minimum temperature is between 20 and 24 ◦C. Temperatures can reach 42 ◦C in the valleys
and southern half of the state and 30 ◦C in two-kilometre-high elevations on some days.
Day and night temperatures begin to dip around the end of September and reach the lowest
in January and early February. January is the coldest month, with an average maximum
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temperature of around 20 ◦C and an average lowest temperature of approximately 6 ◦C
in the southern section and river valleys. The mean maximum and mean minimum
temperatures range from 10 to 12 ◦C at altitudes of 2 km [23]. Table 2 summarises the
district-wise details of the area, rainfall, temperature, and elevation characteristics in the
various seasons. Figure 3 shows the state’s district-wise climatic characteristics regarding
normal rainfall and temperature.

Table 2. The district-wise climatic characteristics and topography of the state.

District
Area

(sq. km.)
Temperature (◦C) Normal Rainfall (mm)

Elevation
(m)

Min. Temp. Max. Temp. ON DJF MAM JJAS Annual Min. Max.

Min. Max. Mean Min. Max. Mean

Almora 3088 1.9 19.2 11.0 13.7 26.7 21.6 32 118 188 1238 1576 519 2619

Bageshwar 2267 −4.8 14.5 4.9 6.4 20.3 14.8 37 128 192 1515 1872 714 6513

Chamoli 7821 −13.3 8.5 −2.8 −3.0 15.1 7.1 40 150 229 1286 1705 714 7619

Champawat 1634 4.2 20.5 12.9 15.5 28.1 23.1 28 92 116 1114 1351 268 2199

Dehradun 3055 2.1 20.9 12.0 14.6 29.6 23.4 25 127 170 931 1253 283 2962

Garhwal 5444 4.4 22.0 14.0 16.3 31.3 24.9 29 107 156 1070 1361 254 3049

Hardwar 2372 6.6 25.6 17.0 19.0 36.8 28.8 19 93 91 904 1107 214 874

Nainital 4124 5.0 22.0 14.3 16.5 31.2 24.9 31 101 124 1099 1355 212 2522

Pithoragarh 7228 −4.2 8.6 3.0 −2.9 15.1 7.1 27 122 134 1184 1467 428 6985

Rudraprayag 1821 −7.8 12.8 2.2 3.9 18.8 12.6 44 144 262 1400 1851 584 6869

Tehri
Garhwal 3854 −0.6 18.4 9.2 11.7 25.7 20.2 30 131 204 1031 1396 339 6392

Udham
Singh Nagar 2737 7.3 24.8 17.2 19.1 35.6 28.3 32 78 81 1209 1400 186 421

Uttarkashi 8039 −7.0 8.6 −4.0 −3.5 15.9 7.3 30 144 203 875 1252 711 6990

Overall 53,483 − − − − − − 31 123 172 1120 1446 186 7619

 
Figure 3. The climatic characteristics of various districts in Uttarakhand.
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2.3. Flash-Flood Incidents

Hydro-meteorological disasters have increased rapidly over the last 20 years [24], as
displayed in Table 3. Chamoli, Pithoragarh, Rudraprayag, and Uttarkashi are the most
affected districts. Therefore, to alleviate the future occurrences of such disasters and suggest
probable mitigation strategies, it is necessary to identify various issues and challenges faced
during flood management.

Table 3. The list of major flash-flood locations in the state of Uttarakhand.

S. No. Date Region District Damage Reference

1 7 February 2021 Tapovan Chamoli

More than 200 people were
killed or missing, and

several hydel
plants suffered

[25,26]

2 18 August 2019 Makudi Uttarkashi 17 people died
https://sandrp.in/

(accessed on 25
January 2022)

3 16 July 2018 Tharali Chamoli

55 houses, 10 vehicles,
2 ropeways, 1 road bridge

washed, 2 cattle died,
mini-hydro projects affected

https://sandrp.in/
(accessed on 25
January 2022)

4 14 August 2017 Dharchula Pithoragarh 16 people

https://www.
skymetweather.com

(accessed on 25
January 2022)

5 28 May 2016 Kemra Tehri 120 houses, 100 animals Millennium post, 28
May 2016

6 15 August 2014 Purala Pauri Gharwal 16 people reported dead [13]

7 16 June 2013 Kedarnath Rudraprayag 10,000 people, 365 houses [27,28]

8 13 September 2012 Ukhimath Chamoli 66 people [15]

9 3 August 2012 Pandrasu ridge Uttarkashi 35 people, 436 livestock lost,
591 houses [29]

10 11 August 2001 Phata Rudraprayag 27 people, 64 animals,
22 houses [30]

2.4. Hydroclimatic and Topographic Dataset

The daily gridded IMD precipitation datasets at 0.25◦ resolution and maximum tem-
perature datasets at 1◦ resolution from 1990 to 2019 were used in this study. Both datasets
were obtained from https://www.imdpune.gov.in/ (accessed on 25 January 2022). Around
103 rainfall and 13 temperature grid points were utilised to cover the entire state, as shown
in Figure 2. The daily rainfall and temperature datasets of the fifth generation “Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) Atmospheric Reanalysis
(ERA5) [31]” for the period 1990–2019 from Google Earth Engine [32] were also utilised.

The elevation map was prepared from Shuttle Radar Topography Mission (SRTM) Dig-
ital Elevation Model (DEM) acquired from https://portal.opentopography.org (accessed on
25 January 2022) at 30 m resolution. The locations of the India Meteorological Department’s
(IMD) Automatic Weather Station (AWS) and Automatic Rain Gauges (ARG) were obtained
from http://aws.imd.gov.in:8091 (accessed on 25 January 2022). The satellite imageries
of the flood events were acquired from Google Earth Pro. The climatic characteristics of
the state were also obtained from the IMD annual report, and State Disaster Management
Action plan on climate change [6,33,34].
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2.5. The Proposed Methodology for Flood Risk Management

The methodology adopted in this study is divided into three parts, A, B and C, as
shown in Figure 4. Part A summarises the primary causes of the disasters in the state and
analyses the climatic variation by incorporating rainfall and temperature datasets. This
part also discusses the topographic influences causing the two major disasters in the state.

 
Figure 4. The proposed methodology for flood risk management.

Part B reviews the issues and challenges involved in the flood management of the
region. Part C provides the basic approach for flood risk management in the Himalayan
state to reduce the likelihood of flood incidents for people living in flood-prone areas.

2.6. Methodology for Climatic Variation Assessment

The methodology for climatic (rainfall and temperature) assessment is shown in
Figure 5. The daily rainfall datasets are aggregated into seasonal datasets to assess the
rainfall trends and variations. Then, the histogram of the rainfall value is plotted to
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assess the distribution. Furthermore, the Mann–Kendall and Theil–Sen slope method
(Equations (1)–(5)) is utilised to estimate each district’s trend. Non-parametric tests, such
as the Mann–Kendall (MK) [34,35] test, are frequently used to identify patterns in time
series of hydrological changes. For instance, Yi ranked from i = 1, 2...N − 1, and Yj ranked
from j = i + 1, 2 . . . N. Each data point Yi is used as a reference point and is compared with
all other data points Yj such that,

Sgn (Yj − Yi) =

⎧⎨
⎩
+1,> (Yj − Yi)
0,= (Yj − Yi)
−1,< (Yj − Yi)

(1)

 
Figure 5. Methodology for climatic variation assessment.

The Kendall statistic S is estimated as

S = ∑ N−1
i=1 ∑ N

j=i+1Sgn(Yj − Yi) (2)

The variance of the statistic S is defined by

Var(S) =
N(N − 1)(2N + 5)− ∑N

i=1 ti(i)(i − 1)(2i + 5)
18

(3)

In which ti denotes the number of ties up to sample i. The test statistic Zc is estimated as

Zc =

⎧⎪⎨
⎪⎩

S−1√Var(S) , S > 0

0, S = 0
S+1√Var(S) , S < 0

(4)

and follows a standard normal distribution. If Zc is positive, the trend is upward; the
negative Zc shows a downward trend. A statistical significance of 95%, i.e., p-value of less
than 0.05, is considered for the trend to exist. Additionally, for the determination of slope
when there is a linear trend, Sen’s slope method is used. Moreover, the magnitude of a time
series trend was evaluated by a simple non-parametric procedure developed by Sen [35].
The trend is calculated by

β = Median
(

Yj − Yi
j − i

)
, j > i (5)

where β is Sen’s slope estimate. β > 0 indicates an upward trend in a time series and
vice versa.
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Now, the rainfall events of the monsoon season (JJAS) are considered to estimate the
number of extreme monthly flood events. The probability of exceedance, i.e., the Weibull
method [36], is applied to estimate the suitable threshold. For this estimation, it is necessary
to sort all the rainfall data in decreasing order and assign a serial order number ranging
from 1 to n. The formula is given by,

Probability o f exceedance (PE) =
m

(n + 1)
(6)

where m = rank order and n = number of events.
The probability of exceedance value of 5% is selected as a threshold to estimate the

number of extreme flood events. It is assumed that a high amount of rainfall would indicate
a flood event. Moreover, the daily maximum temperature statistics of 30 years are utilised
to analyse the number of hot days every year. Mean plus one Standard Deviation is selected
as a threshold for hot days count for the analysis.

2.7. Methodology for Topographic Influence Estimation

For the analysis of topographic influence, the visual image interpretation technique
was employed [37]. The information of area, shape, texture, tone, size, pattern, and
association of the incidents was taken as the image interpretation elements. Moreover,
the analysis used Google Earth imagery of pre and post incidents information gleaned
from literature and the DEM of the region to estimate the basic physiography of the
affected watersheds. Two case studies were investigated. The first case study examined
the Kedarnath flood incident of 2013 [38–41]. The second case study assessed the Chamoli
flash flood of 2021 [26,42].

3. Results and Discussion

3.1. Part A—Causes of the Flood Disasters in the State

The Himalayan’s young, fragile, steep gradients are vulnerable to climate change [19].
In addition, these mountain areas’ ecological and social-economic systems are becoming
increasingly susceptible due to swelling human density. Moreover, the disasters disrupt
society’s functioning and adversely damage infrastructure, properties, life, and the envi-
ronment. Furthermore, they aggravate other distress such as social conflict, financial crisis,
environmental degradation, and diseases. Both natural and anthropogenic causes trigger
these disasters in the mountain ecosystem.

3.1.1. Natural Causes

The two major natural causes of disaster in the state are the harsh climatic conditions
causing extreme rainfall and the complex undulating topography causing rapid flood
characteristics. During the southwest monsoon season, the Uttarakhand area experiences
significant to extremely heavy rainfall.

The following are the primary meteorological conditions that contribute to high rainfall
in the area:

(1) From the Bay of Bengal, the low-pressure areas rise and migrate through the central
part of India and then recurve northwards and north-eastwards and cause high rainfall
in the Uttarakhand’s foothill. Furthermore, depressions from the Arabian sea cross
north Maharashtra and south Gujarat coasts, reach the Kumaun-Garhwal region and
cause severe cloudbursts, flash floods, and landslides.

(2) Flooding due to heavy rainfall occurs in the central and eastern Himalayas when the
monsoon’s axis shifts to the Himalayan foothills from the Northern Indian plains in
July and August (the setting in the ‘break situation’).

(3) Western/Extra-tropical disturbances, originating from Caspian and the Mediterranean
Sea in the far west and moving towards north India through Afghanistan, Iran, and
Pakistan, cause snow and rain during the winter season over the western Himalayas.
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This rainfall from Western disturbances occurs four to five times per month during
monsoon and six to seven times during the winters.

Results for Climatic Variation Assessment

A detailed seasonal rainfall trend analysis (Equations (1)–(5)) for each district is carried
out to study the temporal variation in rainfall, and the results are displayed in Table 4. The
increasing trend is represented by ‘+ve’, decreasing trend by ‘-ve’, and the no-trend by ‘0’.
The observations made are as follows,

(1) In the monsoon season (JJAS), 9 out of 13 districts, namely, Almora, Bageshwar,
Chamoli, Champawat, Dehradun, Garhwal, Hardwar, Rudraprayag, and Tehri Garhwal,
show an increasing rainfall trend.

(2) In post-monsoon (ON), no significant trend is observed.
(3) In the cold season (DJF), an increasing trend is observed for Chamoli, Pithoragarh,

and Rudraprayag districts, while in the other districts, no trend is observed.
(4) In the hot weather season (MAM), all the districts except Uttarkashi show an increas-

ing rainfall trend.
(5) Out of 13 districts, 8 districts, namely Almora, Bageshwar, Chamoli, Champawat,

Hardwar, Pithoragarh, Rudraprayag, and Tehri Garhwal, exhibit an increasing annual
rainfall trend.

Table 4. The trend analysis of seasonal and annual rainfall for each district.

District Season
Annual

JJAS ON DJF MAM

Trend, p-Value, z Value

Almora +ve, 0.003, 2.98 0, 0.652, 0.45 0, 0.733, 0.34 +ve, 0.004, 2.85 +ve, 0.09, 1.7

Bageshwar +ve, 0.01, 2.57 0, 0.084, 1.73 0, 0.266, 1.11 +ve, 0.001, 3.23 +ve, 0.048, 1.97

Chamoli +ve, 0.021, 2.31 0, 0.077, 1.77 +ve, 0.01, 2.59 +ve, 0, 4.13 +ve, 0.049, 1.97

Champawat +ve, 0.011, 2.53 0, 1, 0 0, 0.967, 0.04 +ve, 0.008, 2.67 +ve, 0.001, 3.18

Dehradun +ve, 0.021, 2.31 0, 0.363, 0.91 0, 0.119, 1.56 +ve, 0, 3.6 0, 0.034, 2.12

Garhwal +ve, 0.01, 2.57 0, 0.375, 0.89 0, 0.586, 0.55 +ve, 0.007, 2.72 0, 0.055, 1.92

Hardwar +ve, 0.049, 1.97 0, 0.719, −0.36 0, 0.182, 1.34 +ve, 0.004, 2.85 +ve, 0.119, 1.56

Nainital 0, 0.058, 1.89 0, 1, 0 0, 0.965, −0.04 +ve, 0.021, 2.3 0, 0.043, 2.02

Pithoragarh 0, 0.075, 1.78 0, 0.132, 1.51 +ve, 0.046, 2 +ve, 0.027, 2.21 +ve, 0.048, 1.98

Rudraprayag +ve, 0.011, 2.53 0, 0.076, 1.77 +ve, 0.038, 2.08 +ve, 0, 3.83 +ve, 0.033, 2.13

Tehri Garhwal +ve, 0.011, 2.53 0, 0.163, 1.39 0, 0.125, 1.53 +ve, 0.001, 3.3 +ve, 0.013, 2.49

Udham Singh Nagar 0, 0.095, 1.67 0, 0.824, 0.22 0, 1, 0 +ve, 0.003, 2.99 0, 0.002, 3.09

Uttarkashi 0, 0.058, 1.89 0, 0.103, 1.63 0, 0.08, 1.75 0, 0.091, 1.69 0, 0.067, 1.83

Overall, it is observed that the rainfall trend is mostly increasing in the pre-monsoon
and monsoon seasons. Chamoli and Rudraprayag districts show the maximum increasing
rainfall trend. This increasing rainfall trend during the monsoon season results in frequent
flash floods and cloudbursts in the state. The results obtained are consistent with the state
IMD’s annual report [34].

The rainfall histogram (Figure 6a) prepared from 103 grid points for 30 years, consid-
ering months from June to September, at 100 mm bin size, shows that the majority (24.6%)
of the monthly rainfall falls in the range 100–200 mm. Around 20% of monthly rainfall
lies in the range of 0–100 mm, 19.6 % lies in the range 200–300 mm, 14.1% lies in the range
300–400 mm, 9.8% lies in the range 400–500 mm, and only 11.8% has rainfall >500 mm.
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Figure 6. (a) The histogram and (b) the probability of exceedance curve of the monthly rainfall (June
to September) obtained for the years 1990–2019.

The probability of exceedance curve (Figure 6b) was prepared using Equation (6),
and considering the value of 5%, the value of rainfall depth threshold was estimated to be
650 mm. Therefore, all the monthly rainfall of more than 650 mm is considered an extreme
flood. The result shows that the maximum number (288) of total extreme flood events
is in July, 242 in August, 51 in September, and 34 in June in the past 30 years. This also
demonstrates that the region is highly vulnerable in July and August. To understand the
trend of the flood incidents, the Mann–Kendall test was carried out. It is observed that there
is no statistically significant trend in the monsoon season (June to September) (Figure 7).
However, a very small increasing trend in July and August and a small decreasing trend in
June and September may be due to random fluctuating components in the time series.

The daily maximum temperature statistics revealed that the region has a normal
maximum temperature of 30.1 ◦C and a standard deviation of 6.2 ◦C. Therefore, considering
the threshold temperature as 36.3 ◦C (mean + one std. dev.), the values of no. of hot days
obtained are shown in Figure 8. It is observed that the years 1999, 2002, 2009, 2010, 2012,
2014, and 2019 experienced more than 70 hot days in a year. To understand the trend, the
Mann–Kendall test was performed. It is observed that statistically, there is no significant
trend in the number of hot days during the last three decades. The very small increasing
trend may be due to natural random fluctuating components in the time series. These
increasing hot day events contribute to the glaciers’ mass loss, permafrost degradation, and
increased snowmelt in the Himalayas.
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Figure 7. The time series of the number of flood incidents.

 
Figure 8. The time series of the number of hot days.

Results for Topographic Influence Assessment

The floods developed in a mountainous region differ from those generated in flood
plains lying in low elevation zones. In hilly regions of Uttarakhand, floods are sudden and
often termed flash floods. These flash floods are usually generated by extreme events such
as heavy rainfall, cloudbursts, glacial lake outbursts, and dams created due to the blockage
of rivers [43]. Such incidents are localised, occur with little to no warning, and pose
significant damage in downstream areas. A wide range of variables, including hydrological
characteristics, such as high-intensity rainfall and huge flow velocity, high frequency
of occurrence, high peak flood, and basic characteristics such as the steepness of slope,
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elevation, and shape of the area, the degree to which the water carries sediments, and the
vulnerability of the populations to the flowing floods, can further stimulate their impact.

In 2013, an extreme event in the form of a cloudburst combined with flash floods
and landslides occurred in the Mandakini River basin. More than 10,000 people were
presumed dead as a result of this catastrophe. Over 135 highways, 150 bridges, and
2000 houses/buildings were affected [39,40]. The basin length of Mandakini is about 66 km
and covers 1982 sq. km. The relative relief ranges from 177 to 1416 m, in which 53% of the
relied ranges from 500 to 750 m (moderate-high). Additionally, around 68% of the region
has a slope of 25–35◦ [44]. Such topographical conditions of the basin make it prone to flash
floods. The pre- and post-flash-flood scenario near the Kedarnath temple depicting the
debris deposition and damage to the roads is shown in Figure 9.

 

Figure 9. The Google Earth images showing, (A) Pre-flood (November 2011), (B) Post flood (December
2013) impact of the extreme flash-flood event in the Kedarnath region of the Mandakini river basin.

Apart from extreme weather-induced disasters, the region also suffers from landslides
and avalanches. In 2021, the Chamoli region experienced a flash-flood event resulting from
an avalanche near the Ronti Glacier (Figure 10) at an elevation of 4064 m. At the confluence
of the Rishi and Dhauliganga rivers, the height is 1908 m, while Nanda Devi, at 7817 m,
is the highest point in the region. The floods, while travelling downstream, demolished
the bridge near Raini village, damaged the Rishiganga and the National Thermal Power
Corporation (NTPC) Tapovan Hydel plant, and killed over 200 people [45]. The velocity
and flood discharge at 89 m upstream of the Rishiganga Dam is estimated to be 24 m/s
and 12,448 cumecs. The length of the rockslide surface is about 1182 m, having a maximum
width of 755 m and a mean slope of 62◦ [46].
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Figure 10. The Google Earth imagery shows, (A) An overall view of the incident, (B) The actual
location of the avalanche near Ronti Glacier, (C) The confluence of Dhauliganga and Rishiganga, near
Raini village, and (D) The inundated NTPC Tapovan sites.

3.1.2. Anthropogenic Causes

The increasing population growth in these mountain regions hampers the ecological
and socio-economic systems. Numerous anthropogenic activities, such as the construction
of roads, buildings, hydropower projects, abundant tourism, forest encroachment, etc.,
pose a serious threat to the climate and mountain ecosystem [40]. Blasting and massive
cutting of the rocks, which generates high-intensity vibrations, is the primary method of
clearing mountains for development. New roads are continually being developed, and old
highways are being expanded and maintained in the Indian Himalayas. Such activities
cause steepening of the hill slopes and further lead to slope instability. The unplanned
development over the riverbed has essentially replaced the agricultural land, allowing the
river habitat to decline.

The elimination of natural vegetation, and the expansion of impervious areas, lead to
a reduced water storage capacity and, as a result, a higher flood peak and a shorter time to
peak [47]. Certain anthropogenic ritual activities such as cremation ceremonies cause heavy
pressure on the forest ecosystem as they result in deforestation and lead to air and water
pollution. Morbidity among agricultural workers is exacerbated by these developments,
which have a greater impact on the economy [48].

Greenhouse gas (GHG) emissions in the valley have increased significantly due to
uncontrolled human activities such as tourism and vehicle traffic. The AR6 IPCC reports
that solar radiation is absorbed by anthropogenic aerosols such as black carbon, which
increases moist static energy, warms the lower troposphere, and further increases con-
vection inhibition, suppressing light rainfall [49]. Aerosols intensify convection in the
Himalayan foothills during the pre-monsoon season, resulting in regional convergence;
this phenomenon is known as the ‘Elevated-Heat-Pump’ mechanism [50]. Intense monsoon
rainfall in northern India and western Nepal in 2013, which caused landslides and one of
the worst floods in history, has been further linked to increased GHG and aerosols [38]. A
direct association between an increase in tourism and the landslide’s frequency has also
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been observed [51]. The major anthropogenic activities in the state of Uttarakhand has been
discussed [52] and are shown in Figure 11.

 

Figure 11. The impact of anthropogenic activities on the degradation of river ecosystem in Uttarakhand.
(A) (Source: https://sandrp.in/2020/02/24/uttarakhand-road-widening-work-in-almora-damages-
traditional-water-sources/ (accessed on 6 June 2022)), (B) (Source: https://sandrp.in/2021/09/17
/uttarakhand-cloud-bursts-around-vyasi-hep/ (accessed on 6 June 2022)), (C) (Source: https://news.
euttaranchal.com/uttarakhand-bans-quarrying-ganga-tributaries-following-ngt-order (accessed on 6
June 2022)), (D) (Source: https://news.euttaranchal.com/no-mining-within-10-km-national-parks-
uttarakhand-high-court (accessed on 6 June 2022)), (E) (Source: https://www.downtoearth.org.in/
news/urbanisation/undone-by-rampant-mining-illegal-buildings-41450 (accessed on 6 June 2022)),
(F) (Source: https://www.hindustantimes.com/cities/dehradun-news/uttarakhand-char-dham-yatra-
to-kedarnath-halted-amid-heavy-rain-imd-warns-of-thunderstorms-101653301156476.html (accessed
on 6 June 2022)).

3.2. Part B—Issues and Challenges of Flood Management in the State of Uttarakhand

Flood hazards in Himalayan Rivers are diverse, necessitating a multi-faceted and
multi-scaled approach to preparedness. It is necessary to monitor, forecast, and disseminate
information about these processes and phenomena. These initiatives must cross traditional
disciplinary boundaries and involve scientists, policymakers, and members of civil society
working together at all levels of government and administration to be effective. The
four major challenges of flood management in Uttarakhand are: (1) complex and steep
topography that controls the flow path and velocity, (2) lack of comprehensive policy
and governance, which is essential for effective risk governance, (3) inadequate data
and infrastructure, that is necessary for estimation and evaluation of flood-generating
mechanisms, and (4) climate change and flood management integration, which is required
for a long-term solution to flooding risks and hazards.

3.2.1. Complex Topography of the Mountainous Terrain

The complex and steep topography of the hilly regions of Uttarakhand links to their
unusual sharp atmospheric changes (i.e., moisture, precipitation, radiation, temperature,
pressure), soil, vegetation, and hydrological conditions over short distances. These sharp
gradients throughout the terrain control the form of precipitation, intensity and frequency,
groundwater interactions, biodiversity, and soil moisture, which sequentially lead to high
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rates of flood variability over short distances [17,53,54]. The main impact in hilly terrain
is undercutting check dams, river damming by debris, riverbanks collapse and erosion,
debris flows and deposits, channel displacement, clogging bridges, scour, and inundations
of low-lying areas. Floods associated with geophysical flows, such as glacial dam burst
floods, river avulsions, and glacial lake outburst floods (GLOF), are often extremely dis-
ruptive and lack enough evidence and models for understanding and controlling them in
mountain regions [55,56]. When combined with limited hydro-meteorological statistics,
such complexities lead to partial knowledge of the flood generation process, particularly
with localised extreme events such as cloudbursts and glacier lake outbursts, landslides,
and other convective storms. In the Himalayas, the cloudbursts are the least understood
weather patterns [15,28]. The terms thunderstorms and cloudbursts have been used for
decades interchangeably. However, the cloudbursts are hard to track as they are scattered
and mostly occur on remote mountain slopes with limited rain gauges [24]; they are often
only reported if lives are lost [57]. Given the degree to which the infrastructure and human
resources are harmed, it is crucial to underline the processes that produce cloudbursts and
establish a model for proper predictions.

3.2.2. Lack of Comprehensive Policy and Governance on Flood Mitigation

The key gaps in current policy are the lack of rigidity of the legislative framework, the
inability to follow a legal strategy, the question of authorisation of power, and the local
government’s role in policy processes. In the Disaster Mitigation, Management and Preven-
tion Act (2005), the separation of responsibilities and the functions of local authorities was
remarkably integrated but not implemented as a legislative framework [10]. Land man-
agement policies and preparation may better mitigate floods by reducing risk and hazard
exposure. Such laws include construction codes, land use laws, environmental protection
acts, emergency management legislation, and water policy, which govern human actions
and practices focused on environmental and ecological conservation, flood prevention, and
control measures. Building law, for example, specifies the safe distance of houses from
the rivers, construction size, and floor height to reduce waterlogging and flood damage.
In flood control, institutional aspects and effective governance play a critical role. Policy
planning alone is not adequate to handle the flood without enough preparation.

Furthermore, for local-level planning and proper land use management, the participa-
tion of the community is also required. There is also a requirement for strong coordination
among the institutes and flood management boards for effective risk governance. A strong
rehabilitation and resettlement policy for re-establishing the socio-economic stability of the
vulnerable communities is much needed in the state.

3.2.3. Inadequate Data and Infrastructure

The Himalayan regions’ basic climate and hydrological data are scarce, which greatly
disrupts the prediction, estimation, and evaluation of devastating flood-generating climate
events, flood warnings, and other life-saving management systems [17]. Due to the remote-
ness, lack of connectivity, inadequate communication networks, and other infrastructure, it
is challenging to develop response systems and instrumentation in hilly mountain areas.
Primary data collection issues include transportation logistics to the gauging sites, loss of
facilities during extreme flood events, and the expense of installation and maintenance
of gauges. In addition, in river basins with steep valley walls, wireless coverage, and
radio telemetry are frequently inaccessible with highly restricted choices for transmitting
long-term hydrographic data and early warning systems. Remote sensing systems can
address the difficulties of in situ measurements. However, mountainous places might have
significant constraints (e.g., resource-intensive processing of data through remote sensing,
limited data documentation, the cloud cover impacts, or other data biases) and complex
topography, including insufficient spatial and temporal resolutions [58–60]. Due to the
difficulties in data gathering and the insufficiency of information, the hydrology of hilly
mountain areas is still not understood fully.
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In Uttarakhand, the flood forecasting (FF) and early-warning system (EWS) are ex-
panding. The district offices do have sirens but have a small range of 2 km, which is a
significant shortcoming considering the geographic area that would be addressed. Data,
however, is transmitted with the help of different media, such as televisions, mobiles, radio,
and newspapers. With the speed of urbanisation and development witnessed in the villages,
various patterns were observed in the individuals. Many people used radio, and those who
had television did not wish to watch weather reports. Rather, many people, despite having
TV access, did not have the set-up boxes that made them work. As per the India Water
Resources Information System portal, the state of Uttarakhand has 85 flood forecasting
sites of the Central Water Commission, as shown in Figure 12, along various rivers of
Uttarakhand. However, most rivers in this region come under the category of “Classified
river”; thus, the information about their flood discharge, velocities, and related warning is
unknown to the public. Furthermore, due to a limited number of communication towers in
remote locations and the unavailability of good quality real-time data, the whole set-up of
the warning system fails during heavy rainfall and cloudbursts, which leads to a huge loss
of lives and properties.

 

Figure 12. The locations of various river monitoring stations of the Central Water Commission.

3.2.4. Climate Change and Flood Management Integration

The Himalayan glaciers are the source of several river systems in India, but they are
affected by human-caused global warming and climate change. The AR6, IPCC 2021, states
that significant changes in temperature and precipitation have occurred in the Himalayas
since the 1960s, including glacier mass loss, permafrost degradation, snowmelt, and in-
creased glacier runoff [61]. Moreover, studies show that the glaciers in the Himalayan
regions have unpredictable retreat and volume change rates due to microclimate and phys-
iography variations [62]. Out of over 5000 glaciers, only 11 glaciers in the Indian Himalayas
are being examined for their mass balance. Nearly 100 glaciers are regularly tracked for
glacier snout shifts [48]. Decreasing glacier area and magnitude can briefly raise runoff

33



Water 2022, 14, 1879

before the glacier has retreated to such a degree that it no longer leads to runoff, temporarily
raising flood levels and eventually causing landslides, GLOFs, and other geophysical flows.
Due to the rapid response of landscapes, ecosystems, vegetation, water, snow and glaciers,
and soil to environmental change, mountain areas are exclusively vulnerable to climate
change [63–65]. Thus, incorporating climate change into flood management could be an
effective long-term solution to flooding risks and hazards.

Furthermore, the land erosion in the state is likely due to a combination of excessive
rainfall and prolonged drought periods. The vulnerability of mountain areas against
climate change indicates that mountain populations become highly susceptible because
snowpack, glacial cover, and weather cycles shift and increase the severity and intensity
of several mountain flood processes. Future flood management strategies must integrate
glacier shifts, monsoonal rains, and snowfall patterns.

3.3. Part C—Flood Risk Management Plan

Flood risk management aims to reduce the likelihood of flood incidents for people liv-
ing in flood-prone areas. It involves “the development of policies and strategies and plans
for implementation and associated means of review”. The hilly regions of Uttarakhand are
mostly affected by the flash-floods situation because of steep slopes and high drainage den-
sity. Thus, implementing flood reduction measures requires a holistic approach throughout
the pre-flood, post-flood, and post-flood stages [66,67]. During the pre-flood stage, the
recommendations are as follows: implementation of disaster contingency planning and
flood risk management for all causes of flood, preventing inapt development within the
flood plains, constructing physical flood defence infrastructure, implementation of proper
warning and forecast systems, proper land use planning and public communications. Then,
at the ‘during-flood’ stage, the following measures could be followed: issuing a warning to
the appropriate authorities, forecasting the future river flow conditions, and identifying
the probability of flood-forming zones. At the ‘post-flood’ stage, measures adopted are
as follows: reconstruction and restoration of damaged infrastructure, providing relief to
the affected, regeneration and retrieval of the economic activities, and improving and
reviewing the flood management activities for future occurrences. Thus, for effective flood
management, coordinated development and management of flood plains for maximising
the benefits in a balanced manner could be ensured via the following approach:

3.3.1. Risk Mapping, Modelling, and Vulnerability Analysis

Mapping the specific hazards, locating important facilities, mobilising resources dur-
ing and after an event, and mapping the physical constraints of an incident site to mitigate
the risks of possible hazardous occurrences would help in hazard zoning, vulnerabil-
ity assessment, and identifying the risk areas. Furthermore, involving local knowledge,
perceptions, and socio-cultural values would help develop know-how, resources, and
self-help capacities.

3.3.2. Structural and Non-Structural Measures

A combined approach of structural and non-structural measures should be adopted to
control flash-flood hazards effectively, as shown in Figure 13. The structural measures gen-
erally include the catchment interventions and water control works, such as embankment
protection, channel modifications and improvements and diversions, and river training
works such as Check dams and the Gabion wall. The non-structural measure is divided into
two classes: risk acceptance and risk reduction. The risk acceptance class adopts certain
strategies for flash-flood insurance and emergency response systems. In the risk reduction
approach, the prevention and mitigation strategies are adopted.
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Figure 13. The flood control measures.

3.3.3. Ecosystem-Based Approaches for Flood Management

Researchers and practitioners have recommended that Nature-Based Solution (NBS),
a novel approach toward catastrophe risk reduction, water security, and climate change
resilience, is more effective and sustainable than traditional strategies [68]. Both urban
and rural areas can benefit from ecosystem flood management services. The ecosystem
services can lower the hazard caused by heavy precipitation. The wetlands can prevent
floods by storing and temporarily slowing them down. Additionally, the roots of the
wetland vegetations stabilise the riverbanks and hill slopes by holding the soils. The runoff
fraction reduces the vegetated buffer zones, and other natural processes such as infiltration,
evapotranspiration, water storage in aquifers, etc., reduce the runoff fraction [69,70]. Thus,
a large-scale NBS is ideal in extreme events due to its ability to make more space for water,
hence reducing the risk through retention, slowdown, and infiltration [71].

3.3.4. Effective Hydrological Information System

The management of flood data and related information necessitates the implemen-
tation of an effective Hydrological Information System. It could be done by maintaining
the hydrometric networks and utilising its datasets for hydrological and hydrodynamic
modelling, which would help generate flood scenarios and forecast floods during extreme
events. Additionally, the interaction of land use land cover with climate change and hy-
drology should be adopted in the research [72–74]. Furthermore, increasing inter-sectoral
communication through enhancing human and institutional capacities must be promoted.
Moreover, the development of shared information portals and platforms for facilitating
knowledge exchange between stakeholders should be espoused.

3.3.5. Flood Forecasting and Early Warning Systems (EWS)

For effective flood control, accurate and timely flood forecasts and early warnings are
continually improved and upgraded [75]. An early warning system employs a flood sensor
coupled to a transmitter to detect increasing water levels in local water basins (rivers, lakes)
or flood defence structures such as dams and embankments. When the water reaches a
crucial level, a signal is wirelessly relayed to the receiver. The flood warning is subsequently
communicated to concerned agencies and vulnerable people through mobile phones [76,77].
By incorporating local participation, the critical flood levels could be determined. IMD
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and CWC are developing observation sites, weather stations, computational simulation
tools, computer infrastructure, and communication networks to improve the forecasting
framework to deliver more reliable data that can produce greater socio-economic benefits.
The spatial distribution of IMD–AWS and ARG in Uttarakhand is already shown in Figure 2.
The locations of the flood forecast station of the CWC are shown in Figure 12. For example,
approximately 11 CWC gauging sites in the Alaknanda river basin can be viewed at
https://ffs.tamcnhp.com/main/site (last accessed on 10 April 2022). In an extreme rainfall
event, real-time flood level information upstream and downstream of the Alaknanda river
could aid in formulating appropriate disaster response and management strategies.

3.3.6. Mitigation, Preparedness, Response, and Recovery

The whole system is broken into four steps for effective flood management: Mitigation,
Preparedness, Response, and Recovery [33].

Mitigation aims to reduce or remove the risk of flooding substantially before its
occurrence by developing a strategy to minimise the effects of disaster on a community,
facility, or organisation through raising public knowledge of disaster risk management.
The main components of the mitigation strategy, therefore, are,

• Land-use planning and management.
• Retrofitting of the existing structures.
• Risk assessment and vulnerability analysis.
• Performance and conceptual design of the structures.
• Building bylaws and codes.

Preparedness activities are structured to create a sense of readiness for an emergency
disaster. The key initiative for disaster preparedness is community participation in con-
tributing to the response process by being involved in the training and capacity building
process. The effective flood management response involves providing immediate emer-
gency relief and search and rescue assistance. The actual work of this process depends on
the characteristics of the community, but the primary goal is to meet citizens’ basic needs
before the rehabilitation begins. In the hilly regions, the response phase forms an important
criterion for successfully preventing the adverse impact of natural hazards, as the warning
durations are less. In this regard, incident management systems and tools for analysing
the consequences of disasters built on geographic information systems (GIS) may substan-
tially aid rapid response and emergency management. A useful application of geospatial
technology during a disaster may be a map showing public access to emergency services
(such as electricity and transportation). The final stage, known as the recovery phase,
includes assessing the damage, rebuilding, and helping the afflicted. Restoring normalcy
to disaster-affected areas is the overall objective of this stage. Conducting a quick damage
assessment forms a top objective to expedite the rescue effort. Rapid damage assessment
and relief operations can be supplemented by measures such as coordinating the spatial
inventory of damage, assuaging and educating the public, and averting reoccurrence.

4. Conclusions

The Indian Himalayan Regions are the home of the major Indian population and
create an important nexus among water, energy, and food for society, biodiversity, and life,
but they are often subject to catastrophic natural disasters, especially floods. The study
highlights the natural causes, such as harsh climatic conditions and topographical influence
and anthropogenic causes, such as construction activities, deforestation, and tourism that
have aggravated the extreme flood conditions. Further, the study identifies the challenges
of flood management, viz., complex topography, weak policy and governance, lack of
adequate data and infrastructure, and the need for climate change and flood management
integration. The study suggests adopting an effective flood risk management plan to assess
the multi-institutional, land use planning, mitigation policy execution, and mitigation
strategies in pre-, during-, and post-flood scenarios with a special focus on the districts,
viz., Chamoli, Pithoragarh, Rudraprayag, and Uttarkashi.
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Furthermore, adopting nature-based solutions, such as wetlands, is proposed to
counter extreme flood events. Additionally, a combined structural and non-structural
measures approach is recommended to manage flash floods effectively. Furthermore, the
study commends a need for collaborative governance between local, state, and central
policymakers and an integrated communication network for improved flood control in hilly
regions. Additionally, the work recommends installing and upgrading flood forecasts and
early warning systems for the region’s accurate and timely flood forecasts. Adopting an
effective flood management system in hilly regions requires an infrastructural and technical
contribution to long-term monitoring and assessment. Moreover, comprehensive model-
based studies of climate changes and environmental effects and process-based hydrology
studies in altitudinal and mountainous gradients should be espoused.
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Abstract: Recent observations and publications have presented the possibility of a high and acceler-
ated sea-level rise (SLR) later this century due to ice sheet instability and retreat in Antarctica. Under
a high warming scenario, this may result in a sea level in 2100 that is up to 2 m higher than present
and 5 m in 2150. The large uncertainties in these projections significantly increase the challenge for
investment planning in coastal strategies in densely populated coastal zones such as the Netherlands.
In this paper, we present the results of two studies that were carried out within the framework of the
Dutch Delta Programme. The first study showed that it is not only the absolute SLR that presents
a challenge but also the annual rate of rise. The latter impacts the lifetime of constructions such as
barriers and pumping stations. When the rate of sea-level rise increases up to several centimeters
per year, the intended lifetime of a flood defense structure may be reduced from a century to several
decades. This new challenge requires new technologies, experiments, strategies, and governance.
The second study explored different strategies for the long term to adapt to high SLR (>1 m) and
assessed the consequences thereof on adaptation and developments in the coming 2–3 decades. We
believe that strategic choices have to be made regarding the permanent closure of estuaries, the
pumping or periodic storage of high river discharges, agriculture in an increasingly saline coastal
area, and the maintenance of the coastline by beach nourishments. These strategic choices have to
be complemented by no-regret measures such as spatial reservations for future sand extraction (for
beach nourishments) and future expansion of flood defenses, water discharge, and water storage. In
addition, it is advised to include flexibility in the design of new infrastructure.

Keywords: sea-level rise; adaptation; flood risk; water resources; low-lying coasts

1. Introduction

Coastal regions, especially deltas, have many benefits, such as supply of fresh water,
sediments and nutrients from debouching rivers, wealthy and productive ecosystems that
guarantee food by fisheries, aquaculture and agriculture, flat land to be developed, and
access to international trade. Therefore, these areas attract people to live, work, and recreate,
leading to continuous high investments in assets and infrastructure. As a result, coastal
cities and communities are home to about 10% of the world’s population [1], especially
in megacities such as Amsterdam, Buenos Aires, Hamburg, London, Miami, New York,
Sydney, and Tokyo and rapidly expanding cities such as Bangkok, Dhaka, Ho Chi Minh
City, Jakarta, Lagos, Manila, Mumbai, Shanghai, and Yangon. On the other hand, these
areas are vulnerable to coastal erosion, floods and droughts, and pollution, and frequently
suffer from related damage, casualties, and disruption.

Sea-level rise (SLR) is expected to impose large challenges to coastal zones. Without
population change and additional adaptation, the population exposed to 100 yr coastal
floods is projected to triple at 1.4 m SLR relative to the 2020 level. By 2100, the value of
global assets within the 100 yr coastal floodplain is projected to vary between USD 7.9 and
14.2 trillion, depending on the emission scenario [2].
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Between 1901 and 2018, the global mean sea level increased by 0.20 m. Between 1901
and 1971, the average rate of SLR was 1.3 mm/year, increasing to 1.9 mm/year between
1971 and 2006, and further increasing to 3.7 mm/year between 2006 and 2020 [3]. This
SLR acceleration is human-made, and will probably continue this century [3]. Future
climate change and SLR projections are driven by emissions and/or concentrations from
illustrative Representative Concentration Pathways (RCPs) and Shared Socio-economic
Pathways (SSPs) scenarios, respectively [2]. Depending on the greenhouse gas emission
scenario, climate change may result in a SLR in 2100 (relative to 1995–2014) of 0.28–0.55
(assuming an extremely low emission scenario SSP1–1.9) to 0.98–1.88 m (assuming an
extremely high emission scenario SSP5-8.5). Due to deep uncertainty in ice-sheet processes
in Greenland and Antarctica, a SLR of 2 m in 2100 and 5 m in 2150 cannot be ruled out [3].

These large uncertainties in the projections significantly increase the challenge for
investment planning in coastal management strategies in low-lying densely populated
coastal zones such as the Netherlands. Planning and implementation of coastal defense
projects may take many decades. E.g., after the 1953 storm, surge completion of the
Delta-works dams, sluices, and storm surges barriers in the southwestern part of the
Netherlands took 45 years. This long lead time for planning and implementation, as
well as the large potential consequences of coastal flooding, makes it crucial to consider
uncertain but possible high-end sea-level rise projections already for nearby investment
decisions in water management and land use. To adapt to uncertain climate change, the
Netherlands follows an adaptive approach with short-term actions and long-term options
to be implemented depending on how the future unfolds [4].

This paper describes the approach of the Dutch government in dealing with projec-
tions of uncertain but potential accelerated SLR. We present the consequences regarding
coastal management, flood protection, fresh water supply, and water drainage. The chal-
lenge of SLR may be dealt with by a wide variety of strategies, ranging from advancing
seawards with a new higher coastal defense, maintaining and elevating the present coast,
accommodation of water, and adapting land use to retreat from places at high risk [5]. This
paper presents examples of these strategies that are being developed for the Netherlands.
In this way, this paper illustrates the enormous potential impact of accelerating SLR on
densely populated coastal areas. Hence, it also underlines the need to reduce greenhouse
gas emissions in order to mitigate SLR and avoid these dramatic consequences. Moreover,
it contributes to the debate on the urgency and strategies to adapt on SLR, as advocated in
the recent IPCC WG2 report [2].

2. The Netherlands and the Delta Programme

The Netherlands is situated in the delta of the rivers Rhine, Meuse, Scheldt, and
Ems along the North Sea coast. The coastal region consists of sandy beaches and dunes,
estuaries, intertidal areas, and low-lying polders. These polders are densely populated,
including the capital Amsterdam, government seat The Hague, and mainport Rotterdam.
About 26% (10,500 km2) of the Netherlands’ territory is below mean sea level, and about
60% is vulnerable to floods from the North Sea, rivers, or lakes (Figure 1). This flood-prone
area contains about 60% of the population of 17 million and produces about 60% of the
gross domestic product (GDP) of about EUR 800 billion. Because of the large number of
inhabitants and high value of assets, the Netherlands has a high level of flood protection,
provided by a comprehensive system of dams, seawalls, storm surge barriers, dikes, dunes,
pumps, sluices, and regular beach nourishments. Two major floods in 1916 and 1953
resulted in closing of the major tidal inlets and estuaries from the sea, which altogether
shortened the original Dutch coastline of 1200 km to about 300 km. This flood protection
and water management system is complemented by a well-developed governance system
of district water boards, national agencies (Rijkswaterstaat), funding, legislation [6], and
well-experienced knowledge institutes and private parties (e.g., dredgers). Maintenance
and regular upgrading of this flood defense system to changing conditions costs about
EUR 1.2 billion annually [7].
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As a result of growing concern about the potential impact of climate change and
SLR on the Dutch delta, in 2010, the government initiated the Delta Programme. The
aim of the Delta Programme is to maintain the Dutch delta as an attractive place to live,
work, and recreate for present and future generations [8]. The Delta Programme has a
long-term time horizon, up to 2100. To make the inherent uncertainty in climate and socio-
economic developments manageable, an adaptive approach has been adopted, including
scenarios, adaptive strategies, and periodic (every 6 years) review [4]. A ‘Signal’ group of
independent experts advises the Delta Commissioner on an annual basis on relevant new
developments and knowledge that might influence the goals and implementation of the
Delta Programme [9].

 

Figure 1. Flood-prone areas in the Netherlands, present situation. NAP is ordnance datum, which is
about mean sea level. Dike rings are areas protected by flood defenses. (Reprinted with permission
from Haasnoot et al., 2020 [10]).

In 2014, the Delta Commissioner proposed strategies and measures to prepare for
climate change, related to a 1.5 and 3.5 ◦C global warming scenario and anticipating a SLR
of 0.3–1.0 m in 2100 (relative to 1990) [11]. This was in line with the most recent national
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climate change scenarios of the Royal Dutch Meteorological Institute [12]), which were
based on 5th IPCC Assessment Report [13]. In 2017, the Signal group advised the Delta
Commissioner to pay more attention to a possible acceleration of SLR and its potential
consequences for the Dutch delta [14].

The Dutch delta is extremely vulnerable to SLR and an acceleration may have a major
impact on the livability of the delta for future generations. This acceleration may unfold
in the second half of this century, so present measures are sufficient until at least 2050.
However, in SLR-related flood-prone areas, up to 2050, an estimated EUR 600 billion of
investments is planned in urban developments, infrastructure, sustainable energy, and
climate adaptation [15]. These types of investments predominantly involve projects with a
lifetime of 50–100 years, which also determine future land use, and may trigger or block
future adaptation options. Considering a potential acceleration of SLR within this lifetime,
it becomes necessary to analyze whether these planned investments increase future risk,
how this can be avoided, and which strategic choices have to be made. To answer these
questions, in 2017, the Delta Commissioner initiated a study to assess the potential impact of
accelerated SLR on the Dutch delta, followed in 2019 by an inventory of potential strategies
and measures to deal with this accelerated SLR.

3. Materials and Methods

This paper describes the approach and main results of the SLR impact assessment on
the Dutch delta and the inventory of potential strategies to deal with this threat.

Whether and how a natural delta adapts to SLR depends on the balance between the
amount of sediment supplied to the delta by rivers, waves, and currents and the volume
that is necessary for intertidal areas, riverbeds, and land to keep pace with SLR. Apart from
the Wadden Sea, the Dutch delta is not natural anymore: rivers have been embanked and
most floodplains have been turned into polder systems (and hence cut off from natural
sediment supply), the coastline is artificially maintained with beach nourishments, the
inlets and estuaries have been closed with dams or protected by storm surge barriers, and
former lakes have been drained and turned into polders, with ground surface levels up to
6 m below the mean sea level. The impact of SLR on the Dutch delta is established on three
essential elements of delta management: coastline maintenance, flood protection, and fresh
water supply.

Our inventory was based on a scenario-neutral approach [16], based on [17], wherein
we assessed the consequences conditional on the magnitude and rate of SLR (up to 3 m
and 60 mm/year) on the present strategies. Scenarios could then be used to assess when
this may occur. For example, in an RCP2.6 or RCP4.5 emission scenario, 1 m SLR may
occur beyond or around 2100. In an RCP8.5 scenario, also including a contribution of
melting Antarctic land ice, 1 m SLR may already be reached around 2070 and meet 1.95 m
in 2100 [18].

The assessment of SLR consequences was primarily based on model computations
and simulations, see [10] for more details. Necessary volumes of beach nourishments were
estimated by using the area of the marine coastal zone (4000 km2) multiplied by different
rates of SLR. Conceptual 0-dimensional water balance models were used to get a first
impression of different combinations of storage and pumping capacities to manage river
floods. Two-dimensional hydrodynamic model (WAQUA [19]) computations established
hydraulic loads to assess related dike reinforcement efforts and storm surge barrier closure
frequencies. Additionally, probabilistic model computations were carried out to assess
impacts of sea-level rise on flood risks. The slow response of groundwater salinization to
SLR was investigated by a regional 3D variable density groundwater flow model [20]. The
results of this model provided input data for the National Water Model, a combination
of groundwater, subsurface water, and surface water simulation models as well as water
demand models to assess (fresh) water availability and demands in the Netherlands [21].
To estimate the effect of salinization on fresh water intake locations along the main rivers, a
3D hydraulic model supplied data on salt intrusion at values of 0, 2, and 4 m SLR.
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These model computations provided an overview of critical consequences of SLR on
our present water supply and flood management infrastructure (see Figure 2). For example,
at 1 m SLR, the Eastern Scheldt storm surge barrier closure frequency may be increased from
the current 1.5 to 45 times a year, if current closure criteria remain unchanged. This will
have major consequences on the required maintenance effort, but also on the preservation
of the intertidal habitats behind the barrier.

 

Figure 2. The consequences of accelerated SLR for the main elements of Dutch water management.

For the inventory of future strategies, the generic IPCC adaptation strategies (protect,
accommodate and retreat) [4] were used as a starting point and slightly altered for the
specific situation in the Netherlands. This alteration was based on an inventory of 189 plans
to deal with SLR that were collected since 2008 [22]. An indicator list was developed to
‘score’ strategies on criteria such as technical and societal feasibility, impacts on flood
protection and water resources, adaptability, and relation with other transitions. An expert
elicitation workshop and a multi-day student hackathon were organized to provide a quick-
scan assessment of adaptation measures and strategies and to provide further inspiration
on potential alternative adaptation strategies. Finally, adaptation pathways were designed
to connect the various strategies and measures in sequence and to identify potential triggers
for a shift of strategies and illuminate lock-ins that may block future adaptation needs,
e.g. urban developments along to be raised flood defenses. Recommendations for low-
regret actions were formulated to prepare for adaptations in the years to follow. Examples
are pilots to develop new techniques to increase beach nourishment volumes and spatial
reservations for future expansion of water-related infrastructure.

4. Results

4.1. The Potential Impact of Sea-Level Rise on the Dutch Delta

An accelerated SLR may affect the Dutch delta in different ways. The consequences of a
potential accelerated SLR on present water management structures and strategies according
to the adopted ‘what if’ scenarios are described below. Figure 2 illustrates the potential
consequences of SLR on coastal maintenance, water demand, pumping capacity, and
closure frequency of storm surge barriers. Figure 3 summarizes some critical consequences
(‘tipping points’) of SLR magnitude (left) or SLR rate (right) on flood defense and water
supply infrastructure and coastal zone management. The most important locations are
shown in Figure 1.

45



Water 2022, 14, 1527

Figure 3. The consequences of accelerated SLR on measures related to flood risk, water management,
and coastal maintenance. Left panel is sea-level height, right panel is SLR rate. The colored bars
represent different SLR scenarios for the Netherlands: yellow = Delta scenarios 2014, blue: RCP 4.5,
and pink: RCP8.5. The horizontal yellow bars in the three central columns represent the tipping
points in present flood risk, water management, and coastal management policies, referred to by
codes and explained below the diagram (Reprinted with permission from Haasnoot et al., 2020 [10]).
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Maintenance of the sandy coastline requires increasing volumes of sand nourishments
to compensate for erosion and to keep up with SLR. This volume is proportional to the
annual rate of sea-level rise. The global averaged SLR accelerated to about 4 mm/year
the last decade, but along the Dutch coast, this acceleration is difficult to assess due to
large interannual variability in wind climate and thermal expansion. [Le Bars, personal
communication]. With this annual SLR of 2 mm/year, the volume of sand nourishments on
eroded beaches and erosive tidal channels is 12 million m3/year on average. An accelerated
SLR may increase this volume at the end of the century with more than a factor 10 (K7 in
Figure 3). The relatively shallow Dutch continental shelf (depth of 20–40 m) consists of
vast sandy deposits originating from glacial times. The increase in potential demand for
beach nourishments would make spatial reservations for sand extraction necessary, taking
account of the rapid development of large offshore wind energy farms.

Large parts of the coastal area consist of intertidal basins, such as the Wadden Sea,
which is a UNESCO heritage site. Preservation of the 4700 km2 intertidal habitats such as
shoals and mudflats requires sediment supply that enables these areas to keep pace with
SLR. Otherwise, these areas may lose surface area and eventually drown. This can have
large consequences on ecology, fisheries, and recreation, and also on flood protection, since
these shallow areas reduce wave action and hydraulic loads on the flood defenses. For the
Wadden Sea, it is expected that natural sediment supply by tidal action may fall short when
SLR exceeds an annual rate of 6–10 mm/year (which may be around 2050) [23]. (see also
K1 and K2 in Figure 3).

Flood protection against storm surges is provided by a system of dams, seawalls,
and storm surge barriers. With accelerating SLR and without improvements of the flood
defenses, the current design conditions for these flood defenses may be met more frequently.
The level of protection may drop and the flooding probability may increase. Storm surge
barriers are of special interest, since SLR increases the closure frequency. E.g., the Maeslant
barrier, which protects Rotterdam, is designed to close 1/10 per year (once every decade).
At 1 m SLR, it may need to be closed 3 times per year (V4 in Figure 3), and at 1.5 m SLR, it
may be closed 30 times a year. This may induce a larger maintenance effort. Furthermore,
the barrier was not designed to close that often and may therefore meet its end-of-life time
earlier than was originally intended. More importantly, it also increases the probability of
a closure coinciding with a flood wave on the river, increasing riverine flood risk in the
area that is protected by the barrier. To maintain the present level of flood protection, an
upgrade of the storm surge barrier becomes necessary before the designed end-of-life of
the barrier, and/or large dike improvement works.

Excessive river discharge and rainfall is discharged by gravity from large lakes and
canals into the North Sea. With SLR, the interval during which gravity drainage into the
sea is possible is gradually shortened, and consequently, the natural discharge capacity
is reduced. To maintain the required discharge capacity, the sluices have to be widened
and/or complemented with pumps. When SLR exceeds 0.65 m above the present level, the
low tide along the Afsluitdijk may equal the level of Lake Ijssel. Then, discharge under
gravity is no longer possible and drainage should be entirely performed by pumps. This
requires a pumping capacity of about 1200–3200 m3/s, depending on the accepted lake
level fluctuations. In the ‘what if’ scenarios, this may become necessary from 2070 onward.
Artificial drainage of the river discharge of Rhine and Meuse through their present river
outlets near Rotterdam may require even larger pumping capacities.

In the coastal region, there is a continuous inward saline influx in river mouths and
through ground water into the deep lying polders. Presently, the influx through surface
waters is counterbalanced by the outflow of fresh riverine water, except during periods of
low discharge. Polders that are suffering from upwelling saline groundwater are flushed
with fresh water that is transferred from upstream intakes, such as Gouda, which serves
1100 km2 of polder area. The Gouda intake supplies about 80 Mm3 per year on average,
mainly during summer. With increasing SLR, the salinization influx may increase. Fresh
water intakes for drinking water, agriculture, and industrial purposes may close more
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frequently or have to be transferred to more upstream fresh water locations. To maintain
the present agricultural land use and crop types, the fresh water demand for flushing may
increase, which requires expansion of the present supply route and supply volumes. For
the Gouda intake, the required fresh water supply may increase to 120 Mm3 in 2100 and
185 Mm3 per year in 2200.

Most existing large flood and water management structures in the Netherlands are
designed for a lifetime of 100–200 years, i.e., according to the present SLR of 2 mm/year,
for an SLR of 0.20–0.40 m. An accelerated SLR (e.g., up to 30 mm/year) may reduce this
lifetime significantly. Figure 4 illustrates that in the RCP8.5 scenario, the lifetime of a 50 cm
SLR design may be reduced from 65 years presently to only 10 years at the end of the
century. To solve this challenge, we must think of more robust measures that can handle a
large SLR (to achieve a long lifetime), or measures that are adaptive (to gradually expand,
reinforce, or increase in height when necessary), or more fundamentally, entirely different
strategies of delta management.

Figure 4. The effect of accelerated SLR on the lifetime of investments. In the present situation, a
design for 50 cm holds 65 years. The potential acceleration later this century reduces the lifetime of a
50 cm design to about 10 years (Reprinted with permission from Haasnoot et al., 2020 [10]).

The important message of these observations is that from 2050 onward, large uncer-
tainty appears in the expected SLR, depending on what will occur with Antarctic land ice
loss, but also that the potential consequences for the Dutch delta may be huge and may
accumulate on all aspects that are relevant for delta management in a rather short time, i.e.,
several decades.

4.2. Strategies to Cope with Sea-Level Rise

Experiences with previous Dutch major water management programmes show that
policy development, plan preparation, decision making, and implementation may take
several decades: the Deltaworks programme, initiated after the devastating 1953 flood,
took about 45 years to complete, and the Room for the River programme, initiated after the
1993 and 1995 flood events of the Rhine and Meuse Rivers, lasted 20 years until finalization.
With these experiences in mind, and potential consequences of accelerated SLR emerging
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from 2050 onward, studies and preparations for new strategies should start now to be ready
when this might become necessary.

In [5], three different types of strategies were distinguished:

Retreat, which involves reducing the exposure to coastal hazards by moving people, as-
sets, and activities landward to higher ground. This choice can be motivated by exces-
sive economic or environmental impacts of protection or long-term adaptation needs;
Accommodate, which implies that people continue to use the land at risk but do not
attempt to prevent the land from being flooded. This option includes creating emer-
gency flood shelters, elevating buildings on piles or mounds, converting agriculture
to fish farming, or growing flood or salt tolerant crops;
Protect, which involves hard structures such as seawalls and dikes, as well as nature-
based solutions such as dunes and vegetation, to protect the land from the sea so
that existing land uses can continue. Protection can be provided by strengthening the
existing coastline or by advancing a higher new coastline.

With growing attention for SLR in the last decade, many ideas to cope with SLR have
been proposed for the Dutch delta [22]. Inspired by the abovementioned IPCC typology
for the Dutch delta, these strategies are now categorized as follows (see Figure 5, [24]):

Figure 5. Potential types of strategies for the Netherlands to adapt to accelerated SLR (copyright of
Carof, for Deltares).

Protect (‘freeze’): continue the present policy to preserve the territory of the Nether-
lands by increasing volumes of beach nourishments, and raising dikes and seawalls. Present
land use can be continued, but requires increasing efforts in flood protection and water
management. Regarding the estuaries, two variants of protection emerge:

(a) Close them off from the sea completely by dams, navigation locks, and sluices. This
‘protect-closed’ strategy protects the inland area against SLR and the related saliniza-
tion. However, handling river discharge requires enormous pumping stations, with
a capacity of several thousand m3/s, in combination with large areas for temporary
flood storage.
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(b) Maintain the open connection with the sea. In this ‘protect-open’ strategy, rising sea
level extends its influence upstream along the rivers, flooding unembanked (harbor)
areas and requiring extensive dike improvement programmes to maintain flood
protection standards. In addition, a large inland area may be affected by salinization
of surface waters.

The ‘accommodate’ strategy is based on the ‘living with water’ concept. For the Dutch
delta, this could be a combination of ‘retreat’ (‘flee’, horizontal retreat) and ‘accommodate’
(vertical retreat, by creating mounds, raising buildings, or creating ring dikes to protects
urban areas, or by introducing floating solutions). In this strategy, flood defenses are
maintained to the present height, but not raised to rising sea level. As a result, low-lying
areas may experience more frequent flooding (e.g., from presently 1:10.000 to 1:10 years in
the future). This strategy may have a large societal impact since large parts of the country
must be re-organized or abandoned and millions of inhabitants must adapt or migrate to
higher ground.

The ‘advance’ (‘fight’) strategy is new compared to the original IPCC types. In this
strategy, the present coastline is extended seaward to build a more robust coastal flood
defense. It can be considered as a special kind of protect strategy, also creating 100–500 km2

of new land. A more radical alternative is the construction of a new (closed) coastline
10–20 km offshore, protecting the present coastline and creating a brackish reservoir in
which river discharge during river flood events can be buffered before it is pumped across
this new coastline. The present land use can be continued; moreover, the new coastline
creates 500 km2 for urban and industrial developments, recreation, and nature, and possibly,
a new airport. The sand volumes necessary to expand the present shoreface or to construct
an offshore coastline vary between 10 and 20 billion m3.

These different strategies all involve prolonged and massive investments in con-
struction and maintenance and have profound impacts on present and future land use.
Especially, the ‘living with water’ strategy may cause large societal and political debate,
since the Dutch culture has been for a thousand years based on protection against floods
and reclaiming land from the sea. On the other hand, elements of this ‘amphibious’ strat-
egy already exist locally, but are less known and widespread. For example, to provide
additional flood discharge and storage capacity, in the former Noordwaard, polder houses
have been removed or relocated to outside the flood plain or to mounds [25] (see Figure 6).
Along parts of the coasts (e.g., Wadden Sea and Westerschelde), managed realignment is
implemented to restore salt marshes and to aid coastal defense [26].

Policy development, decision making, elaboration, and implementation of the mea-
sures can take several decades. However, there is still a lot of uncertainty regarding future
SLR, and starting a debate on the appropriate strategy right now may seem much too early
when assuming a best-case scenario in which global warming is kept to a maximum of 2 ◦C,
or even when considering the likely range of projections with a higher global warming
scenario. On the other hand, the planned investments up to EUR 600 billion in housing,
infrastructure, sustainable energy, and agriculture in flood-prone areas may substantially
increase the future risk potential, and create a further ‘lock in’ of continued developments
in low-lying flood-prone polders when fundamental choices are avoided.

The adaptive approach of the Delta Programme tries to find a balance between ‘too
little too late’ and ‘too much too early’, to determine the measures that are necessary (or
‘low regret’) for now, maintain open options for future additional measures, and monitor
developments in order to timely decide on accelerating present strategies or implementing
additional measures [4]. Adaptation pathways connect present investment agendas with
future perspectives by different combinations of measures, identifying where a change of
strategy is still possible and how to avoid ‘lock in’ [27]. ‘Lock-in’ situations can be avoided
by low-regret measures, including spatial reservations for potential future measures such
as sand extraction, water storage, and flood defense reinforcements.
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Figure 6. Relocated houses on flood-free mounds in Noordwaard flood storage and bypass area
(picture from Brabants Dagblad).

Adaptive strategies can benefit from flexible measures, which are easy to alter, speed
up, or slow down depending on the measured climate change. Examples are ‘nature-based’
solutions such as beach nourishments. Robust measures that can cope with high-end
scenarios may be preferred when the adjustment costs are relatively high compared to
a more robust initial design [28]. This is especially the case with investments in ‘hard’
infrastructure such as locks, seawalls, and dams. An interesting hybrid example is the
expansion of the pumping station in IJmuiden, where the expensive ground works and
foundation was already constructed in a robust way for the worst-case scenario (SLR
+ 0.85 m in 2100), while the pumps are only placed for the best-case scenario (SLR + 0.35 m
in 2100), creating flexibility to place additional pumps when necessary [29]

Potential adaptation pathways are presented in Figure 7 and can be explained as follows:

• Until 2050, SLR projections for different emission scenarios vary only little. Therefore, a
continuation of the present protect strategy seems logical as a first step. A complicated
societal debate is avoided, choices can be postponed until more knowledge about SLR
becomes available, and present land use can be continued by increasing the present
technical measures in flood protection and water management, presumably up to a sea-
level rise of 2 m and a related rate of SLR. The increasing volumes involved in beach
nourishments (up to 60 million m3/year) can be dredged on the Dutch continental
shelf. This strategy largely depends on scaling up present sand extraction and beach
nourishments operations of generally 1–5 million m3 per project. An interesting pilot
is the so-called ‘Sand motor’, a 1.28 km2 beach nourishment of 21.5 million m3, costing
about EUR 70 million. After 10 years of monitoring, it was concluded that the ‘Sand
motor’ acted as a ‘feeder beach’ from which the sand is transported to adjacent dunes
and beaches by natural processes such as wind, tidal currents, and waves [30]. It
also illustrated the ‘benefits of scale’ effect, since such larger volumes enable the use
of more efficient large vessels and nourishment techniques, and reduces the costs of
material mobilization and demobilization costs for ground works. As a consequence,
the usual beach nourishment costs were almost halved.

• In addition to these kind of pilots, low-regret measures can be taken, such as spatial
reservations for sand extraction in the North Sea, to avoid conflicts with other marine
users, including wind farm developers. Nevertheless, a large loss of intertidal areas
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in the Wadden Sea cannot be prevented if SLR rates consistently exceed 6 mm/year
(western Wadden Sea) or 10 mm/year (Eastern Wadden sea). Nor can the salt intrusion
be fully avoided. In this way, the protection pathway is continued, with the risk of
large transfer cost for future generations, if a shift to other strategies is needed.

• With rising sea levels, the first dilemma that may emerge is whether to permanently
close the estuaries or to keep them open to facilitate free river discharge. To keep both
options open in the coming decades, it is necessary to avoid new developments in
unembanked areas (or at least make them flood-proof), and reserve space for future
dike improvements. A first inventory shows that future dike raising requires 12–17 m
additional horizontal space per meter raised. This requires valuable space, especially
in urban areas such as Rotterdam, which can only be used for temporary activities.
Furthermore, in the closed option, drainage of river discharge requires large pumping
capacity, up to several thousand m3/s or even more. This pumping requirements
can be reduced when flood waters can be temporarily stored. This storage capacity
can be found in present water systems, or in creating new systems in the coastal
zone, attached to the river mouths. Model simulations can help find the optimum
combination of dike raising, storage volumes, and pumping capacity.

• Regarding agriculture and horticulture, a gradual transition to salt (and drought)-
tolerant crops is low-regret, since salinization of the coastal area is expected in both
the retreat and protection strategies.

• With continued SLR and increasing technical efforts, a fundamental choice between
‘advance’ or ‘retreat’ becomes inevitable. The ‘advance’ strategy can be seen as a next
step in the present protective strategy, heavily relying on technical measures such as
flood defenses and pumps. Therefore, some experts advocate to start with this strategy
already, and avoid short-term expenses on maintenance and on upgrading the present
flood and water management infrastructure. The retreat strategy marks a significant
‘change of mind’, which may be reached after a long societal debate, or become reality
when natural disaster creates a ‘fait accompli’.

Worldwide, many examples exist of large-scale technical measures that may be neces-
sary to handle a SLR of 2 m or even more. Examples are the Japanese 10 m high tsunami
seawalls (costs up to USD 30 million/km [31]) and even more expensive ‘super levees’
such as the 36 m high and 33 km long Seamangum closure dike in South Korea (cost USD
1.7 billion, [32], the 300 m3/s Mubarak pumping station in the Aswan dam, large-scale
land reclamations by sand nourishments for urban development in Palm Jumeirah, Dubai
(cost USD 12 billion for 5.6 km2) and Eko City, Lagos (USD 6 billion for 10 km2) [33].
Additionally, examples exist of (managed) retreat or ‘living with water’ measures, such
as mounds and shelters in the tsunami-affected coastal zone of Japan, cyclone shelters in
Bangladesh, and raised buildings in the Mississippi delta, but these areas are often less
populated than the Dutch delta.
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Figure 7. Adaptation pathways for the Netherlands to adapt to accelerated SLR. DP2015 represents
the present strategies, adopted in 2014 [11].

4.3. The First Step

A choice for one of these strategies has large consequences for present and future land
use, requires a solid preparation and societal debate, and is not necessary at the present rate
of SLR, as there is still time to prepare. Furthermore, the Netherlands does not necessarily
have to choose only one of the four strategies. A regional differentiation of the strategies,
in which some areas receive extra protection while in other areas a retreat or accommodate
strategy is applied, is a viable option as well, especially when there are large differences in
population density and flood hazard.

To support a timely preparation on SLR, in 2019, the Delta Commissioner and Minister
of Infrastructure and Water Management jointly initiated a 6-year comprehensive research
programme that consists of the following tracks [34]:

• research aimed to reduce the uncertainty regarding SLR. This requires international
cooperation on polar research, but also on monitoring SLR in coastal seas;

• develop a method to signal a potential acceleration of SLR timely and with sufficient
confidence. This involves statistical research on SLR data and projections;

• establish the potential effects on the flood risk and water management of the Dutch
delta and related infrastructure and establish the lifetime of the present policies.
Detailed model computations for different SLR scenarios must be performed to predict
future coastal erosion, necessary beach nourishment volumes, hydraulic loads and
required flood defense strengthening, storage and pumping capacities, and increase of
fresh water supply. Special attention is paid to the discharge of river water with the
rising sea-level [35], which is a major challenge for many deltas worldwide;

• explore long-term options which might become necessary when present policies
become short. In this situation, the present territory and land use of the Netherlands
might be affected by regular or permanent flooding and salt intrusion. In cooperation
with other authorities and NGOs, it must be explored whether present investment
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agendas on, e.g., housing, infrastructure, and sustainable energy may occupy land
that might be necessary for future strategies to deal with SLR, and how these agendas
can be aligned to create synergy with these future strategies;

• prepare the implementation of the necessary policies and measures by:

o collecting expertise and knowledge on large-scale long-term societal transitions;
o starting pilots to gain experience with the possibilities to scale up present tech-

niques and methods (e.g., building with nature);
o propose spatial reservations for future sand extraction, flood protection, water

discharge, storage, and supply; and
o introducing the adaptive approach in the design of projects that are planned for

the coming years in housing, infrastructure, and replacement of present (aging)
infrastructure.

This research programme is a joint cooperation of several ministries, water manage-
ment authorities, provinces, municipalities, knowledge institutes and universities, private
parties, NGOs, and neighboring countries, under the leadership of the Delta Programme
Commissioner and Minister of Infrastructure and Water Management. The results will be-
come available in 2026, to give input to the next 6-year evaluation of the Delta Programme.

5. Discussion and Conclusions

SLR is becoming a worldwide threat for coastal areas, especially because of its poten-
tially accelerating rate. Whether and when this will occur is still uncertain, and depends
largely on the success of CO2 reduction measures, global warming, and the response of
Antarctica’s land ice. The exploration of adaptation pathways helps to manage this uncer-
tainty by enabling timely adaptation and limiting regret of investments. As sea levels rise
faster, adaptive measures must be implemented at an increasing frequency or to a higher
sea level. This is challenging for investments with a long lifetime or for measures that need
decades to prepare and implement in an orderly way, such as coastal defenses or managed
retreat. With accelerating SLR, the time required may become a limit. Therefore, long-term
planning and accelerated implementation, particularly in the next decade, is important to
close the gaps between present and necessary adaptation [2].

Using the Dutch approach as an inspiration for other urbanized coastal zones threat-
ened by SLR, it is recommended to start a comprehensive programme consisting of:

• research into the behavior of Antarctic ice, combined with the development of a
method to signal SLR acceleration in a timely way with sufficient confidence;

• research into the consequences of accelerated SLR on present water management
infrastructure such as flood defenses, storm surge barriers, locks and pumping stations,
and fresh water intake locations. How will SLR affect their lifetime, maintenance,
replacement, or reconstruction? Consequently, what will be the effect on the land use
that this affected infrastructure serves? Which strategic choices in water management
and land use strategies become inevitable? E.g., is the present type of fresh-water-
based agriculture in the coastal zone sustainable with increasing salinization due to
SLR? Or do we continue with new urban development in low-lying coastal areas
which require increasing efforts to maintain dry?;

• the exploration of long-term strategies (e.g., ‘protect’, ‘advance’, ‘accommodate’, and
‘retreat’) that might become necessary when present policies start to fail. Vice versa,
identify necessary short-term measures to keep these future strategies open and avoid
regret investments. An important no-regret measure is the spatial reservation for
future sand extraction (for beach nourishments) and for future expansion of flood
defenses, water discharge, and water storage.

• flexible measures, which are important to bridge the coming decades of uncertainty
in SLR. Nature-based solutions, such as beach nourishments or stimulating natural
sedimentation on flood defense forelands, are relatively cheap and more flexible
to adapt to changing conditions than concrete structures. In addition, they have
beneficial side effects on, e.g., nature restoration and recreation. Pilots may be helpful
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to improve the effectiveness of these measures and establish their ‘scaling up’ potential,
as illustrated by the Sand motor mega beach nourishment [30].

• adaptive design. When decisions have to be made regarding the (re)construction of
long-lifetime robust infrastructure, an adaptive design should be promoted, to make
future expansion possible without excessive costs.

The first results of this Dutch sea-level rise programme illustrate the large potential
impact of accelerating SLR on densely populated coastal areas. Although adaptive options
can be formulated, the implementation will require large and long-lasting efforts and
cause strong societal and political debates. This underlines the need to reduce greenhouse
gas emissions in order to mitigate SLR, avoid these dramatic consequences, and reduce
adaptation efforts.
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Abstract: Cities must develop actions that reduce flood risk in the face of extreme rainfall events.
In this study, the dynamic resilience of the Gregorio catchment (São Carlos, Brazil) was assessed.
The catchment lacks environmental monitoring and suffers from recurrent floods. The resilience
curves were made considering the water depth in the drainage system as the performance index,
obtained by simulations with SWMM and HEC-RAS. The calibration of the flood extension was
performed using citizen science data. The contribution to increasing the dynamic resilience by
implementing decentralized low impact development (LID) practices was also evaluated. For this
purpose, bioretention cells were added to the SWMM simulations. The resilience curves were then
calculated for the current and future climate scenario, with and without LID, for return periods of 5,
10, 50, and 100 years and duration of 30, 60, and 120 min. Intensity–duration–frequency curves (IDFs)
updated by the regional climate model MIROC5 for 2050 and 2100 were used. The results showed a
significant improvement in the system’s resilience for light storms and the current period due to LID
practice interventions. Efficiencies were reduced for moderate and heavy storms with no significant
drops in floodwater depth and resilience regardless of the scenario.

Keywords: historical data source; flood mapping; poorly gauged catchments; citizen science; low
impact development

1. Introduction

Historically, cities have been affected by extreme rainfall events and their consequences
such as floods and landslides [1–4]. Poor planning and management of the urban space
contributes to increasing flood risk for the population due to the housing settlement
in steep or floodplain areas and excessive impervious areas and consequently higher
runoff generation [5–7]. In developing countries, the housing deficit further increases
the occupation of hazardous areas by socially vulnerable populations. Additionally, the
pattern of urban occupation and creation of cities has been around rivers due to the need
for access to water resources; in many cities, the traditional commercial center is located
near floodplain areas [8,9].

Climate change aggravates this risk scenario by increasing the probability of extreme
events and their intensities [10–12]. Studies in different regions worldwide show a trend of
higher occurrence of storm events, even when there is a decrease in the total rainfall volume
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in the wet season [13–15]. This trend is also observed in Brazil’s regional climate models
(RCM) developed with climate change [16,17]. A total reduction in the rainfall volume in
southeastern Brazil has been observed with an increase in extreme events. These results
were reaffirmed, including more pessimistic forecasts, in the IPCC’s Sixth Assessment
Report, working group 1: the physical science basis (AR6) [18].

As a guideline for disaster risk management caused by extreme events, the United
Nations Office on Disaster Risk Reduction (UNDRR) released the Sendai report in 2015 [19],
presenting increased resilience as the ultimate goal to be pursued by decision makers.
This report presents the importance of taking risk management actions from a science–
policy interface for risk-oriented and evidence-based decision making [20], (pp. 3–5, [21]),
(pp. 51–68, [22]).

This report defines resilience as “the ability of a system, community or society exposed
to hazards to resist, absorb, accommodate, adapt to, transform and recover from the
effects of a hazard in a timely and efficient manner, including through the preservation and
restoration of its essential basic structures and functions through risk management.” Several
actions have been proposed to increase the resilience of cities to flood events, considering
the different temporal components of risk management actions (anticipation, prevention,
mitigation, preparedness, response, and recovery [19,23]). Furthermore, actions can be
classified as structural, measures, or non-structural, instruments [24].

Structural prevention and mitigation measures are commonly used by cities with the
main application of centralized grey infrastructures such as detention basins and rainwa-
ter reservoirs [25–27]. However, in recent years, the application of green infrastructure
measures, also known as low impact development (LID) practices, has grown due to their
complementary benefits for the hydrological cycle, diffuse pollution control, and the catch-
ment life cycle [28]. According to the 2014 report of the C40 group, drainage solutions with
LID ranked third among the most performed actions by the group’s cities [29].

Due to the central importance of resilience in the risk-oriented and evidence-based
decision-making process, several studies aimed to define its indicators. In [30,31], the
authors criticized the application of static resilience indicators since they do not allow a
good representation of the event cycle after stress and consequently the evaluation of the
temporal components of risk management actions. Thus, the authors proposed a space-
time dynamic resilience measure (STDRM). For this measure, resilience is presented as
the loss of system performance (e.g., physical, social, economic, health, etc.), which can be
calculated as the integral of the curve representing the system performance level between
the beginning of the disruptive event and the end of the system’s recovery. Over time and
space, the different performance metrics can be further normalized and combined into a
single resilience curve.

The system’s performance can be quantified through computational modelling, al-
lowing the evaluation and comparison of different intervention scenarios [32,33]. In the
case of resilience to flood events, a commonly used metric for the physical system is the
water depth reached by the flood and its horizontal extent in the affected area. To this
end, hydrological, hydraulic, and hydrodynamic models must be used [34,35]. However,
limited hydrological data availability can hinder urban flood modelling [36].

In order to simulate both pluvial and fluvial floods happening simultaneously in urban
catchments, coupled hydrological and hydrodynamical modelling have been increasingly
used. One common configuration is to use HEC-HMS for hydrological modelling and HEC-
RAS for the hydrodynamic 2D process, obtaining the flood extensions and flood depths
for different scenarios [37–39]. This configuration has been used in ungauged or poorly
gauged basins with a high application in India. Nevertheless, there are some limitations in
using HEC-HMS for hydrological modelling: it does not allow simulation of the effect of
LID practices and it does not account water quality assessment.

To overcome these issues, it is possible to use an alternative configuration such as
coupling SWMM and SWAT for hydrological modelling with HEC-RAS. SWMM and
SWAT models allow us to incorporate different types of LID practices in the catchment,
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e.g., rain gardens, green roof, porous pavement, etc. [40,41]. The SWMM model has been
widely used for urban catchments [42–44] while the SWAT model has been more applied in
large areas [45].

In [46], the authors successfully used SWMM to assess the impact of climate change
on an small urban catchment in Athens, Greece by updating IDF curves due to climate
change and demonstrated that under the non-stationarity projections of climate, the percent
change in future rainfall intensity could vary immensely and showed the potential of
a systematic assessment of flood mitigation scenarios by using climate projections, bias
correction methods, and temporal downscaling associated with hydraulic models. In the
same sense, [47] found that climate change would reduce total rainfall in Tehran but with
an increase in heavy storms. Therefore, the authors evaluated these non-stationary effects
in the urban hydrology by using SWMM and proposed different intervention scenarios
with LID practices to maintain the urban resilience. SWMM was also used in [48] to assess
the impact of climate change on urban hydrology and their impacts on combined-sewer
overflow occurrences in city of Toledo, Ohio, obtaining an increase of 12–18% for future
scenarios. Additionally, the simulation showed that rainwater harvesting implementation
in half of the buildings could mitigate the effects of future climates.

Despite the contribution of these studies to evaluate mitigation measures to climate
change by LID practices, they only performed hydrological modelling and did not provide
information about flood extent and depth. For this purpose, coupling SWMM with HEC-
RAS can be an alternative [49].

For a good representation of the area by coupled hydrological and hydrodynamic
modelling, it is necessary to calibrate and validate the models with observed data with
different severities and probabilities of occurrence. However, in the case of developing
countries, it is common for urban catchments to be poorly gauged, lacking observed data
with suitable temporal and spatial discretization [39,50–52]. To overcome this problem, new
studies have used citizen science data—the involvement of citizens in collecting data and
knowledge for scientific research [53] and historical records—and social data such as photos,
footage from security cameras, newspapers, and population memory to extract records of
depths and flows of flood events [54–56], showing a clear potential for using data collected
by citizens to complement traditional monitoring data for flood model development and
validation, especially at ungauged or poorly gauged catchments. Data reported from
citizens also benefit from being spatial and can be compared to other spatial datasets [57].
Case studies have shown that even when the amount of data is not so expressive, they
can still provide an effective form of model validation [58]. Additionally, [59] showed that
regionalization methods and optimization techniques [60] were helpful for LID simulation
to overcome the lack of hydrological and stormwater quality data.

The state of São Paulo (SP) in the city of São Carlos in Brazil has had recurrent cases of
flooding over the years, with critical flooded areas in its main commercial
center [61,62]. However, due to traditional cultural aspects, there is a permanence of
commercial establishments in the risk area, making an eviction of the area unfeasible [62].
Therefore, it is necessary to develop risk management actions to reduce peak flows and
flooding water depths in critical areas, reducing the damage generated.

This study aimed to explore the effect of different climate scenarios, combined with
the implementation of LID practices as a structural measure of risk management, on the
extent and depth of flooding in the center of São Carlos. To this end, SWMM and HEC-RAS
software were used for hydrological and hydrodynamic modelling of the catchment. Due
to the absence of observed monitored data as the catchment is poorly gauged, records
extracted from population memory and register (citizen science) were used to calibrate and
validate the models. Finally, the different scenarios were compared for their effect on the
catchment resilience using the STDRM approach.
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2. Case Study and Datasets

2.1. Gregorio Creek and Its Flood History

The case study was the Gregorio catchment located in the city of São Carlos, state of
São Paulo, Brazil (Figure 1, zoom map on the left). The total area of the municipality of São
Carlos is about 1136.91 km2. The city’s population density is about 194.53 inhabitants/km2,
and the entire population is estimated as 249,415 inhabitants [63]. The average altitude
is 856 m a.s.l. and the soil is highly permeable. As for its climatological characteristics,
São Carlos is classified as Cfa (humid summer subtropical climate) according to the Köppen-
Geiger climate classification, with an annual average rainfall of 1558.3 mm and average
daily temperature of 20.6 ◦C [64]. The rainy season extends from October to March and
accounts for almost 80% of the total annual rainfall, with January having the highest records
of rainfall, totaling 303.8 mm [64].

Figure 1. Gregório Creek Catchment in the city of São Carlos, São Paulo State, Brazil. The photographs
show citizen science data collected during flood events that occurred in the area.

The Gregorio Creek has its source in the southeast of São Carlos, in the city’s rural
area, with an approximate altitude of 900 m a.s.l. In its course, the creek crosses a highly
urbanized area from the catchment middle to the outlet. The stream has natural coverage
until the beginning of the urbanized area, where the open channel is then coated with
cement and its natural course is straightened. The total area of the Gregorio catchment is
around 19.14 km2. The catchment has a long history of urban flooding. A critical area is the
Municipal Market region, where the city’s commercial center is concentrated. The urban
flooding is due to the insufficiency of the drainage system both on a micro-drainage scale
and in the Gregório Creek channel overflow. In this area, there are reports of flooding events
occurring since 1970, with an intensification of hazard and damages to the population since
2004 due to the accelerated increase in occupation density at the site [62]. According to
local shopkeepers, there is an interval of up to 15 min between when the rain starts and
flood occurrence [61]. In addition, traders reported losses associated with floods ranging
from USD 100–USD 56,000 in 2015 and 2018 [61].

Ref. [65] estimated, based on historical data from 1940 to 2004, that the average
return period of flood occurrence is 0.65 events per year with a standard deviation of 0.84.
Their study also showed that the cumulative number of flood occurrences increased with
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catchment urbanization. This historical data suggests a clear need to adopt structural and
non-structural means to contain floods. Still, the proposals to solve the problem recorded
in official documents are onerous and have not yet been adopted [54,66].

2.2. Datasets
2.2.1. Water Level Data

Water level data registered with a time-step of 5 min was used. The sensor was
installed inside the Gregorio Creek canal downstream of the area most affected by floods
(Figure 1). The canal has cement coating and has no margin conservation at this location.
The riverbank has a 2 m wide strip of grass coverage. The water levels were converted to
flow data through a rating curve (Equation (1)) proposed by [67].

Q = 35.466637y1.548284 (1)

where Q is the estimated flow (m3/s); y is the observed water level (m).

2.2.2. Citizen Science Data

Buarque et al. [56] extracted records of water depth in the streets from pictures taken
by people who witnessed the events (Figure 1, Events 1–4) and in loco after the events using
the mark left on the walls as evidence (Figure 1, Event 5). We applied these data for the
urban flood modelling performed in this study.

2.2.3. Rainfall Data

Rainfall data was registered at 10 min intervals between September 2013 and Novem-
ber 2020. The input data come from a rain gauge installed inside the Gregório Creek
catchment. The gauge location was close to the flooding area and approximately in the
boundary of the area where hydrodynamic simulation was performed (2D area, Figure 1).

3. Methodology

In this study, the SWMM model was selected as a computational engine to simulate
the resulting flow from several design storms at the actual scenario of Gregório Creek
catchment and for future conditions considering climate changes. After this, HEC-RAS
was chosen to perform a 2D rain-on-grid simulation using SWMM inputs as a boundary
condition and citizen science data (CS data) for model validation. After model validation,
we used it to achieve the flood scenarios for the current and future situation of the catchment
due to climate changes—Figure 2 details the main steps performed towards generating
flood risk scenarios. The purpose is to assess the dynamic resilience of the system and flood
risk by obtaining flooded area scenarios, representing the risk component related to the
hazard and exposure.

3.1. Hydrological and Hydraulic Modelling

The USEPA Storm Water Management Model (SWMM) is a computational program
capable of simulating the rainfall runoff transformation over a catchment [40]. The model
has a hydrological and a hydraulic modelling module capable of simulating single events
or long-term simulations of runoff quantity and quality in micro- and macro-drainage
of urban catchments. The runoff component of SWMM is lumped and conceptual at the
subcatchment scale and is responsible for receiving rainfall and generating runoff and
pollutant loads. The routing module transports the surface runoff from the hydrolog-
ical model along rivers, canals, and other conduits [68]. SWMM is a semi-distributed
model, as the user can define the number of subcatchments according to the level of
discretization desired [69].

61



Water 2022, 14, 1467

Figure 2. Methodological activity diagram. The light gray rectangles represent the input data
(primary and secondary) for each activity and the dark gray rectangles represent the main
methodological steps.

Gregório Creek catchment was modelled using SWMM, setting the dynamic wave
equations and the SCS curve number (CN) method for the model routing and infiltra-
tion module. The inputs used for model set-up were width, average slope, infiltration,
Manning’s coefficient for the pervious and impervious area (N-perv and N-imperv, respec-
tively), percentage of impervious area with no depression storage, depth of depression
storage on pervious and impervious areas, the percentage of impervious area (%Imperv),
and canal roughness. Aiming to keep the physical meaning of the model, two groups of
model features with a different range of parameters value were defined, one for highly
urbanized areas and other for green areas. The curve number and percent of impervious
area parameter groups were defined based on the map of land use of São Carlos city [70].

As a multi-parameter model, many methodologies to calibrate SWMM have been
developed [60,71]. We performed model calibration using an automatic calibrator that
uses genetic algorithms for optimization developed by [72]. The stop criteria is based on
the deviation between the evaluation function of the best set of decision variables found
for the current generation (n)[ f (xn)] and the one of the previous generation [ f (xn−1)].
A threshold of 0.0001 was defined; when the deviation is lower than that value dur-
ing three generations in sequence, the optimization process stops. Table 1 shows the
calibration settings.

Seven rainfall events between September 2013 and January 2014 were divided into two
groups according to the average intensity of the rainfall: moderate and heavy—according
to the American Meteorological Society [73] classification. Then, the events were chosen at
random for two groups: calibration and validation (Table 2). The Nash–Sutcliffe efficiency
(NSE) was used as OF and to assesses model accuracy. Model calibration resulted in an
NSE value of 0.63 for the calibration period and 0.51 for the validation period. Table 2
presents the events selected.
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Table 1. Calibration settings.

Genetic Algorithm Settings

Two-point crossover probability 0.8
Flip bit mutation probability 0.05

Individuals’ selection Tournament selection
Decision variables (parameters) CN, %Imperv, Roughness, N-perv, N-imperv

Population size 50
Generations 100

Objective function (OF) NSE
Stop criteria | f (xn)−| f (xn−1)/ f (xn) ≤ 0.0001

Table 2. Rainfall events and the resulting water depth peak used for calibration and validation of the
hydrological and hydrodynamic models.

Hydrological Model (SWMM)

Event Date
(Day Month Year)

Rainfall intensity
(mm/h)

Total rainfall
(mm)

Peak water
depth (m)

Calibration
Event 1 3 September 2013 6.13 63.2 1.20
Event 2 25 March 2013 16.07 46.6 1.35
Event 3 28 May 2013 4.58 75.8 1.14
Event 4 29 November 2013 13.8 35.2 1.26

Validation
Event 1 4 October 2013 4.41 58.4 1.23
Event 2 20 December 2013 14.63 17.8 0.52
Event 3 14 January 2014 3.19 42.6 0.95

Hydrodynamic model (HEC-RAS)

Validation
Event 1 23 November 2015 2.21 16.6 0.85 *
Event 2 20 March 2018 37.42 68.6 0.75 *
Event 3 12 January 2020 21.47 94.2 0.72 *
Event 4 13 November 2020 8.07 39 0.28 *
Event 5 26 November 2020 8.77 38 1.65 *

* Citizen science data collected during the flood events may not represent the maximum water depth that occurred.

The rainfall runoff transformation was made on SWMM to feed the hydrodynamic
model (HEC-RAS) with different flow values to compare water depth reached when
considering LIDs insertion and climate changes. The flow data used for the model’s
accuracy evaluation came from a sensor installed near the catchment outlet (Figure 1); then,
the entire catchment was modeled and calibrated on SWMM based on the inference made
at this location. Though the whole catchment was modeled, the flow outputs that fed the
HEC-RAS model were accessed in an intermediary location of the catchment near the 2D
area border and at the Gregório Creek.

3.2. LID Modelling

SWMM can explicitly model eight types of LID controls: rain gardens, bioretention
cells, infiltration trenches, porous pavements, rain barrels, vegetative swales, rooftop
disconnection, and green roofs. The bioretention cells modelled in SWMM are depressions
containing vegetation grown in soil mixture placed above a gravel drainage bed, which
provides storage and infiltration of the runoff captured from surrounding areas [50] as a
vertical layer. The flux and storage of water resulting from each layer are tracked at each
model time-step. The LID practice’s flow is combined with the subcatchments’ runoff to
establish the aggregate values for each process at the end of every time step [74]. We choose
the bioretention cells as LID control to simulate its impacts on water depth peaks and flood
spots at the Gregório Creek.
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The input data used for the bioretention cells were calibrated by a previous study
developed by [75] for the city of São Carlos in an adjacent catchment of Gregório Creek.
The study built a prototype and performed field experiments with observed rainfall events
to determine all the coefficients. Each cell had an area of 12 m2.

In the SWMM model, the rainfall runoff component was lumped and conceptual at
the sub-basin scale. The Gregório creek catchment was discretized into 13 sub-basins, with
areas ranging from 0.67 km2 up to 4.71 km2, according to their main natural sources. The
sub-catchments had their area divided into pervious and impervious portions. The LIDs
were designed to capture the runoff coming 100% from the catchment’s impervious areas.
From this, we modeled the LIDs on the sub-catchments until they corresponded to 1% of
each sub-area. The outflow from the LIDs was sent to the catchment’s pervious portion.
Table 3 presents the main parameters used for the bioretention cells set-up.

Table 3. Input data * for the bioretention cells modelled on SWMM.

Surface
Value

Adopted
Typical

Range **
Soil

Value
Adopted

Typical Range **

Storage depth (mm) 600 - Thickness (mm) 1000 450–900
Vegetative volume fraction 0.1 0.1–0.2 Porosity 0.32 0.45–0.60

Storage Field Capacity 0.43 0.15–0.25

Thickness (mm) 500 100–150 Wilting Point 0.12 0.05–0.15
Void ratio 0.4 0.12–0.21 Conductivity (mm/h) 195.48 50.80–1397

Seepage rate (mm/h) 5.83 - Conductivity slope 46.38 30–60
Clogging factor 0 - Suction Head 66.98 50.80–101.60

* Values calibrated by [55]; ** Typical range from [40].

To evaluate the performance of the LID practices, runoff retention efficiency and peak
flow attenuation efficiency were calculated according to Equations (2) and (3).

E f frr =
Vin − Vover

Vin
(2)

E f fpeak =
Qpeak,in − Qpeak,over

Qpeak,in
(3)

where: E f frr is the runoff retention efficiency; Vin (m3) is the total inflow volume; Vover (m3)
is the total overflow volume; E f fpeak is the peak attenuation efficiency; Qpeak,in (m3/s) is
the maximum inflow value; Qpeak,over (m3/s) is the maximum overflow value.

3.3. Hydrodynamic Modelling

The Hydrologic Engineering Center’s (HEC) River Analysis System (HEC-RAS) soft-
ware is capable of performing steady flow simulations and one-dimensional (1D) and
two-dimensional (2D) unsteady flow analysis. The HEC-RAS system comprises a graphical
user interface, separate hydraulic analysis, and mapping facilities (HEC-RAS Mapper) [76].
HEC-RAS can perform coupled 1D and 2D modelling and 2D modelling with no 1D el-
ements. We used the second option to reproduce the hydrodynamic modelling of the
Gregório flooding area.

To perform the 2D HEC-RAS rain-on-grid simulations, the Advanced Land Observing
Satellite Digital Elevation Model (ALOS DEM) with a spatial resolution of 12.5 m was
used to represent surface terrain. We used this input due to a lack of more accurate terrain
information for the area. Several hydrological studies have already been carried out in the
region [77–80]. Still, none of them performed measurements or purchased more accurate
images, which is a reality in many river basins in developing countries.

The HEC-RAS model geometry was set up in the HEC-RAS mapper. The 2D area
(Figure 1, map on the top right) is defined as the boundary for which 2D computations
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occur, a computational mesh based on the DEM is created within the 2D flow area. The
delineation of the 2D area was made as a sub-catchment delineation, where the inlet point
was defined as the location at Gregório Creek immediately upstream of the main flooding
area (the Municipal Market region).

An unsteady flow plan (2D only) including rain-on-grid rainfall time-series and a flow
input as upstream boundary condition was created in HEC-RAS. This flow input came
from the SWMM simulations at the location in Grregório Creek near the 2D area boundary.
The unsteady flow routing was performed using diffuse wave momentum equations.
Rainfall inputs were at a 10 min time-step distributed uniformly throughout the catchment
area and flow data at a 5 min time-step. The value adopted for the global roughness
was 0.01 [81]. Computational interval is an end-user-defined parameter that defines the
temporal resolution of hydrodynamic calculations [82]. The hydrograph output interval
was set to every 5 min and the mapping output interval each hour. A 15 s computational
interval was determined to achieve satisfactory accuracy at HEC-RAS output, considering
the rapid response from urban floods and the spatial scale and resolution of the project.

There are no flood monitoring data from sensors for the Gregório catchment.
Buarque et al. [56] developed a socio-hydrological study and validated an urban flood
model as one of its methodological steps. In order to validate the model, they extracted
records of water depths in the streets from pictures provided by witnesses of the flood
events. Furthermore, they collected the water depth in loco after the events using the mark
left on the walls. They used the CAFLOOD application to develop the flood model, a
low-complexity model capable of providing fast and accurate urban flood simulations
based on a cellular automata approach [83]. The model uses the DEM, rainfall intensity,
and global roughness as primary inputs.

The main purpose of their study in the Gregório Creek was to replicate the socio-
hydrological mechanisms and design possible scenarios resulting from the interaction be-
tween water and human variables instead of seeking to best capture the catchment hydrody-
namic behavior [56]. Even though the model reached satisfactory results
(RMSE = 0.62), the same model approach could not be applied for our study as the
CAFLOOD model is unsuitable for using flow time series as input data. To capture
flow changes at the catchment due to LID controls set-up and its influence on flood spots,
we needed to couple the hydrological simulations on SWMM with the 2D unsteady flow
analysis at HEC-RAS.

We followed a similar approach to validate the 2D HEC-RAS for Gregório Creek and
used a dataset provided by [56] (Events 1–5, Table 2). Model calibration was not performed
due to the lack of data. The five flood events obtained from the cited study were used for
the 2D model validation (Figure 1, Event 1–5). The model performance was inferred at the
pixel closest to the water depth observation location (RMSE = 0.52). Figure 3 demonstrates
the model outputs used for accuracy assessment during the validation events.

3.4. Design Storms

Design storms were used as input for scenarios simulation of current and future
perio5ds with climate change. For the construction of the storms, the alternating block
method [84–86] with different configurations of duration, return period, and temporal dis-
tribution was adopted to obtain ranges of variability. Variability assessment was proposed
by [87] as an alternative to uncertainty assessment for climate change scenarios due to
the difficulty of accessing statistical uncertainty of GCM and RCM itself, in addition to
downscaling and bias correction methods.
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Figure 3. Comparison between observed water depth with maximum water depth reached at the
closest pixel to the observation using HEC-RAS and CAFLOOD (Buarque et al., 2021).

As for duration, three different intervals were adopted: 30 min, 1 h, and 2 h, represent-
ing more intense and more recurrent rainfalls in the city of São Carlos. As for the return
period (RP), 5, 10, 50, and 100 years were adopted to obtain a variability between higher
recurrence and lower intensity and lower recurrence and extreme intensity. Finally, two
patterns of temporal distribution were adopted: centralized (Ce) and delayed (At) (similar
to Huff’s third quartile [88,89]). The delayed pattern was included to represent scenarios
with higher runoff generation. In this temporal pattern, the initial and less intense rainfall
is responsible for saturating the soil. At peak intensity, the infiltration of water is lower,
leading to more significant runoff and higher flow peaks.

For the current period, the design storms were constructed using the standard intensity–
duration–frequency curve (IDF) for the city of São Carlos [90] (Appendix A). Regarding
future periods, the updated IDFs with climate change developed by [75] were adopted for
the periods from 2015 to 2050 and 2050 to 2100 (Appendix A). The future IDFs were updated
using the daily rainfall data obtained by the RCM Eta-MIROC5 [16,17] for the scenarios,
RCP 4.5 and 8.5 (representing optimistic and pessimistic variabilities) bias-corrected by the
methods power transformation (PT), and distribution mapping (MD).

The combination of all design storm configurations and evaluation scenarios resulted
in 216 input rainfalls for hydrological and hydrodynamic simulation. Storms were selected
to better visualize the results, representing weak, moderate, strong, and extreme intensities
for the current and future periods defined according to extremes of the return periods and
rainfall duration, presented in Table 4.
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Table 4. Representative design storms.

Duration
(min)

RP (years)
Temporal

Distribution *
Period RCM

Bias
Correction **

RCP

Weak 30 10 Ce and At Current - - -
Moderate 60 10 Ce and At Current - - -

Strong 60 50 Ce and At Current - - -
Weak 30 10 Ce and At 2050 MIROC5 PT and MD 4.5 and 8.5

Moderate 60 10 Ce and At 2050 MIROC5 PT and MD 4.5 and 8.5
Strong 60 50 Ce and At 2050 MIROC5 PT and MD 4.5 and 8.5

Extreme 120 50 At 2100 MIROC5 PT and MD 4.5 and 8.5

* Rainfall hydrograph centralized (Ce) and delayed (At); ** bias-correction by power transformation (PT) and
distribution mapping (MD) methods.

3.5. Dynamic Resilience

To assess resilience, the STDRM approach [30] was used, here called dynamic resilience.
In this approach, resilience was presented as a unitary variable representing the system’s
performance losses during a disruptive event and its subsequent recovery.

As a first step to evaluate dynamic resilience, it is necessary to establish the system
performance evaluation metrics. In this study, the peak water depth at the most critical point
of the catchment along with the event—hc(t)—was considered a performance indicator.
The most critical point (Figure 1) was defined from physical and social characteristics, i.e.,
water depth and associated economic losses.

Finally, the resilience—r(t)—was calculated according to Equation (4) as a function
of the normalized performance, i.e., dividing it by the system’s maximum performance
considering all the events evaluated—hc, max (m). Resilience was deemed to be maximum
if the floodwater depth was lower than the minimum water depth for houses and stores
flooding—hc,min (m).

r(t) =

{
i f hc(t) ≤ hc,min, 1

i f hc(t) > hc,min, 1 − hc(t)
hc, max

(4)

4. Results

4.1. Hydrological Scenarios

After the SWMM calibration and validation, different climate scenarios and structural
intervention for risk management were simulated for the current and future periods,
considering climate change. Figure 4 shows the simulated hydrographs at the midpoint
of the Gregório basin (2D model input) with the input of representative design storms
considered weak, moderate, strong, and extreme for the different scenarios, presented in
Table 4.

It is possible to notice from Figure 4 that peak flows for current periods varied between
maximum values of 246.7 m3/s to 398.6 m3/s considering no risk management intervention.
In intervention scenarios (Table 4) with LID practices, these values were reduced between
78 m3/s and 97 m3/s, representing an attenuation of approximately 40% and 30% for weak
and moderate design storms, respectively. However, for heavy storms and maximum peaks
in the most extreme scenario, the peak flows were reduced by only 35 m3/s, representing a
9% reduction.
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Figure 4. Hydrographs for representative climate scenarios for the current and future period, with
and without applying LID practices. Lines represent the average value of the hydrographs, and the
shaded area is the confidence interval, considering the variation evaluation for the representative
design storms.

In the future scenarios presented in Figure 4, there was an increase in the maximum
peak values between 72 m3/s and 235 m3/s when compared with the current period,
considering scenarios of weak, moderate, and heavy design storms and without the inter-
vention of LID practices. The application of bioretention cells collaborated to reduce the
peak increase to a range of 78 m3/s to 221 m3/s for scenarios with LID intervention.

The intensification of rainfalls in future periods due to climate changes reflects on the
efficiency of bioretention to mitigate peak flows. This drop was more accentuated for the
moderate rainfall scenario (from 78 m3/s to 35 m3/s, equivalent to an efficiency drop from
30% to 10%). For heavy storms, the peaks were reduced by 35 m3/s in the current period
and 50 m3/s in the future period, equivalent to an efficiency drop of 9% to 8%. Even with
higher peak flow reductions for future periods, there was a reduction in the system’s overall
efficiency. In the case of an extreme storm for the final year of 2100, the flow reductions
were even less significant when evaluating the implementation of LID practices. There was
a reduction in maximum peak by 31 m3/s, representing a 4% efficiency of peak attenuation.
From the hydrographs, it is also possible to observe that bioretention cells contributed to a
delay in the occurrence of peak flow between 5 and 10 min.

In addition to the hydrographs evaluation for the representative storms, the reduction
in volumes and peak flow for all scenario combinations and the current and future periods
were also evaluated (Figure 5). There was a general increase in runoff volumes and peak
flows for future periods with climate change. The increase was significant and more
pronounced for higher RPs (50 and 100 years) than smaller RPs.

Considering the scenarios without LID practices, there was an increase of 25.7 m3

and 56.9 m3 in the medians for RP 5 years (representing a relative increase of 1.2× and 1.4)
for periods 2050 and 2100, respectively. For 100 year RP in the same periods, there
was an increase of 98.6 m3 and 111.3 m3, representing a relative increase of 1.8× and
1.9×, respectively.
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Figure 5. Comparison of hydrological variables for current and future scenarios with and without
applying LID practices. The black rhombuses are the data outliers.

Furthermore, there is an increase in the variability of volumes for the larger RPs, both
for the current period and for future periods (Figure 5). In future periods, the variability
was more accentuated with a greater tendency to higher values [87]. As for peak flows,
the variability was more constant among all RPs but increased when comparing the future
periods with current periods.

From Figure 5, it is also noted that the LID practices could reduce the runoff volumes
in values within a fixed range of approximately 45 m3 to 55 m3. This interval represents
the volume retention capacity of all bioretention cells applied together in the catchment.
The variations are relative to the soil saturation level and therefore its infiltration capacity.
Similar results were observed in [75]. This reflects on the peak flow attenuation, which also
presented limitations. In Figure 4, it is possible to observe that the maximum peaks were
reduced to values approximately around 30 m3/s. Therefore, the drop inefficiencies over
time (Figure 6) are related to an increase in rainfall volumes and peaks while keeping the
maximum capacity of bioretention constant.

4.2. Hydrodynamic Scenarios

The HEC-RAS model was validated for 2D rain-on-grid simulations. The flow hy-
drographs simulated using SWMM for all the climate scenarios, with and without LID
interventions, and the rainfall for the different climate scenarios (Table 4) were used as
inputs to HEC-RAS to assess its effects over the flooding area. Figure 7 shows these results
by comparing the changes in peak water depth in the flooding area for weak, moderate,
and strong scenarios of rainfall for the current situation of the catchment when adding LID
interventions and without LID intervention.
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Figure 6. LID practices efficiency in peak attenuation and volume reduction for the current and
future scenarios. The black rhombuses are the data outliers.

Figure 7. Maximum water depth difference between catchment conditions with and without LID
practices for the current climate conditions. Hydrodynamic simulations with: (a) a weak rainfall
input, (b) a moderate rainfall input, (c) a strong rainfall input, and (d) the average of all rainfall inputs
for the current scenario.

The results obtained in the spatial distribution of events reinforced the results of
Section 4.2 (simulated scenarios using SWMM). The reduction in the flood spot peaks
was strongly noticed for weak rain with a predominance of about 30 cm reduction in
the maximum depths for this scenario (Figure 7a) whereas for a heavy rain scenario, the
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decline of the peak between 5 and 10 cm was more noticeable (Figure 7c). LID interventions
mitigated the risk of flooding but were more notable for less extreme events.

Figure 7d presents the difference between the average peak water depths for all
scenarios with and without adding LID practices to evaluate the average performance of
flooding area peaks reduction by introducing bioretention cells over the catchment, when
considering the current climate scenario. The maximum average difference in peak water
depth was about 0.35 m.

Figure 8 shows the efficiency of bioretention to mitigate peak flows in future periods
due to climate changes. Compared to the current climate condition, the LIDs efficiency
decreasing for climate change scenarios was remarkable, especially for strong and extreme
rainfall events (Figure 8c,d). Even when focusing on weak rainfall, water peak reduction
due to adding bioretention cells dropped from a maximum decrease of 0.35 m for the
current scenario to 0.15 m for future climate conditions.

Figure 8. Maximum water depth difference between catchment conditions with and without LID
practices for the future climate conditions. Hydrodynamic simulations with: (a) a weak rainfall input,
(b) a moderate rainfall input, (c) a strong rainfall input, (d) an extreme rainfall input, and (e) the
average of all rainfall inputs for the future scenario.

A slight reduction in peak water depth over the flooding area could be noticed for
heavy storms, with a maximum reduction of about 0.1 m (Figure 8c). In the case of an
extreme storm for the year 2100, the peak water depth reductions over the flooded spot were
even less significant when evaluating the implementation of bioretention cells (Figure 8d);
the only effect on water depth peak reduction seen was about 0.05 m at the most upstream
area of the 2D mesh.

Figure 8e shows the difference between the average peak water depths for all scenarios
with and without adding LID practices to evaluate the average performance of flooding
area peaks reduction by introducing bioretention cells over the catchment when considering
climate changes. The maximum average difference in peak water depth was about 0.15 m.
When comparing the average drop of water depth peaks for the climate change scenario
(a maximum average reduction of about 0.13 m, Figure 8e) with the current climate scenario
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(a maximum average drops of about 0.35 m, Figure 7d), the efficiency decreasing of the LID
cell’s introduction due to climate changes became evident.

4.3. Dynamic Resilience

For the evaluation of dynamic resilience, the system’s performance was first obtained
from the assessment of water depths over time at the critical point of the catchment
(Figure 1—resilience inference) for the representative storm scenarios and intervention
measures (Appendix B). The performances were normalized according to Equation (4) to
obtain the unitary resilience during the event (Figure 9).

Figure 9. Resilience curves for current and future scenarios with and without applying LID practices.

The scenarios with the greatest resilience were those of weak storms in which the
resilience reached its worst values around 0.6 and 0.4 for both the current and future periods.
Regarding the minimum extreme of the variation range, without LIDs, the resilience values
reached minimums of 0.39 and 0.37 for the current and future periods, respectively. With
LID practices, the resilience reached minimum values around 0.45 and 0.6. For the moderate
to extreme scenarios, the increase in resilience with LIDs was slight, around 0.01, which
was not significant.

From Figure 9, it is possible to observe that there was a more significant time until the
resilience began to drop in scenarios with LID practices. In the case of an extreme storm,
the resilience reached minimum values of 0 and 0.023 with and without LID, respectively.
However, it reached worse values faster (greater slope of the recession curve), i.e., bioreten-
tion cells contributed to a more abrupt reduction in resilience. In addition, a longer delay
for full recovery was also observed (smaller slope in the recovery curve). The combination
of two factors could explain this behavior: (1) the considered scenarios presented rainfall
of 120 min, and (2) the LID practices were able to delay the peak flow occurrence by up
to 10 min. Therefore, the maximum values and their recession occurred after the peak of
hydrographs without LID.

5. Discussion

5.1. Coupled 1D and 2D Model Accuracy

Studies [91,92] discussed that optimal values for flood extent and flood depth are
obtained for hydrodynamic models not calibrated when using DEM or Digital Terrain
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Models (DTM) with resolution of 2 m. This data resolution can be obtained by airborne
light detection (LiDAR), aerial photography, and topographical maps. However, these
types of data are frequently not available in poorly gauged and ungauged basin or are not
open source and presents high associated costs, especially in developing countries. Using
terrain data with less resolution that can lead to less accuracy in the hydrodynamic models
is a common reality in those locations.

Examples of studies with coupled hydrological and hydrodynamic modelling ap-
proach performed with DEM data with 10 m resolution for poorly gauged basins could be
found in [37] for Toronto, Canada, [39,93] in India, and [45] in Missouri, USA. In those stud-
ies, the basins evaluated ranged from 6.8 km2 to 658.9 km2. Therefore, application purposes
of flood maps obtained by hydrodynamic models with less accuracy must be discussed.

Additionally, the majority of these studies have not performed a calibration and
validation for the hydrodynamic modelling. An exception is the study of Jha and Afreen
(2020) that calibrated both SWAT and HEC-RAS models independently; however, the
calibration of HEC-RAS was made for peak flows and not for flood extent and flood
depth. In the same sense, [92] also performed a calibration and validation for HEC-RAS
considering discharges and peak flow. In their study, they discussed that calibrating the
hydrodynamic model was difficult due to the uncertainties in the parameters and variables,
especially rainfall depth and discharge data synchronization.

Ref. [49] also discussed that calibrating flood extension and flood depth was a difficult
process because it requires spatial data. Spatial data can be obtained from remote sensing,
but during rainfall events it is difficult to obtain cloud-free images, impairing the water
depth classification. Additionally, the images may also lack synchronization with the
flood event.

To overcome this problem, in this study, we proposed an alternative methodology
to acquire spatial data using citizen science that can be used for model calibration and
validation. Here, we opted for the Manning coefficient from the literature (n = 0.01) [81] to
validate the model due to few monitored events. From Figure 3 and the obtained NSE = 0.52,
the model accuracy was considered average and could be improved by calibration of
Manning coefficient and infiltration process after obtaining more citizen science data for
other flood events.

In general terms, the hydrodynamic model tended to overestimate the flood depths
(Figure 3). Other studies [39,93] with coupled hydrological models with HEC-RAS and
without calibration have adopted roughness values of 0.025 and 0.03. The higher value of
global roughness adopted in this study may be one of the reasons to obtain higher flood
depths. Additionally, the coarse resolution of DEM used generated higher uncertainties in
the model.

Finally, as mentioned before, the purpose of applying hydrodynamic models to ob-
tain flood maps must be discussed, particularly in partially gauged or ungauged basins.
Study [37] stated that the major purpose of evaluating the flood maps for different future
scenarios (climate, land use, or mitigation intervention) is to evaluate the difference be-
tween them rather than to obtain flood precision. A similar discussion was made by [56]
in their study for the Gregório Creek where they highlighted that the best capture of the
catchment hydrology was not their main purpose.

Therefore, it is important to highlight that this approach of coupled hydrological
and hydrodynamic model, calibrated or validated with citizen science data, has the main
purpose to serve as a tool to contribute to a risk-informed and evidence-based decision-
making process in poorly gauged or ungauged catchments. For example, the results
obtained in this study supports the decision that LID practices can be used as mitigation
measures to more recurrent events (RP less than 10 years) and it is necessary to guarantee
more than 1% cover with LID practices to mitigate the non-stationary effects of future
climate projections.
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5.2. Urban Flood Mitigation Scenarios

For weak and moderate design storms in the current scenario, the intervention scenario
with LID practices was able to mitigate peak flows by approximately 40% and 30%, respec-
tively. These results are similar to those obtained by [49] for rainwater harvesting applied,
decentralized, and distributed in the basin using the same SWMM and HEC-RAS coupled
methodology. Additionally, in agreement with these results, several studies showed that
LID practices, especially bioretention, are more efficient and (therefore) recommended for
more recurrent and less intense rainfalls [94–96].

However, when considering the effects of climate change in the design rainfalls,
there was a drop in peak flow attenuations. For the moderate rainfall scenario, the peak
mitigation was reduced to only 10%. The drop in efficiencies over time (Figure 6) was
related to an increase in rainfall volumes and peaks while keeping the maximum capacity
of bioretention constant. Therefore, there is a need to increase the practice’s useful volumes.
This can be done by:

(1) Increasing the bioretention volume of each practice over time. In this sense, [28,75]
discussed the importance of incorporating future climate change scenarios in the
conception and design of bioretention structures based on a modular design that
allows the expansion of their areas and volumes over pre-defined periods.

(2) Increasing the total bioretention volume in the entire catchment, i.e., increasing the
number of practices applied in the catchment.

It should be noted that this study evaluated a scenario with the implementation of
bioretention cells corresponding to 1% of the catchment area (due to the availability of
space-related to the current occupation of the soil in the city of São Carlos).

LID practice manuals recommend coverage of 1% to 5% of the total area of the catch-
ment as optimal values for flood control [97–99]. Additionally, [100] recommended rates
of 10% to 20% between the bioretention area and the impermeable area to obtain optimal
exfiltration and groundwater recharge. However, these metrics do not consider the changes
in climate patterns in future scenarios and may lead to areas that are smaller than necessary
for good performances, as observed in the results from this study.

One of the complementary purposes of this study was to assess whether LID practices
can at least mitigate the surplus generated by climate change on river discharges and
consequently flood depths, keeping the volumes and peak flows constant and equal to the
values of the current period. From Figure 5, it is possible to notice that the proposed level
of coverage by bioretention was not sufficient to guarantee this mitigation. However, as
shown in Figure 6, the efficiency of these techniques with only 1% coverage of the total
catchment area (a viable scenario in terms of spatial availability) could maintain average
efficiencies of around 35% for more recurring rainfall depths.

Finally, for resilience evaluation, it was possible to observe a more significant vari-
ability in the resilience curve for the weak storms and the current period. This is because
the LID practices have higher volume retention and peak attenuation efficiencies for weak
storms. The effects varied depending on the rainfall pattern, presenting different final
reductions in the peak water level. The efficiencies were reduced for moderate and heavy
storms, with no significant decreases in the flooded water level (as discussed in Figure 5)
and resilience, regardless of the scenario.

6. Conclusions

This research proposed a novel approach of coupling the hydrological model SWMM
and the hydrodynamic model HEC-RAS calibrated and validated with citizen science data
for modelling a partially gauged urban basin. This approach was applied to simulate the
effects of adding bioretention cells on the system’s resilience for several rainfall scenarios
that considered different return periods and climate changes. The methodology was applied
at the Gregório Creek catchment. The effects on the system’s resilience by adding LID
practices were evaluated by comparing the model’s outputs for all the rainfall scenarios
with and without the bioretention cells modelled on SWMM.
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The results showed that LID practices can reduce peak flows by around 30% to 40% for
moderate and weak rainfall, respectively, in the current climate scenario. However, when
considering the effects of climate change, the efficiency for moderate rainfall dropped to
only 10%. As for heavy rainfall, in the current climate scenario, the peak retention efficiency
was significantly smaller than compared with moderate and weak rainfalls, with values
around only 9%. In the future scenario, this efficiency dropped to 8%, representing a less
accentuated drop than for less intense rainfall. This happens because bioretention has a
maximum storage capacity, which is responsible for its mitigation effect. This maximum
capacity was already reached in the current extreme rainfall scenarios; thus, there were no
significant reductions in future scenarios with climate change.

These effects on main channel flows were reflected in the flood map generated by the
hydrodynamic model and consequently in the resilience assessment. For more extreme
rainfall and future climate change scenarios, the reductions in flood depth and increases
in resilience were minimal. This demonstrates that the total volume retention capacity of
LID practices was undersized, requiring an increase in their individual volumes (modular
expansion) or an increase in their coverage in the basin (>1%).

The hydrological simulation coupled with hydrodynamics allowed establishment of
maximum peak water depths that represent acceptable risks and desired resilience. From
these goals, the optimal intervention scenario could be selected (e.g., minimum coverage of
LID practices over time). The modular design of LID practices or the expansion of their
coverture in the catchment over time can be a viable alternative for long-term planning,
both in terms of risk management actions and economic resource availability. Planning
to increase the coverage of LID practices through policies to encourage their individual
and decentralized adoption as well as their implementation through the local government
can contribute to at least keep the current flood risk constant for future climate change
scenarios (which was not achieved with the intervention scenario proposed in this study).

We strongly suggest performing uncertainty analysis for future studies, as data coming
from citizen observatories are subject to significant uncertainty beyond the complexities in
both models used (SWMM and HEC-RAS). Moreover, the methodology was only tested as
a case study on the Gregório Creek catchment applying bioretention cells. Further compari-
son using different green infrastructure measures such as porous pavements, rain barrels,
vegetative swales, and green roofs as well as in other catchments may foster sustainable
approaches towards systems resilience improvement and mitigation of climate changes
effects. Furthermore, adopting criteria of selecting check-points decentralized across the
watershed to assess runoff retention efficiency and peak flow attenuation efficiency spatially
distributed may provide a better understanding of measures to take and find the optimal
distribution of LID practices over the area.
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Appendix A

Table A1. Parameters of the IDF curves type Sherman *, for the current period and updated with
climate change patterns (Macedo, 2020).

Current
MIROC5 4.5

PT **
MIROC5 4.5

MD ***
MIROC5 8.5

PT
MIROC5 8.5

MD

2015–2050

K 819.67 772.4 764.56 899.82 890.51
m 0.138 0.311 0.2956 0.2182 0.2176

t0 (min) 10.77 12 12 12 12
n 0.75 0.764 0.764 0.764 0.764

2050–2100

K 819.67 1007.77 965.93 1036.49 1034.01
m 0.138 0.2645 0.2113 0.2356 0.2007

t0 (min) 10.77 12 12 12 12
n 0.75 0.764 0.764 0.764 0.764

* I = K . TRm

(t+t0)
m ** Power transformation and *** distribution mapping (MD) bias correction method.

Appendix B

Figure A1. Performance curves for representative design storms and intervention scenarios.
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Abstract: The Dutch regional water authorities face an enormous task: the strengthening of about
1500 km of dikes and 500 civil-engineering structures before 2050. This immense operation is being
funded, prioritised and supported by the Dutch Flood Protection Programme (DFPP), an alliance of
regional water authorities and the Ministry of Infrastructure and Water Management. The work will
be executed in nearly 300 projects located throughout the country on the coast, lakes and major rivers.
To complete this task on time and within budget, innovation (a better insight into the behaviour
of flood defences, new techniques and processes) is believed to be the way forward. In this paper,
we look at how the DFPP has encouraged innovations between 2012 and the present. We stress
the importance of using a sender–receiver approach to further knowledge transfer and uptake, and
we describe how, by using an action research approach, the Dutch Flood Protection Programme is
currently adapting its innovation strategy on the basis of lessons learned to improve knowledge
uptake. We will address some of the innovations that have been developed over the years and how
monitoring knowledge uptake helps to further improve the learning-by-doing approach.

Keywords: flood risk management; innovations; dikes; flood decision-making; knowledge uptake

1. Introduction

Two-thirds of the Netherlands is below the current sea level. In the distant past,
the Dutch responded reactively to floods. However, after the catastrophic floods of 1953,
the Dutch took measures to prevent a similar disaster: a system of dike rings with flood
protection levels was developed for flood risk management [1], and statutory standards
were set out in the Flood Protection Act of 1996 to maintain this system. Those standards
related to the primary flood defences: those on the coast, major rivers and lakes. In 2008,
the second Delta Commission advised changes to take future uncertainties, such as climate
change and land subsidence, into account in order to protect the Netherlands.

The Dutch national government recently adopted a risk-based approach [1] for the
Dutch flood risk management policy based on new knowledge about the safety of dikes and
the impact of serious floods as a result of the failure of dikes and/or other structures. This is
a proactive approach, in which protection standards are based on both the probability and
the impact of flooding in 2050, considering climate change and socio-economic develop-
ments. The Water Act (soon to be the Environment Act) sets out the statutory standards for
the flood protection structures, such as dikes, dams, and other civil-engineering structures.
Every 12 years, the regional water authorities are required to conduct assessments to ensure
that the flood defences still meet the statutory standards. Where the standards are not met,
the responsible body can apply for funding from the Dutch Flood Protection Programme
(DFPP) [2]. Over 1500 km of dikes and 500 civil-engineering structures will have to be
upgraded between now and 2050. The challenge formulated in the overall programme
goals for the DFPP is to:
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• Increase the production rate (effectiveness) of flood defence projects; In programmes
in the past, approximately 25 km was upgraded annually. In order to complete the
objective of around 1500 km by 2050, this rate will have to rise to an average of
~50 km/year [2].

• Improve efficiency by reducing the costs per kilometre; In recent decades, the average
cost per kilometre in the Netherlands has increased to more than €10 million (in the
2nd Dutch Flood Protection Programme), and in the early years of the DFPP, the
average cost rose towards €18 million per kilometre. Given the annual budget of
€ 360 million, this figure will have to be reduced again to ~€7 million per kilometre [3].

Although flood risk management is rooted in technical knowledge, the current prob-
lems are particularly thorny due to high levels of complexity, uncertainty and conflict [4,5].
The field is complex because flood risk issues are entwined with other local problems in-
volving diverse stakeholders, while the sector is institutionally fragmented, and resources
are distributed in a non-hierarchical way [6]. The ever-increasing complexity is producing
new challenges and demands.

As regional stakeholders, and society in general, seek to realise additional value
(notably, housing and biodiversity) in dikes, the spatial integration of dikes in the local
surroundings is becoming more and more important. The Dutch, therefore, changed their
approach: from one of coping with water levels associated with specific historical weather
events to working with a minimum protection standard based on the probability of flooding
and weather events expected in the future, where flood risk management is also an integral
part of the living environment [7].

Multiple parties, with their own individual interests and responsibilities, play a role,
and they seek to minimise trade-offs. This complexity further emphasises the importance
of knowledge management and continuous learning. To achieve its goals, the DFPP
recognised that a different approach using new knowledge and innovations was required.
The programme has therefore developed a learning-by-doing knowledge and innovation
strategy. To understand better why some elements of the knowledge and innovation
strategy work and others fail, the authors of the present paper initiated an action-research
project to observe, diagnose and intervene in multiple meetings in order to encourage
knowledge uptake in dike redesign projects and make recommendations to change the
knowledge and innovation strategy.

The paper is structured as follows: Section 2 presents the materials and methods,
looking at the Dutch Flood Protection Programme and its knowledge and innovation
strategy, followed by a description of the methodology used in our study; in Section 3, we
describe how the framework helped to diagnose and remedy problems with knowledge
transfer and uptake and the ultimate adoption of the new approach, which is now in
use and being monitored. Finally, Section 4 presents the discussion and conclusions of
this paper.

2. Materials and Methods

2.1. Dutch Flood Protection Programme: Context

The present paper looks at the knowledge and innovation strategy of the Dutch Flood
Protection Programme (DFPP). In 2012, the DFPP started as an alliance between the national
government and regional water authorities. It was the successor to the previous Flood
Protection Programme, which was 100% funded by the then Ministry of Transport, Public
Works and Water Management. After an evaluation of this programme [8], the funding
and organisation became a 50–50 responsibility of the current Ministry of Infrastructure
and Water Management and the 21 regional water authorities. As mentioned above, the
task facing the DFPP is to upgrade about 1500 km of dikes and about 500 civil-engineering
structures before 2050 (see Figure 1). The exact numbers depend on the results of the
statutory assessment of flood defences by the regional water authorities. This work involves
some 300 projects ranked by urgency on the basis of non-conformity with the statutory
standard, and scheduling is based on the available budget of €360 million a year. The DFPP
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organisation’s primary responsibility is to set up and direct the process of programming
and budgeting, to grant subsidies and reporting/accounting. The DFPP also furthers the
sharing of knowledge through its own training programme and communities of practice.
In addition, the DFPP facilitates the regional water authorities through advisory teams
to develop and share knowledge between the DFPP alliance partners. The upgraded
flood defences are required to comply with the statutory standards while taking local
sustainability and liveability into consideration [2].

 

Figure 1. Current scope of projects in the Dutch Flood Protection Programme until the year 2027. The
expected scope until 2050 is about 1500 km of dikes and about 500 civil-engineering structures.

Innovation is needed to complete the programme on time and within budget, and a
knowledge and innovation strategy [3] has been developed for this purpose. The focus is on
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two aspects: (1) how to develop a learning-by-doing strategy that takes changes in society
over the next few decades into account, since the programme will run for almost 40 years,
and (2) how to reduce the development time for innovations further so that knowledge
and innovation can be used in the flood defence projects, since the development time in the
past has been more than 15 years.

(1) Adaptive learning by using a Pyramid of Flood Risk Management [9].
The DFPP developed the Pyramid of Flood Risk Management (Figure 2) to describe

the different stages of complexity and the role of flood defence projects in society. The
Pyramid of Flood Risk Management identifies four levels, with every level requiring
specific knowledge. The next level can only be reached when the preceding level has been
adequately mastered. Working towards a new level in the pyramid also requires additional
knowledge; the level therefore depends on the context, the actors and the knowledge. The
higher the level in the pyramid, the more integrated the approach, which also implies the
involvement of an increasing number of actors. Higher up the pyramid, there will be more
and more co-creation and actors who reach goals by working together.

 

Figure 2. The Pyramid of Flood Risk Management.

The lowest level focuses on the behaviour of flood defences, and more specifically,
on the different failure mechanisms. Initially, the DFPP focused on developing a better
understanding of the different failure mechanisms of flood defences, and on making
product innovations for specific failure mechanisms. The recently adopted risk-based
approach, as described above, made it possible to move to the second level, ‘Managing flood
risks’. The evaluations of the successful Room for the River [6] programme contributed
skills and knowledge about enhancing the quality of the project area while reducing
flood risks. The regional water authorities, especially those active in the Room for the
River Programme, adopted the insights acquired in the dike redesign projects under the
umbrella of the DFPP. These regional water authorities moved towards the third level in
the Pyramid (‘Improved quality of environment’). An additional aim of this specific level is
to incorporate participatory approaches. Until now, several dike redesign projects have
been successful in involving the public [10,11] in order to facilitate the incorporation of
ideas and knowledge from local residents and businesses. The top level of the pyramid
‘Resilient system’ aims to develop adaptive strategies and to reduce future regret relating
to investments that must be taken in the coming decades. Linking the implementation of
improvements targeting flood risk management to spatial developments and related area
processes make synergies and improvements in liveability possible.
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Looking through the lens of the pyramid of flood risk management helps the pro-
gramme to respond to changing boundary conditions associated with society and the
climate. This will help to maintain support in Dutch society for flood protection measures.
The DFPP aims to develop and further knowledge on all four levels of the pyramid in their
innovation portfolio.

(2) The reduction of development time by using a combination of a stage-gate system and a
framework of critical success factors.

Before the DFPP began, innovators sometimes felt that they had to conduct similar
experiments for different organisations to prove their concepts. This is in contrast with the
idea that developing successful new products, services or processes is a gradual process of
reducing risk by going through several problem-solving phases [12]. Each phase should
therefore be designed to reduce the major uncertainties and risks and build upon the
previous one. The information required for this, therefore, determines the activities in
each phase.

Based on some analysis, the DFPP agreed with the innovators that clarity in the differ-
ent phases was needed, not least to know how far an innovation was in its development as
an accepted alternative. In order to achieve this clarity, the DFPP adopted the Stage-Gate
process [13] to make the innovation process as structured as possible, and it developed
a guidance document [14,15] to shed light on which knowledge should be available in
each phase. This approach helped the DFPP organisation to determine the stage vari-
ous innovations had reached, but it still did not explain why these innovations did not
become mainstream.

To identify why the development of innovations stopped, the DFPP organisation
used the critical success factors framework [15] as derived from [16,17]. This framework
(Figure 3) identifies six critical success factors:

1. People involved: is sufficient knowledge and expertise available for the project team,
and does the involved people have the required competences?

2. Instruments: are the knowledge and tools available to design the flood defences in
its surroundings?

3. Organisation: is there political willingness to take risks, and what boundary conditions
have been given to the project team? The officials of the regional water authorities
are closely involved in the DFPP, through recurring meetings and their role as am-
bassadors of innovations, which helps in the formulation of the instructions to, and
steering of, the project teams.

4. Governance: how is decision-making organised, and how are organisations such as
contractors and local stakeholders involved?

5. Legislation: how can the project comply with formal and informal regulations?
6. Discourse: is there sufficient support in society for strengthening the flood defences?

The three success factors on the lower row of Figure 3 are preconditions located outside
the boundaries of influence of dike upgrade projects. The remaining three success factors
can be controlled by either the regional water authorities or the project team members.
This framework helps the DFPP to formulate activities to enhance, and possibly steer, the
development of knowledge and innovations.
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Figure 3. The six critical success factors adopted from [15].

In 2013, the aspects of adaptive learning and reduction of development time, as
described above, were used to define the scope of seven technical research and test projects.
Most DFPP projects focus on redesigning the dikes to address the two most common
factors associated with dike failure: slope instability and seepage/piping. Prevention
measures are typically expensive and/or require a lot of space. The DFPP, therefore,
conducted an assessment of opportunities [2,18] to see which innovations helped to attain
the programme objectives. It asked research institutes, regional water authorities and the
private sector to propose potential innovations. The innovations were ranked in terms
of both the relative performance of projects and the return investment for the DFPP. In
particular, the innovations that scored well in terms of the return investment for the DFPP
were considered and incorporated into the scope of these seven projects. Some projects,
namely Piping, Slope Instability and Wadden Sea, focused on the first level of the Pyramid.
Others, such as Forelands, Central Holland and Vechtstromen, focused more on the second
level (managing flood risks). The projects not only covered two different levels of the
pyramid, they also looked at different critical success factors. For example, Piping focused
on instruments and people; Forelands on legislation and organisation and Slope instability
more on procurement strategy, governance and instruments.

Several years after the start of the technical research and test projects, the projects were
analysed from a sender–receiver perspective using the FODIKI methodology. The analysis,
as shown later in this paper, led to greater awareness of the importance of knowledge
uptake and continuous learning.

2.2. Methods

Our aim was not to evaluate the development of the knowledge and innovation
strategy but to ascertain whether the generated knowledge is being applied within the
dike redesign projects and whether this leads to different end-user action perspectives and,
therefore, helps to relay (i.e., communicate) the objectives. To acquire a better understanding
of how knowledge transfer and uptake takes place in the design processes of flood defences,
the first author [6] developed and validated a conceptual framework called the Framework
for Observing, Diagnosing and Intervening in Knowledge Interaction moments (acronym:
FODIKI), as depicted in Figure 4. We assume, as inspired by [19], that knowledge transfer
and subsequent uptake entail a knowledge supplier and a knowledge user (from sender S to
receiver R). We also retained the possibility of failure (semantic distortion due to cognitive
barriers). If a transfer interaction succeeds, Knowledge (K) is available to R, meaning that R
can choose to use it. By the ‘uptake’ of K, we mean knowledge utilisation, as defined by [20]
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on a seven-stage cumulative scale, which ranges from reception via cognition, reference,
effort, adoption and implementation to impact.

Figure 4. A sender–receiver framework for knowledge transfer and uptake [6].

We distinguish three types of social mechanisms that can explain the success of knowl-
edge transfer and uptake: preconditions, barriers and failure mechanisms. Preconditions
for communication and reception include a need for knowledge (for which R may have
different grounds) and trust (R trusts that S is competent and acting in R’s interest; S trusts
that R will make good use of K). Barriers hindering knowledge transfer may be transmis-
sion (physical barriers hampering communication or poor communication skills), cognitive
(R not properly constructing K) and psychological (K conflicting with existing practices
or values of R). When barriers of this kind do not arise or can be overcome, knowledge
uptake can still fail due to incorrect use (K is used in different ways than intended by S),
diffidence (K is disqualified by a third party, dissuading R from uptake) or a lack of relay
(R attempts to transfer K to end users but fails). We have also re-introduced the concept of
feedback (fb), as both S and R are aware of their roles and the knowledge they have and
lack. Through feedback, R is able to communicate on a meta-level whether he understands
the shared knowledge and whether a barrier or failure mechanism occurs, after which, S is
able to adapt.

We tested the internal validity of the FODIKI methodology by applying it to a historical
case study, demonstrating that it allowed for the categorisation and generalisation of
observations about the interaction moments of knowledge transfer in a dike design process
and an assessment of the actual transfer and uptake of knowledge [7]. To determine external
validity, we field tested the FODIKI methodology in “live” cases: (1) a participatory dike
redesign process led by a Dutch regional water authority and (2) the knowledge and
innovation strategy and related projects in the Dutch Flood Protection Programme. We
followed an action research approach for both types of validity.

Action research is characterised by “the active and deliberate self-involvement of the
researcher in the context of her investigation” [21]. Researchers and practitioners jointly
act in a particular cycle of activities, including problem diagnosis, action intervention
and reflective learning [22,23]. Action research typically follows an iterative approach, as
depicted in Figure 5, where each iteration cycles through these four steps: plan, act and
observe, reflect and then re-plan.
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Figure 5. Consecutive action research cycles, based on [24].

Here, we focus on knowledge transfer and uptake in the DFPP knowledge and inno-
vation strategy between the developers of the knowledge in the technical research and test
projects and the intended end users, in other words, the dike redesign project teams.

2.3. Data Collection

We used two different datasets for our study:
(1) Knowledge and Innovation Strategy
Seven technical research and test projects, all led by one of the regional water authori-

ties, began in the period between 2012 and 2018. An initial evaluation was made in 2016
of how four of these projects shared their knowledge, result in reflection and re-planning
of the knowledge transfer and uptake. The evaluated projects were Piping, Wadden Sea,
Central Holland and Slope stability. The state of knowledge creation, transfer and uptake in
four projects was analysed by means of a document analysis and in-depth, semi-structured
interviews with the professionals involved. For each project, we interviewed four profes-
sionals and shared our findings in a concluding workshop to share the insights and jointly
draw up recommendations [25]. This was the first action research cycle.

These findings led to a second action research cycle, with a specific focus on the
amendments for the knowledge and innovation strategy. The new knowledge and innova-
tion strategy was shaped in a series of 10 meetings with stakeholders from the Ministry,
regional water authorities, research institutes and representatives from the contractors and
engineering companies. These meetings were well documented and actively shared within
the alliance to ensure that feedback and input was given throughout the process. Not only
did representatives from the administrative level attend, the officials of the Ministry and
the regional water authorities were also informed and challenged to be part of this new
strategy in a series of five meetings [26].

The third action research cycle comprised six meetings to develop the current knowl-
edge and innovation strategy. These meetings were documented [6,27,28], and using the
FODIKI methodology, the observations were diagnosed and suggestions for interventions
were given. Representatives from the regional water authorities, contractors, engineering
companies and research institutes were consulted about the different elements of the new
knowledge and innovation strategy. Project team members of the seven technical research
and test projects reflected on the new elements to pinpoint where further improvement
was feasible.

(2) Monitoring data
Beginning in 2018, the DFPP organised annual knowledge and innovation monitoring,

in which they reported how much is spent on knowledge and innovation and what the
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outputs, outcomes and impact are. Monitoring took the form of a survey. In the first years,
only the knowledge and innovation projects fill in a questionnaire about their progress,
how they share their knowledge and what the outputs and outcomes are. Questions were
asked how the created knowledge was shared and if reinforcement projects also used
that knowledge. The potential savings of the reinforcement projects were requested, both
at the project- and programme-scale. In 2021, the survey was sent to stakeholders from
research institutes, regional water authorities and the Ministry but also to contractors
and engineering companies. One objective of the survey was to find out whether certain
instruments were known. The survey included questions such as:

• Which knowledge and innovations do you know or have you heard of?
• Which innovations are being considered in your project?
• Which innovations are being developed within your project?
• Which new knowledge and innovations are/will be applied in your project?
• What are the main reasons for considering or applying all the knowledge and innova-

tions you mentioned in your project?

In the multiple-choice answers, the six critical success factors could be recognized,
without being explicitly mentioned. Furthermore, the respondents were asked whether the
application of new knowledge/innovations would lead to savings in time and budget for
their project. Finally, the respondents were asked which new knowledge and/or innova-
tions could make the greatest contribution towards achieving the overall programme goals.

The results were used for the action research cycle to define subsequent steps. The
results from 2018 [29] and 2019 [30] were used in the evaluation of the strategy in 2020,
and so there was no monitoring in 2020. The most recent survey from 2021 [31] was
used to pinpoint how to optimise the instruments available at the DFPP to share and
absorb knowledge.

3. Results

3.1. Knowledge and Innovation Strategy

In this section, we will describe, using the FODIKI methodology, the three action
research cycle loops that we have observed, diagnosed and adapted.

1. Action research cycle: Analysis of four technical research and test projects

Three years after the start of the projects, we conducted our in-depth analysis [6,25],
first, by analysing the documents and, then, by conducting in-depth semi-structured
interviews with team members and intended end users. Our observations showed that
the teams produced different types of knowledge, such as methodological and process
knowledge. The knowledge was, in some cases, also developed for, and used in, dike
redesign projects. Knowledge uptake in those cases was high. After our first observations
and diagnosis, we shared the preliminary findings with the stakeholders involved to
contribute to the learning-by-doing approach.

Our diagnosis revealed that the project teams were creating new knowledge but did
not see themselves as senders of that knowledge. Some professionals believed that ‘the
knowledge will sell itself’. However, since the end users had not been identified, it was
difficult to let the knowledge flow. The project teams did not involve the end users, which
meant that the intended receivers did not automatically trust the knowledge or that the
developed knowledge met their needs.

The diagnosis also highlighted the importance of boundary spanners, both for the
projects and the overall programme. Boundary spanners are [32] “people who proactively
scan the organisational environment, employ activities to cross organisational or institu-
tional boundaries, generate and mediate the information flow, coordinate between their
‘home’ organisation or organisational unit and its environment and connect processes and
actors across these boundaries”. The boundary spanners play an active role in sense-making
and identifying the knowledge needs of the current and future receivers in the DFPP.
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Furthermore, we found that in projects where co-creation took place with the dike
redesign projects, the knowledge was appropriate to the knowledge needs and was easily
absorbed in the project, leading to higher levels of knowledge uptake. In addition, these
projects actively shared their insights with interested colleagues, playing their boundary
spanning role.

We proposed several interventions to enhance knowledge transfer and uptake, with
the most striking being the development of knowledge strategies for each project to identify
the intended receivers and their potential needs and their knowledge networks. Another
intervention was that the project team members also fulfilled an ambassador’s role with
respect to their own mother organisations in order to share the developed knowledge.

2. Action research cycle: Innovation Next Level

Despite all the efforts made, knowledge uptake from these technical research and test
projects remained relatively low. The DFPP organisation undertook action and initiated a
new action research cycle, in which the researchers helped to shape the successive steps. In
this cycle, 15 meetings were organised, of which five were exclusively for the officials of the
Ministry and the regional water authorities. Each meeting was thoroughly prepared using
the FODIKI methodology, and each successive meeting used the diagnosis and proposed
interventions of the previous meetings [27]. In the first 10 meetings, representatives from
regional water authorities, the Ministry, engineering companies, contractors and research
institutes were invited to share their experiences and suggestions for improvement. The
DFPP organisation was able to identify the critical success factors and needs and to build
trust to move the knowledge and innovation strategy towards the ‘Innovation Next Level’.
The DFPP organisation identified a number of shortcomings resulting in a failure to absorb
knowledge. They included the absence of a ‘risk safety net’ in response to the fact that
regional water authorities said that they were hesitant to use innovations when the risk
of the innovation not working was not covered by the subsidy arrangements. The DFPP
had foreseen this risk and already included this risk in the subsidy, meaning that, if an
innovation failed to work, the regional water authority could call on the DFPP to cost the
reinforcement of the defence.

In a series of five meetings with the officials of the Ministry and the regional water
authorities, the officials came to the understanding that ‘the baby should not be thrown out
with the bathwater’. They agreed that more efforts had to be made to share the acquired
knowledge with current and future projects in order to valorise its potential. This is linked
to the ‘no relay’ failure mechanism in the FODIKI methodology. The intervention proposed
was to draw more and more on the different DFPP communities of practices, such as the
Technical Manager community and Project managers community, in order to share the
developed knowledge and to update the training programme. The officials also foresaw a
role for themselves as ambassadors for the developed knowledge.

3. Action research cycle: Towards a new Knowledge and Innovation Strategy

In a third iterative action research cycle, the DFPP organised six consecutive meetings
to develop a new knowledge and innovation strategy that focused on transparency, effec-
tiveness and a stronger coupling of the research project and dike redesign projects [27,28].
It built on the insights acquired during the second action research cycle. After each meeting
the team reflected and made an analysis based on their observations and diagnosis of how
the strategy could be adapted to the needs of the end users. This led to interventions in the
strategy (i.e., adaptations), which were discussed with the same end users but also with a
new range of end users, slowly converging to a widely accepted approach and resulting in
adaptive ongoing development, as depicted in Figure 6. A more detailed description of the
new strategy can be found below the figure.
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Figure 6. Adaptive ongoing development of knowledge and innovations and encouragement of the
use of knowledge and innovation in the Dutch Flood Protection Programme.

In the new knowledge and innovation strategy [9], the DFPP highlights three relevant
themes that are linked to the Pyramid of Flood Risk Management. The first theme (tech-
nology) is linked to the first and second layer of the Pyramid of Flood Risk Management,
and it focuses on furthering understanding of how flood defences fail and linking that
understanding to the new flood protection standards based on the probability of flooding.
These innovations aim to limit the scope of the overall programme and to generate new
dike reinforcement techniques [9]. The integrality theme (which is linked to the third layer
of the Pyramid) tackles broader topics relating to, for example, sustainability, integration
and the project approach. The last theme looks further ahead and targets the preparation
of the programme for future developments: dealing with increased climate change and
new societal challenges. These three themes should help the DFPP to remain adaptive and
flexible in a context of change.

The DFPP organisation developed a programmatic approach, orchestrating activities
so that the programme objectives would be met. The benefit of the knowledge and innova-
tion developments is often not to be found at the individual project level, but rather at the
overall programme level, since successive projects are needed to develop innovations and
to reap the benefits in terms of costs, time and quality. To support this programmatic ap-
proach, the DFPP initiated (1) a structural alliance with several parties, including research
institutes, engineering companies and contractors; (2) the ‘risk safety net’, referred to above,
to ensure that risks are 100% covered by the alliance and (3) an Ambassadors Group to
establish support from society at large.

To safeguard an ongoing knowledge and innovation process, several instruments were
developed (1) to further the continuous development of knowledge and innovations to
meet the overall programme objectives, (2) to encourage the application of new techniques
and measures and (3) to share developed knowledge and experiences.

1. Furthering innovations

An R&D budget of €10 million a year is available (2.5% of the total annual budget
of DFPP) to encourage the development of innovations. Innovation projects are 100%
subsidised. In addition, the risk safety net referred to above ensures that 100% of the
risks of innovations are borne by the alliance. Anyone from the regional water authorities,
contractors, engineering companies or research institutes can submit ideas to the DFPP
organisation to benefit from the R&D budget. For an idea to be included in the innovation
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portfolio, a regional water authority has to be involved, as only they can apply for funding.
The DFPP organisation orchestrates the involvement of one or more regional water authori-
ties on the development of ideas with potential at the programme level. When assessing
the potential of ideas, the DFPP organisation focuses on the following criteria:

• Return on investment at the project and programme levels (balance of the costs and
benefits between the project and programme);

• Reproduction factor (level of development in relation to applications in the pro-
gramme);

• Contribution to alliance (builds on previous projects and seeks cooperation with other
water authorities and other knowledge developers).

The involvement of the regional water authorities also safeguards ownership and
practical application, as innovation is not a goal in itself, but a way of meeting the overall
programme objectives. After the approval of an idea for the innovation portfolio, the
innovation projects are carried out, often in conjunction with dike redesign projects, as this
stimulates the knowledge uptake.

2. Encouraging the application of new knowledge and innovations

The DFPP has developed a comply or explain instrument, which consists of an overview
of the new knowledge available and the development level of innovations, as well as
a framework for considering application in projects. The overview contains a list of
knowledge and innovation developments with a potential impact on the programme.
When the potential impact has been validated and the applicability of the innovation
has been described, projects are asked to contribute to the further development of the
innovation. When the application of innovations and knowledge has been demonstrated in
practice, projects are asked to take these into account as accepted alternatives. The overview
of available knowledge and innovations is managed by the Innovation Accelerator, which
consists of professionals from regional water authorities and research institutes. In addition
to maintaining an overall perspective, the Innovation Accelerator helps dike redesign
projects with the application of accepted innovations, and it translates project results into,
and implements, generically applicable tools.

In each phase of the project, the dike redesign project teams and the advisory team
examine which knowledge and innovations can be applied or further developed in the
reinforcement project. First, the project team selects promising new knowledge and in-
novations and determines the contribution of the new knowledge and innovations to the
project and programme objectives. This is a cyclical process, which means that it is repeated
again and again in every project phase. The project team also makes agreements with
the advisory team about how risks can be addressed in the reinforcement project but also
about how the developed knowledge can be shared widely within the alliance to encourage
large-scale application.

After the completion of a dike redesign project, risks may still arise. For example,
the costs in the management and maintenance phase may be significantly higher than
expected, or the implemented technique may not achieve the intended safety level, and so
the primary flood defence will have to be upgraded again with a different technique. The
risk safety net referred to above can be used in cases like these.

3. Knowledge transfer and uptake

For the innovations to be effective, the knowledge obtained in the innovation projects
must flow to ongoing and upcoming dike redesign projects. Successful knowledge transfer
and uptake means that the knowledge becomes common property within the alliance.
Different resources are at the disposal of the DFPP to enhance this process. For example,
the DFPP organisation increasingly uses boundary spanners to help them and the projects.
The lessons learned from the initial period [6,25] helped to further define the role of the
boundary spanners, who can act as brokers, translators or synthesisers:
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1. The broker role matches the supply and demand of knowledge. This requires a
state-of-the-art overview of existing knowledge and the current knowledge gaps.

2. The translator role interprets the knowledge needs of the end users and formulates
questions for the knowledge developers. The translator is also capable of translating
the knowledge to match the needs of the end users.

3. The synthesiser is capable of synchronising knowledge supply and demand. This
requires a broad understanding of knowledge disciplines and sources and of how
they can contribute to problem-solving.

Examples of boundary spanners fulfilling all three roles between innovation and
strengthening projects are both the members of the Innovation Accelerator and the advisory
teams of the DFPP organisation. To further enhance the knowledge transfer and uptake of
the gained knowledge in the innovation portfolio, the DFPP organisation started to monitor
the innovation projects in the Innovation portfolio in 2018.

3.2. Monitoring Knowledge and Innovation

Before turning to the monitoring of knowledge and innovations, we will start by
giving an overview of the knowledge and innovation projects that took place since 2012 in
the DFPP. Please note that the focus slowly shifted over the years to other aspects as society
also changed over time. The focus of the first DFPP knowledge and innovation projects
(Piping, Central Holland) was on gaining a better understanding of the implications of
the flood protection standards [2]. A clearer understanding of the behaviour of flood
defences was necessary for an effective approach to reinforcement. The slope instability
project developed a step-by-step plan for the detailed modelling of the strength of a flood
defence. This involved using specific soil investigation and monitoring and advanced
calculation techniques, including probabilistic failure probability analyses and failure
probability updating, to estimate the actual current strength for the slope-instability failure
mechanism as closely as possible [33–37]. Applying the step-by-step plan reduced the
need for reinforcement on many projects, and at some locations, reinforcement proved to
no longer be necessary. Various studies have also been carried out on piping [38,39] and
the deterioration of revetments [40,41] (see also Figure 7b), making safety factors explicit,
so that the need for reinforcement can be determined more accurately. Furthering the
knowledge uptake will limit the scope of the programme

  
(a) (b) 

Figure 7. Examples of innovations in the Dutch Flood Protection Programme. (a) Implementation
of the Coarse Sand Barrier in the Waalban dike in Gameren (photo credit E. Tromp); (b) testing in
the Delta Flume at Deltares for new type of dike revetment in the northern part of the Netherlands
(photo credit: Deltares).
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In addition, enhancing knowledge uptake paves the way to optimise product inno-
vations. Traditionally, for instance, resistance to piping is reduced by constructing verges
or, when there is not enough space, with sheet piling. Various alternative measures that
are more economical and sustainable have been developed in the DFPP, e.g., the vertically
inserted geotextile. These experiences led to a modified technique, namely the coarse
sand barrier [42,43]. This involves introducing a vertical trench with coarse sand at the
transition between the clay layer and the sand substrate that replaces the original finer
sand. The coarse sand acts as a filter that lets the water through and keeps the sand grains
in place, preventing piping. After a successful series of tests, the Rivierenland Regional
Water Authority applied a coarse sand barrier for the first time in the summer of 2021 in
the Waalban dike in Gameren (Figure 7a). A better understanding of the behaviour of
the defences will thereby lead to a further downscaling of the measures to be taken and,
therefore, to the optimisation of the budget, the planning and the impact.

From 2016 onwards, the innovation portfolio increasingly included innovations that
help to improve the quality of the living environment (slowly moving up the Pyramid
of Flood Risk Management). In the Vechtstromen project [44], a system approach was
developed that allows measures that retain water upstream to be combined with dike
reinforcements downstream. The Forelands project [45] studied how forelands could be
used to reduce flood risks. In this project, they not only examined ‘physical’ measures,
but also looked at the opportunities for, and impediments to, legislation and regulations.
These two projects led the DFPP organisation to realise that non-technical themes are
equally important, resulting in new types of projects: projects with (1) an emphasis on
learning and cooperation, such as organising asset management, and (2) reinforcing dikes
in areas covered by legislation on nature and biodiversity. In 2020, a roadmap was drawn
up to examine a range of sustainability issues in conjunction with each other in the years
ahead [46]. The roadmap also opened up the road to the further investigation and use of
the potential of nature-based solutions [47–49], as society calls for.

To determine whether the current innovation portfolio will allow the DFPP to meet the
overall programme objectives (more economical and faster upgrades), the DFPP organisa-
tion engages in monitoring activities. The aim is to evaluate the knowledge and innovation
approach and the annual expenditure on, and commitment to, knowledge and innovation
in the DFPP programme. In addition, the DFPP organisation wants to determine what is
going well, the trends in place and where improvement is possible. Monitoring took place
in 2018, 2019 and 2021.

Monitoring has taken the form of a survey since 2018. In the initial years, innovation
projects and dike redesign projects with innovations were asked to complete the survey.
In 2021, the survey was sent to stakeholders from governmental organisations, research
institutes and contractors and engineering companies. This change in the target group led
to a higher response rate and a doubling of the number of respondents from dike redesign
projects [31].

In 2018, the respondents stated that working across organisations (56%) and putting
innovation at the centre (48%) helps to achieve the goals of the DFPP [29]. In 2019, it was
concluded that the development of innovations was accelerating [30]. The first successes
work like a flywheel: projects and organisations feel more and more responsible for using
and further developing the new knowledge from the innovation projects. The mindset is
changing: the ever-smarter implementation of dike redesign projects has now become part
of the regular activities. The assessment of opportunities is currently a standard component
of the dike redesign process by the following regional water authorities: Rivierenland, Aa
en Maas, Vallei en Veluwe, Zuiderzeeland and Stichtse Rijnlanden. Moreover, knowledge
is being actively disclosed both in- and outside the alliance through reports, articles,
contributions to training courses and presentations in the DFPP communities of practice,
consisting of representatives from the regional water authorities, engineering companies
and research institutes.
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On the basis of the monitoring in 2021, it was concluded that innovations are becoming
more widely known and being applied more often: approximately 95% of the respondents
were familiar with one or more innovations from the Innovation portfolio. On average,
current redesign projects are considering nine innovations, developing three and applying
four. In 2018 and 2019, innovations were considered and applied less often, and the
emphasis was on contributing to the development of knowledge and innovations. In 2021,
fewer barriers were identified: if innovations are not applied, it is often because traditional
solutions suffice or because time and capacity are lacking.

It was concluded from the 2021 monitoring that innovation continues to have a positive
image and is yielding benefits. Over 50% of the respondents in 2021 reported that the
knowledge and innovation projects led to a reduction of the amount of upgrade work
needed, better integration, more support and savings and an impact on emissions and
circularity. Still, innovation takes time: many innovations are known and considered but
not yet applied by everyone. This shows that there is potential for the future, but it also
demonstrates the importance of the comply or explain instrument. However, half of the
respondents are unaware that comply or explain and the Innovation Accelerator contribute
to innovation. Furthering these instruments is required, especially as other instruments,
such as 100% subsidies, the use of advisory teams and the risk safety net, are already seen
by some 70% as supportive.

The investment in knowledge development and innovations is yielding results. The
total investment in the innovation portfolio was €139 million for 2014 to 2021, inclusive.
The direct savings reported for 2020 and 2021 amounted to over €200 million. These are
in addition to the savings reported in 2019 for the period of 2014 to 2019 of €170 million,
and they bring the total of quantitative savings reported to approximately €370 million.
However, not all projects report the benefits of innovations for reasons such as not being
able to unambiguously attribute the savings to innovation, uncertainty about whether
the savings will be realised or the difficulty of quantifying the savings (which are often
avoidable costs). Given the actual and planned expenditure of €4.3 billion until 2030, a
saving of 20% is expected from the currently known innovations [31]. Continuous emphasis
on knowledge transfer and uptake is essential to monetise it.

4. Discussion and Conclusions

In the decades to come, the Dutch regional water authorities and the Ministry face a
challenging task to reinforce about 1500 km of dikes and 500 civil-engineering structures.
Especially given the recent insights [50] that climate change is accelerating at a higher
rate than thought, low-lying populated areas are exposed to an even higher risk than
initially believed [51]. The Netherlands, like many other countries, is facing uncertain
challenges relating to housing, biodiversity and the energy and agricultural transitions.
These challenges, which include climate change, will undoubtedly have an impact on the
implementation of the Dutch Flood Protection programme (DFPP). Society’s norms and
values will also change over the next three decades. The learning-by-doing knowledge
and innovation strategy adopted by the DFPP will allow it to be adaptive and flexible. As
knowledge is situated and socially constructed, this knowledge must be actively shared
and restated after each change in the group of participants. At the same time, a constant
awareness of the impact of change on the programme’s implementation will be required,
as well as additional knowledge. This could also affect how knowledge is shared and
absorbed in the future.

Literature shows that various forms of participatory water management [52] have been
developed to better handle the wide variety of problem perceptions, values and knowl-
edge. Their effectiveness has been researched from different perspectives, notably social
interaction [53,54] and uncertainty [55]. In this paper, we used a knowledge management
perspective. Our observations showed that the FODIKI framework helps in detecting and
diagnosing social mechanisms in a variety of settings, thus encouraging knowledge uptake
within the DFPP, specifically in the knowledge and innovation strategy.
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If we interpret our observations on knowledge development, transfer and uptake in
terms of team learning and organisational learning [56], we see a lot of substantive team
learning and boundary spanning. In recent years, the role of the DFPP as a boundary
organisation became apparent, given its links with the regional water authorities and their
projects and with policy and practice. Working practices at the DFPP have changed, and
knowledge management is being developed further. The role of boundary spanners is
being taken more seriously to ensure that the institutional knowledge and information
about precedents in dike redesign projects are kept within the DFPP organisation in order to
achieve the programme goals. The role of the advisory teams as boundary spanners is still
in its infancy: they are still learning on the job, and knowledge sharing between advisory
teams is limited. Ongoing attention is needed to further encourage this sharing and help
the teams grow into their role. At the same time, the DFPP organisation is encouraging
interorganisational learning between the projects and regional water authorities involved.
The question arises of how knowledge uptake can be secured for the long term. Staff
turnover in a knowledge-intensive process often has a demoralising effect on others. Given
the fact that most regional water authorities will work on projects for the next three decades,
the question arises of how is the current and future available knowledge being secured
for this task, both at the regional water authorities and at the DFPP organisation? This is
because like the DFPP organisation, a specific department at a regional water authority
carries out the dike redesign projects and also acts as a boundary organisation. This means
that regional water authorities need to devote attention to encouraging both organisational
and interorganisational learning. The different organisations therefore need to maintain a
focus on the role of boundary spanners. Efforts must be made to ensure that the parties
involved have the knowledge-uptake capacity that is required. However, earlier research [7]
has shown that sharing knowledge between several projects at one regional water authority
is already difficult.

In this paper, we have described how the Dutch Flood Protection Programme has
adopted a Pyramid of Flood Risk Management, a stage-gate system and a framework
for critical success factors. Our study has shown that, given the current time frame, the
pyramid of flood risk management and the critical success factors framework are helpful
in terms of the observations, diagnosis and interventions for the strategy. However, these
concepts have been loosely adopted with no methodological rigour. Further research on
the validity and reliability of these concepts is required to use them for the long term.

To conclude, the new knowledge and innovation strategy appears to be working given
the increased levels of knowledge uptake. Nevertheless, the DFPP organisation has been
monitoring knowledge uptake for only three years, and it has made interventions based
on the results. This period is relatively short as a basis for concluding that the current
knowledge and innovation strategy is working and that knowledge uptake is sufficient to
meet the programme goals, particularly because the pilot paradox [57,58] is still hanging
over the DFPP: previous research showed that a successful pilot project (which delivers
useful knowledge and results in more knowledgeable participants) is anything but a recipe
for successful knowledge uptake and upscaling. To bridge this gap, the DFPP needs to
involve future users in early phases of the project, and it should start communicating some
of the successes and obstacles to a wider public early in the innovation projects.
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Abstract: Recent advances in instruments are transforming our capabilities to better understand,
monitor, and model river systems. The present paper illustrates such capabilities by providing
new insights into unsteady flows captured with a Horizontal Acoustic Current Profiler (HADCP)
integrated at an operational index-velocity gaging station. The illustrations demonstrate that the
high-resolution stage and velocity measurements directly acquired during flood wave propagation
reveal the intricate interplay among flow variables that are essential for better supporting judicious
decision making for river management, flooding, sediment transport, and stream ecology. The paper
confirms that the index-velocity method better captures the unsteady flow dynamics in comparison
with the stage-discharge monitoring approach. At a time when the intensity and frequency of floods
is continuously increasing, a better understanding of the critical features of flood waves during
extreme events and the possibility of capturing more accurately their dynamics in real time is of
special socio-economic significance.

Keywords: unsteady flows; flood wave propagation; Acoustic Doppler Current Profilers; index-velocity
method; stage-discharge method; rating curves

1. Introduction

Monitoring and predicting streamflows are at the core of the decision making for
critical areas of the socio-economic continuum (from water management, energy develop-
ment, infrastructure design, and recreational uses to forecasting of floods, water quality,
and ecosystem viability). While most often collected by specialized agencies, the stream-
flow data are also used as benchmarks for advancing the understanding of watershed
dynamics and underpinning scientific studies on aquatic habitat and climate trends. The
measurement protocols used for collecting streamflow data stem from century-long in-
cremental developments [1]. Most of these developments have considered river flows as
quasi-stationary processes fluctuating within an unchanging envelope of variability [2].
This view has given rise to empirical or semi-empirical relationships for streamflow estima-
tion complemented by statistical analyses applied to long historical collected during steady
and unsteady flows. While this estimation approach might be acceptable for reporting
daily discharges for various uses, it is not satisfactory for practical and scientific investiga-
tions where the data are desired at sub-daily sampling rates [3]. Such an example is the
propagation of flood waves generated by storms that are driven by gradual, time-varying
flows with significant hourly variations.

During the gradually varied changes, the flow is affected by both unsteadiness and
non-uniformity [4,5]. Depending on the slope of the stream bed and the magnitude and
duration of the storm runoff entering the stream, the flood wave can take various forms,
i.e., kinematic, diffusion, or full dynamic [6]. The dependencies among the flow variables
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during the wave propagation are distinct for the rising and falling stages and different
from the steady flow relationships. This peculiar dependency is called hysteresis, which is
a generic term denoting that the state of a system at any time depends on its past state (i.e.,
rising or falling). The hysteretic behavior is materialized as “loops” in the relationships
between pairs of flow variables [7] and a separation of the flow hydrographs as discussed
in [8]. Streams in low- and mild-sloped streams tend to produce considerable hysteresis for
large flow changes occurring over short durations [9,10]. Streams on steep slopes display
small hysteretic effects [11].

The most reliable method to truthfully capture hysteresis is the direct measurement
of the discharge along with other relevant flow variables over the whole duration of
the wave propagation. However, direct measurements require personnel deployment for
extended time, especially in medium and large-size rivers. Moreover, stream measurements
during extreme flows are challenging because of the difficulty accessing the sites and
other safety concerns [12,13]. Consequently, streamflow monitoring in natural streams is
typically made with indirect methods relying on pre-constructed rating curves used in
conjunction with continuously measured variables that can be measured unattended. The
most popular methods for real-time monitoring are the stage-discharge and index-velocity
methods, which are labeled herein as HQRC and IVRC, respectively. These methods are
well documented in multiple sources [12,14–17] therefore, only their salient features will
be presented herein. The United States Geological Survey (USGS) publishes real-time
discharge data for more than 10,000 sites across the US, with most of them relying upon
HQRC method [3]. There are about 500 IVRC-based stations in the US, and their number
continues to increase. At about 4000 of the total number of gages, streamflow forecasting is
made via hydrologic modeling.

The HQRC streamflow estimation method was developed first, and it is still widely
used to date for monitoring steady and unsteady flows. The simple HQRC is governed by
equations that are strictly valid for steady flows whereby the energy and river-bed slopes
are equal. However, during flood wave propagation, the energy slope is not equal to the
bed slope being influenced by additional parameters; therefore, the estimates provided
by steady HQRC are not capturing the actual flows [7]. Deviations as large as 9.8%, 15%,
and 34% in discharges for the same stage were reported between actual and estimated
HQRC flows in large rivers [15,18,19]. Differences up to 40% were found between Acoustic
Doppler Current Profiler (ADCP) directly measured discharges and HQRC estimates in
a medium-size, lowland river during unsteady flows [20]. A recent USGS evaluation
conducted at 5420 HQRC stations found that 67% of them are moderately or strongly
affected by hysteresis [3]. Corrections are applied to the simple HQRC for gages located in
large rivers exposed to hysteresis [21]. For gages located on medium and small rivers, the
correction for hysteresis is not applied, as there is a perception that its impact is small and
cannot be discerned from instrument uncertainty [3].

The IVRC method is a better alternative to HQRC when monitoring unsteady flows
because it measures directly the index velocity in addition to the stage [8]. This method
has been increasingly implemented after the adoption of acoustic-Doppler velocimetry
in the late 1990s [22], especially for locations where hysteresis and/or backwater might
occur [16]. While the IVRC method can capture hysteresis in real time [23], the hydrometric
community continues to test, evaluate, and improve IVRC capabilities (e.g., [24,25]). Due
to the high cost of these evaluations and the methods’ shorter life span compared with the
century-old HQRC, the IVRC method has been less investigated so far.

The motivation for this paper is triggered by the fact that while both HQRC and
IVRC have been continuously improved through the incorporation of new measurement
technologies (acoustic, radar, image velocimetry), the principles and assumptions associated
with the conventional monitoring protocols have not been revised to take full advantage
of the superior capabilities of the new instruments. This paper addresses this gap by
evaluating how the IVRC method equipped with new measurement technology compares
with HQRC (used as reference herein) and revealing new features of the mechanisms in

102



Water 2022, 14, 1380

unsteady flows. Exploration of these features is rarely illustrated with data acquired in
situ. The data-driven exploration on flood wave propagation presented in this paper is
intentionally kept in a simple form to substantiate the hysteresis phenomenology and
dependencies rather than cluttering the narration with analytical and statistical analysis.

The paper is organized as follows. First, it reviews the principles and practice of the
conventional HQRC and IVRC along with their advantages and limitations. Aspects of
flow dependencies during the propagation of flood waves are then illustrated with data
acquired at an operational IVRC-based gaging station served by an emerging instrument:
the Horizontal Acoustic Doppler Current Profiler (HADCP). Subtle features of the hysteretic
behavior are then highlighted to illustrate the potential of the IVRC method to document
flow features that might broaden the use of data for practical and scientific purposes.
Finally, the paper suggests research for further evaluation of the hysteresis impact on
monitoring methods and for developing protocols that can reduce their uncertainty.

2. Principles and Practice of Conventional Monitoring Methods

Conventional monitoring methods are based on semi-empirical relationships that
relate in situ discharge measurements with flow variables directly acquired at monitoring
site. These relationships (a.k.a., ratings) are valid only for the site where they were con-
structed. Rating construction assumes that the stream gauge sites are closely following the
best practices for gage site selection (e.g., Rantz et al. [14]). Among these guidelines, critical
ones include free of obstructions or bed irregularities in the channel reach enclosing the
gaging station, quasi-uniform geometry in the streamwise direction, and preservation of
the cross-sectional flow distribution for the whole range of flows at the station.

The independent flow variables used in conjunction with the ratings are those that
can be continuously measured without operator assistance (i.e., stage and, more recently,
velocity distributions along lines or surfaces into the flow). The guidelines for rating
construction typically assumes a one-to-one relationship among flow variables without
specifically distinguishing between the rising and falling phases of the flood wave. The
final ratings are established only after an extended dataset of calibration measurements are
acquired, processed, and checked for consistency with statistical tools. In many situations,
the overall quality of the final rating is highly contingent on the operator’s skills and
his/her specific knowledge of the measurement site.

The steady HQRCs are obtained through graphical constructions guided by analytical
relationships, i.e., flow over weirs at low flows, Manning’s equation at higher stages up
to the bankful stage, and by other approaches for extreme flows [7,14]. This rating misses
the hysteretic signature altogether, as the Q = f (H) relationship is the same for the rising
and falling limbs of the hydrograph (see dotted line in Figure 1a). The steady HQRC
method leads to a maximum value for discharge hydrograph, Qmax, when Hmax is attained.
Notably, the discharge corresponding to the maximum cross-section velocity, QUmax, does
not coincide with the position of the actual Qmax on the loop. Corrections [21,26,27] can
be applied in post-processing to the steady HQRC estimated discharge to uncover the
hysteretic loop associated with the passing of flood wave through a gauging site (continuous
line in Figure 1a). Given their costs, these corrections are only applied at selected gages,
especially for those located in flood-prone areas along large rivers [3].

The IVRC method has become increasingly popular after the adoption of HADCPs for
river measurements [16]. The latter authors specify that the method has been developed for
sites where “more than one specific discharge can be measured for a specific stage”, which
are situations specific for flood wave propagation in lowland streams [8]. The main steps
involved in the construction and monitoring with the IVRC method are shown in Figure 1b.
First, a stage-area (HARC) is constructed to relate the range of stages measured at the station
with the corresponding areas for the wetted cross-section (continuous line for HARC in
Figure 1b). A second rating is the IVRC, which is obtained with regression equations
applied to extensive datasets similarly to the practice of establishing stage-discharge ratings
(dotted line for IVRC in Figure 1b).
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Figure 1. Outcomes of the conventional monitoring methods when measurements were conducted
during unsteady flows (adapted from [8]): (a) stage-discharge method (HQRC) and (b) index-velocity
method (IVRC).

The datasets used for constructing IVRC entail direct streamflow measurements (typi-
cally acquired with down-looking ADCPs transects) paired with real-time index-velocity
measurements (acquired with HADCPs installed within the gaging station cross-section).
The index velocity is measured in discrete “bins” along the HADCP instrument axis and
subsequently averaged over time and over all bins contained along the acoustical path of
the instrument [16]. Similarly to the HQRC protocols, periodic verifications of the validity
of the ratings are made following the IVRC rating establishment. Many IVRC stations are
equipped with the SonTek/YSI HADCP (i.e., Side-Looker or SL according to manufacturer
specifications, San Diego, USA) that measures simultaneously stage and velocities with
probes collocated in the same physical enclosure [28].

The index-velocity ratings are considered final when several statistical tests applied to
the regression equations are satisfactory, i.e., the coefficient of determination (R2), standard
error, p-values, and residual analysis [16]. Two types of regression equations (i.e., simple-
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or multi-linear) are recommended by Levesque and Oberg, as shown on the IVRC rating in
Figure 1b. The final rating is a one-to-one relationship that is uniformly used in steady and
unsteady flows. A notable skill of the IVRC rating is that it provides different discharges
for the same flow depth during wave propagations regardless of the adopted approach for
the regression equations, as the vertical streamwise velocity profile is larger on the rising
phase than on the falling one (see Figure 1b). Non-unique IVRC ratings are suggested
when the flow at a site displays distinct mechanisms during flow variation [29]. These
authors developed multi-modal ratings for tidal flows, where they established separate
equations for the flood to ebb, ebb to flood, and upper and lower transitions occurring
during a full tidal cycle. The same procedure is recommended in guidelines [12]. We argue
herein that if this rule would be adopted to flood wave propagation in streams, it will imply
that the construction of the IVRC should entail distinct regression equations for the rising
and falling phases of the stage hydrograph.

3. Index-Velocity Method Applied to an Actual Gaging Station

3.1. Study Site

The location of the index-velocity gaging site analyzed in this paper is shown in
Figure 2a. The drainages are of the station is 35,078 km2. The station is set on a 2000 m
quasi-straight reach of the Illinois River where flood wave propagations is not significantly
affected by the presence of man-made structures. The closest river control structures are
more than 50 km upstream and downstream from the gage location (i.e., Starved Rock and
Peoria lock and dam structures, respectively).

  
(a) 

  
(b) 

Figure 2. USGS gaging station #05558300 on Illinois River, at Henry (IL): (a) gaging site location; and
(b) position of the HADCP in the measurement cross-section (the ADCP measurement was taken to
an extreme flow event).
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The channel is about 300 m wide and 6 m deep for high flows, and it controls the flow
through the station at all stages excepting for low flows near the Peoria Lock and Dam (C.
Prater personal communication, 2019). The index velocity is measured with a 1500 kHz
SonTek-SL HADCP positioned in the cross-section, as illustrated in Figure 2b. The mean
bulk channel velocity is obtained with the regression equations provided in Figure 2b. It
can be noted that the length of the HADCP acoustic path is about 55 m (including the
blanking distance), covering less than half of the width of the river corresponding to the
HADCP elevation. This situation is not uncommon [30], and it often occurs in practice,
as finding an optimum location for the probe needs to fulfill multiple requirements (e.g.,
full probe submersion of the instrument acoustic path, traversing a flow area of maximum
possible length without encountering large non-uniformities due to the stream boundary
presence). The stage, index velocity, and discharge measured at the gages are transmitted
every 15 min to the USGS national streamflow system, which is publicly available. All the
data reported in this paper are retrieved from the open-accessible gaging station website.
Table 1 provided relations built between discharge and index velocity considering stage.

Table 1. IVRC regression equations (source: https://waterdata.usgs.gov/monitoring-location/0555
8300, accessed on 20 April 2020).

Station
Regression Equation

(x1—Stage; x2—Index Velocity, ENU)
Rating Validity

Maximum

Discharge (m3s−1) Stage (m)

Henry
(USGS #05558300)

y = (x2 × 0.571) + (0.008 × x1 × x2) + 0.083 6/2015–2/2018 4560
9.95

y = (x2 × 0.669) + 0.116 2/2018 to date

3.2. Monitoring Datasets

Until recently, the hysteretic behavior in the relationships among the flow variables has
rarely been captured in natural streams, because the high-temporal resolution instruments
capable of measuring simultaneously more than one flow variable were not available. The
introduction of the new generation of acoustic profilers at gaging stations has enabled
valuable insights into the dynamics of unsteady open-channel flows. One such site is the
USGS gaging station #05558300 analyzed herein. Before selecting this site for illustration,
we explored the hysteresis presence over six years of data recorded at the station. The
implementation of the hysteresis diagnostic formulas developed by Dottori et al. [27],
Mishra and Seth [31], and Fread [32] to the available dataset have compellingly confirmed
the possibility of developing diffusion and full dynamic waves even for relatively moderate
storms propagating through the station [8].

Our illustration starts with time series of stages and index velocities directly measured
at this IVRC-based station for the Water Years (WY) 2014 to 2019 (see Figure 3). The
time series in this figure allows identifying flood waves propagating through the station
alternating with periods of steady flows (baseflow). We define flood wave duration using
the National Oceanic and Atmospheric Administration’s (NOAA) terminology, i.e., the
contiguous time interval for which the stage is above the one corresponding to baseflow
(ncdc.noaa.gov/stormevents). While the most damaging flood impacts are related to the
wave peak (i.e., crest), flooding can occur at lower stages, too. To place the magnitudes of
the flow waves in the flooding context, we include in Figure 3 the “Action Stage”, which is
defined by NOAA’s National Weather Service (https://w1.weather.gov/glossary, accessed
on 20 December 2021) as the first flood warning level. When the stream reaches the Action
Stage, communities and agencies in charge of flood mitigation typically initiate preparations
for flood response activities. Table 2 lists the numerical values for the maximum of the flow
variables during the major flood waves (storm events) of WY 2017. We choose WY 2017 as it
is a typical water year with the maximum discharge and stage values (i.e., 2600 m3s−1 and
8.20 m) compared with the top discharge and stage values recorded during the 2014–2019
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observation interval (i.e., 4560 m3s−1 and 10 m, respectively). It can be noted that out of the
eight storm events in the WY 2017, only three exceeded the “Action Stage” level (i.e., 6.7 m).

Figure 3. Time series of the stage and index velocity measured at the USGS gaging station #0555830
for supporting IVRC implementation. The numbering in the figure tracks the storm events in
chronological order.
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Table 2. Characteristics of the major storm events during the Water Year 2017.

Year Storm Event & Time Interval
Max. Discharge

(m3s−1)
Max. Stage

(m)
Max. Index Velocity

(ms−1)

2017

45–46 (16 January; 19:45~7 February; 08:00) 1415 6.75 1.20
47 (28 February; 09:30~11 March; 16:45) 864 5.43 1.00
48–49 (29 March; 19:45~29 April; 11:00) 1842 7.61 1.38

50 (29 April; 11:00~11 March; 16:45) 2599 8.20 1.51
52 (15 June; 01:00~1 July; 11:15) 968 5.68 1.06

53 (19 July; 21:30~10 August; 11:15) 1455 6.49 1.45
54 (13 October; 00:45~23 October; 11:00) 1299 6.00 1.39

56 (17 November; 01:00~1 December; 23:00) 911 5.55 0.95

The visual inspection of the time series for stage and index velocities in Figure 3
reveals several notable features. First, it can be noticed that the time periods taken by flood
wave propagation represent a significant part of the annual records. A second, perhaps less
expected feature, illustrated in this figure is the easy-to-detect and persistent trend in the
time series: the index-velocity peaks precede the stage peaks. This trend is unequivocally
related to the hysteresis effect as will be discussed later in the paper. The non-synchronicity
of the hydrographs leads to a situation in which, near the hydrograph peak, the index-
velocity time series decreases in magnitude while the stage continues to rise for a short
time. This is somewhat conflicting with the conventional description of the flood wave
propagation where it is assumed that the rising and falling limbs of variable hydrographs
are identical.

In order to make the above-mentioned distinction, we use the terms ascending and
descending when referring to the index velocity hydrograph “pulses” and the terms rising
and falling for stage hydrograph, since these terms are conventionally used. Pulses are
defined herein as the groups of consecutive data points recorded on the index-velocity
hydrograph pertaining to an acceleration–deceleration cycle [33]. Pulses are related to
changes in the rainfall intensity and/or its spatial distribution over the station’s drainage
area. As seen in this figure, one storm event can contain a single or multiple pulses. The
numbered rectangles in Figure 3 indicate individual storms listed in their chronological
order for the observation period. The gradients and magnitudes of the pulses on the rising
limb of the stage hydrograph are decisive for determining the severity of the hysteretic
loops [34,35]. Severity is used in the present context to indicate the magnitude of the
gradients in the changes in the flow variables for a given pulse; the larger the gradients, the
more severe the event. The single-pulse storm produces one peak in the stage hydrographs
that, in fact, represents the flood crest. For multiple-pulse storm events, the magnitude
of the flood crest is impacted by all the pulses occurring on the rising limb of the stage
hydrograph.

3.3. Substantiation of the Hysteretic Features in the Annual Datasets

The phase difference between the peaks of the index velocity and stage timeseries
plotted in Figure 3 is an unmistakable indication of the unsteady flow presence, as for
steady flows, the maximum stage coincides with the maximum discharge and bulk flow
velocity, as discussed in Figure 1. The trends displayed by the index-velocity hydrographs
are the same for the cross-sectional bulk velocity, as the two quantities are related through
the one-to-one IVRC relationship for the entire range of flows. Figure 4 displays all the
unsteady events within the available dataset plotted in time-independent stage-discharge
coordinates to substantiate that each event follows a distinct relationship commensurate
with the characteristics of each storm. Collectively, these relationships produce “cloud-like”
patterns. Data segments missing in the loops are time intervals when the gaging station
temporarily missed or mismeasured data points (typically during high or energic flows).
The “Action stage” warning level is also illustrated in this figure to highlight that the flows
above this stage are developing the most prominent hysteretic effects.
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Figure 4. Time-independent stage-discharge relationships for the major storms that occurred during
the observation period.

The hysteretic behavior affects not only the stage-discharge relationship but also those
among any two of the other flow variables, as indicated in Figure 5 for the major storms
of WY 2017. The cloud of loops for each of the dependencies are bundled along inclined
lines of different slopes. The thickness of the cloud and their slope are specific for each
relationship. The median slope for each cloud corresponds to the steady-flow relationship
for the respective variable pairs. More specifically, we argue that the unsteady flow loops
follow the Saint-Venant equation while the steady-flow relationships follow the Manning’s
equation that is a sub-component of the first equation [8]. Visual inspection of the plots in
Figure 5 indicates that the most prominent impact of hysteresis for this site is associated
with the largest storm of the WY 2017, i.e., storm #50 (see Figure 3). For this event, the
largest impact of hysteresis can be noted for the stage vs. index-velocity relationship
(Figure 4: 60% at 7.5 m), followed by stage-discharge relationship (Figure 5a: 49% at 7.5 m),
and index-velocity vs. discharge relationship (Figure 5b: 36% at 1700 m3).

 
(a) (b) 

Figure 5. Hysteretic relationships between variable pairs for the Water Year 2017: (a) stage vs. index
velocity; and (b) index velocity vs. discharge.
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3.4. Substantiation of the Hysteretic Features in Individual Event Datasets

Ensuing from analytical considerations exposed in Muste et al. [8], the hysteresis
associated with unsteady flows propagating through a prismatic channel affects the rela-
tionships between flow variables in multiple ways, unravelling the unsteady mechanics
from several viewpoints. Some of these views and associated relationships are well docu-
mented theoretically (e.g., [36]) and through laboratory experiments (e.g., [37]), but they
have been rarely captured in natural streams. With the advent of instruments such as HAD-
CPs, we can observe aspects of the flows that were not possible to document in natural
conditions before. Taking advantage of the HADCP data for supporting the index method
at USGS #05558300 station, we subsequently illustrate various dependencies occurring
between flow variables during single-pulse and multiple-pulse storm events (see Figure 6).
The data plotted in this figure, as well as for most of the subsequent plots, are smoothened
to aid the visualization of the discussed features. A variable-span smoother based on local
linear fit [38] was applied to the 5-point averages dataset collected by the HADCP. It should
be noted that the index-velocity time series plotted in Figure 6a are acquired across the
stream from fixed positions in the vertical, while bulk channel velocity is derived from
this velocity via a rating curve; therefore, there are slight differences between the actual
loop shapes for the two related variables. However, the two velocities are closely linked;
therefore, the trends visualized during the flood wave propagation are similar.

The plots for the single-pulse event in Figure 6a illustrates that the trends in index
velocity and stage hydrographs are closely coupled in time but not synchronous. The time
separation (i.e., phase shift) of the two variables’ hydrographs leads to different values
of the index velocities on the rising and falling limbs for the same depth, as illustrated
by points A and B in this figure (and also hinted in the conceptual Figure 1b). The time-
independent relationship of the two-directly measured variables is plotted in Figure 6b.
The shape of the plot suggests that the flows on the rising and falling limbs of the stage
hydrograph display higher velocities during flow acceleration compared with those during
decelerated flow. Figure 6c display the often-used representation of the stage-discharge
relationship as estimated by the IVRC method for this single-pulse storm event.

Plotted in Figure 6d–f are the same dependencies for a multiple-pulse storm event.
While tracing the relationship between the time series for index velocity and stage in
Figure 6d is more intricate, a careful inspection of the changes in the time series for the
two variables allows us to identify the effect of each individual index-velocity pulse on the
stage variation. This impact is visually represented in Figure 6d either as a local stage peak
or just as an inflexion point in the stage time series, as indicated with arrows in this figure.
Individual pulses contain both ascending and descending phases; hence, we label them
as sub-storms contained within the overall storm event (from base flow and back). Each
sub-storm produces distinguishable loops within the overall large loop of the multi-pulse
storm event, as illustrated in the Figure 6e,f.

Figures 4–6 provide abundant experimental evidence that the hysteretic behavior
is materialized through the presence of loops in the time-independent relationships and
through a detectable “decoupling” of the flow variable hydrographs in the time-dependent
graphical representations. Another feature of interest for characterizing the hysteretic
behavior is its severity. One of the built-in factors in determining the hysteresis severity
is the slope of the channel bed at the site, with milder slopes producing more severe
hysteresis [8]. For the same site, the magnitude of the loops and time lags between
hydrographs are determined by the severity of the storm events (i.e., proportional to
the gradients for the flow changes), as shown in the measurement summaries presented
in Figures 4 and 5. We argue herein that the pulses of unsteady flow with the same
starting point, index-velocity magnitude, and gradient on the rising limb of the stage
hydrograph produce identical hysteretic loops for a given site, whether the event is single-
or multi-pulse.
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(a) 

  
(b) (c) 

 
(d) 

  
(e) (f) 

Figure 6. Illustration of hysteretic features in time−dependent and time-independent relationships
between flow variables: (a–c) single-pulse storm event; (d–f) multi−pulse storm event.

Quantification of the storm severity in this discussion is made using the unsteadiness
coefficient proposed by Nezu et al. [39]. According to this study, this coefficient is pro-
portional to the lag between the maximum shear stress (that is highly correlated with the
maximum velocity peak) and the maximum depth (i.e., stage peak). Assuming a hydro-
static pressure distribution, the unsteadiness coefficient is defined by the ratio between the
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rising speed of the water surface and the celerity of the propagation wave. Consequently,
the severity of a single-pulse event can be defined as:

α =
Hi

P − Hi
B

Tr
× 2

Vi
B + Vi

P
(1)

where α is the unsteadiness coefficient, P defines pulses, Vi is the index velocity, Tr is time
duration for the index velocity pulse to reach its peak, L, is the time duration (lag) between
the index velocity peak and the associated stage peak, Hi; indices “B” and “P” stand for
the base and peak of individual pulses (see Figure 7a). Equation (1) can be applied to
individual pulses within multi-pulse events by accounting for the state of the variables at
their base and peak for each pulse [40]. The relationship between the index-velocity peak
and its severity for all the pulses in the dataset used herein is plotted in Figure 7b.

 

(a) (b) 

Figure 7. Introducing the pulse severity parameter: (a) terminology for defining stream variables’
response to hysteresis severity; and (b) summary of the index-velocity peak vs. severity of the
individual pulses for the all the storm events in the analyzed dataset.

Using the aforementioned considerations, we illustrate in Figure 8 the importance
of the hysteresis severity on the impact produced on the variables’ dependencies. The
time-independent and time-dependent plots in this figure contain all the flow variables
measured and estimated at this USGS station, as reported on the publicly accessible site.
The numerical values of the unsteadiness coefficients for each storm are also indicated in
this figure. The plots on the left side of Figure 8 indicate, as expected, that the magnitude
and thickness of the hysteresis are connected. Specifically, the smaller the stage variation
for a specific storm event, the thinner the hysteretic loop. This is actually one of the
reasons invoked for overlooking hysteresis in current monitoring practice, because while
the hysteresis loops are always present, they cannot be distinguished from the measurement
uncertainty at low flows. Unfortunately, most of the calibration/validation of the ratings
are acquired at low flows, where hysteresis is less observable [20]. The study conducted
by Muste and Kim [41] demonstrated using direct measurements at this station that quasi-
equal magnitude pulses produce larger loops if the storms are more severe (sharper peaks
in the index-velocity time series) and that equal-severe storms produce thicker loops if
the index-velocity peak is of larger magnitude. It is obvious that storms that are both
large and severe display commensurately larger loop thickness and lag time between the
index-velocity and stage hydrographs.
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(a) 

  
(b) 

  
(c) 

  

Figure 8. Sensitivity of the hysteresis severity to flow magnitude and rates of changes: (a) event #24
(2015); (b) event #60 (2018); (c) event #50 (2017). The stage and time scales in the plots are intentionally
kept identical (i.e., one month) to better substantiate the comparison. Arrows in figures indicate
approximate timing for index velocity, discharge, and stage hydrographs peaks.

Another relevant impact of the hysteresis severity is that the larger loops are associated
with larger hydrograph separations, as indicated by the plots on the right side of Figure 8.
It is also notable that the hydrograph peaks follow systematically the same succession, i.e.,
index-velocity peaks occur first followed by the discharge and stage peaks. This inherent
unsteady flow property was used by these authors to develop a short-term forecasting
algorithm using the peak of the index-velocity as a triggering point for forecasting [40].

3.5. IVRC Performance during Flood Wave Propagation

A subject of great interest for the present context is the evaluation of the improvement
brought by the IVRC method over the HQRC when operating in unsteady flows at a
site exposed to hysteresis. Given that for the present analysis, there are neither stage-
discharge relationships nor direct discharge measurements taken over the whole duration
of a storm, we cannot provide the much-needed comparison. To enable such a comparison,
we developed a “surrogate” HQRC rating using the direct measurements acquired for
developing the IVRC rating and validating it after its construction. A total of 253 such
direct measurements were acquired between 1981 and 2019 for this site (C. Prater personal
communication, 2019). The surrogate HQRC shown in Figure 9 was constructed using
the directly measured discharges paired with the corresponding stages. Furthermore, we
determined distinct regression equations for the low-, medium-, and high-stage ranges, as
recommended by best practice guidelines [14]. We realize that such an obtained HQRC
rating does not strictly follow the intricate graphical construction used by USGS to develop
stage-discharge ratings, but we consider this surrogate sufficient for the present discussion.
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Figure 9. Surrogate HQRC rating constructed using the calibration and validation measurements for
supporting the IVRC station operation.

Figure 10a illustrates essential features of the IVRC-HQRC comparison using the stage-
discharge relationship commonly used by the hydrometric community to demonstrate
hysteresis presence. The storm chosen for comparison is event #15 of the WY 2015 that does
not display the largest stage in the analyzed dataset, but it is one of the most intense, as
proven by the sharp increase in the index-velocity illustrated in the time-series of the WY
2015 illustrated in Figure 3. The first comment on Figure 10a is the considerable departure
of the IVRC estimated values from those of HQRC, i.e., up to 60% on the rising limb of the
stage hydrograph, as illustrated by the arrow added in Figure 10b. The second comment is
that the HQRC data fall closely to the datapoints on the falling limb of the IVRC estimates.
This feature was also noted by the authors in previous studies at other IVRC-based gaging
sites (e.g., [20,23]). The most likely explanation for this feature is that while on the rising
stage, the flow is marked by a sudden acceleration, on the falling limb, the deceleration of
the flow is slower. For this site, the ratios between falling and rising times are anywhere
between 4 and 15. We perceive the slower deceleration on the falling limb as being akin to
a series of successive step-like steady flows of continuously decreased discharges, therefore
being closer to the shape described by a steady HQRC.

Additional inferences can be drawn from the comparison of the time-dependent plots
of the discharges estimated by the IVRC and HQRC methods. The stage hydrograph is
added in this figure for delineating the rising and falling limbs as defined in the present
discussion. The plots in this figure reveal two new inferences. The first one is that the
IVRC discharge peak estimate is 8% larger than the one predicted with the HQRC rating.
Differences up to 15% between actual flows measured at the site and HQRC estimates
were reported by Jarrett [42] and Di Baldassarre and Montanari [19]. Along the same line,
Fenton and Keller [43] as well as Henderson [7] explain analytically that the maximum
discharge of diffusive flood waves is larger (and occurs earlier) than the flow computed
from simple HQRC ratings. An additional factor toward the generalization of this first
inference is the fact that the reliability of any type of rating in the higher flow range area
is not as robust as for lower flow range, as the density of the calibration/verification
measurements is less dense for high flows. The second inference is that the discharges on
the rising limb are considerably underestimated by the HQRC method and are not fully
compensated over the remaining period of flood wave propagation. While the IVRC and
HQRC features are significant and consistent in this study, the numerical values associated
with the differences between the two methods cannot be generalized for other sites and
types of waves propagating through hysteresis-prone gaging stations.
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Figure 10. Inferences from the IVRC-HQRC comparison: (a) stage vs. discharge relationships;
(b) numerical values for the differences in Figure 10a; and (c) time series for IVRC and HQRC
methods.

4. Discussion

The hysteretic behavior at the site of the presented case study is mostly dominated
by flow unsteadiness without significant contributions from other potential causes that
can lead to hysteresis (e.g., effects of instream vegetation, bedform-induced roughness
development, and baseflow–stream interactions). Rantz et al. [14] labels this situation
as the one where the energy slope is mostly changed by the variation in discharge to
distinguish from the situations when the slope change is mostly driven by the variable
backwater. Often, the two effects are both involved. Furthermore, our discussion assumes
that the flood wave propagation occurs in channels predominantly controlled by friction,
whereby the dominant energy losses are due to channel boundary roughness rather than
changes in the channel geometric features (local control) [12]. Moreover, we discuss herein
hysteresis impacts for water elevation in the channel that are less than the bankful stage
(i.e., as flood stage). When this stage is exceeded, additional flow complexities occur as
the mass and momentum exchanges between the main channel and floodplain impede
a straightforward interpretation of the hysteretic effects. Finally, it is assumed that there
are no issues related to instrumentation deployment and operation, as these factors can
also impact the interpretation of the measurements when the sensor positioning and time
synchronization are not properly performed. Under the aforementioned conditions, and in
the absence of a demonstrable presence of backwater effects, the hysteresis features can be
solely attributed to the flow unsteadiness.

While the illustrations of the present study confirm previous conclusions that IVRC
better capture unsteady flows, the majority of the discussions in this paper are focused
on the exploration of essential features of the hysteretic behavior as reflected by the data
collected at an operational IVRC gaging station. The presented results unequivocally
demonstrate that the IVRC method: (a) provides distinct relationships between flow
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variables for the rising and falling limbs of the hydrographs, (b) captures the sequencing of
the measured variable hydrographs, which is a feature that is inherent if item (a) above
is substantiated at a given site [41], (c) substantiates that the changes in the thickness of
the loops and associated hydrograph phasing are commensurate with the magnitude and
severity of the hydrographs, and (d) substantiates significant differences in the discharges
estimated with the HQRC method.

As mentioned above, the datasets available for the present study do not contain a
suitable benchmark to allow a thorough assessment of the IVRC or HQRC performance
in steady and unsteady flows. Such benchmark datasets are ideally acquired with high-
accuracy alternative instruments, rigorous protocols, and prescribed flow conditions. The
latter conditions can be only attained at sites where the river flow can be controlled, and
measurements can be repeated a few times to capture the variability of the in-situ conditions.
The closest alternative to such an ideal assessment scenario is the acquisition of direct
measurements using ADCPs continuously operated in steady and unsteady flows. The
above considerations highlight why the IVRC-HQRC performance assessment is difficult
to come by and rarely executed. One of these rare studies was, however, conducted by
the present authors at a USGS gaging station in Idaho where the flow could be controlled
and repeated under the same conditions [44]. In this study, we analyzed data from routine
and controlled experiments to illustrate the IVRC and HQRC performance in evaluating
streamflow over a range of flow regimes by comparing the monitoring methods’ estimates
with the measurements acquired with a Winter–Kennedy Meter that are calibrated to relate
the pressure losses in the turbine casing to the discharge through the turbine [45]. The
WKMs were installed in the hydropower plant’s turbine housing located immediately
upstream from the gaging station. While we are aware that these conclusions cannot be
readily extended to other locations, we deem that it is useful to cite these results in the
present context.

The evaluation of the Idaho dataset showed that the flow estimates obtained with
the two monitoring methods during steady flows were within 5% from the estimates
provided by the WKM. For unsteady flows, it was found that the IVRC method was overall
superior to the HQRC performance, but there were differences up to 40% between the IVRC
discharge estimates and those provided by WKM during the highest flow-change rates.
These large differences were attributed to the fact that the flow changes were considerable
in magnitude for both rising and falling phases (from simple to double), and they were
made over short durations (less than an hour). Such flow changes are quite typical for
hydropower plants where the turbines are set on and off during the day to accommodate
the energy consumption in the power distribution grid. There are no specific reasons to
expect that the Illinois River dataset analyzed in the present study is widely different in
term of overall findings from the Idaho study because the protocols for constructing and
using the rating curves are uniformly applied at all USGS gaging stations. Actually, similar
findings were inferred by the authors from another IVRC study on controlled flood waves
at a gaging station located in Spain [20].

The presented experimental evidence allows us to further explore some issue regarding
the IVRC rating construction that are still unsettled. Currently, most of the IVRC ratings are
constructed with protocols that do not distinguish between the hydrograph flow phases,
similar to the protocols used in stage-discharge approaches. In this approach, the statistical
analyses are applied to the whole calibration dataset for establishing one-to-one regression
lines that fit best the available data points. The obtained regressions are used for all flow
regimes. Similar to HQRC, the graphical construction involves subjective decisions on the
parameters and thresholds used in the analysis. In the absence of robust understanding of
the flow dynamics or experimental evidence, the use of statistical analyses alone precludes
to state when the analysis outcomes are good enough or if the observed disagreements are
not merely reflections of the unknown physics processed with statistical tools.

Use of the one-to-one IVRC protocols for the USGS Henry station led to the conclusion
that the multiple-linear regression for the IVRC regressions equation was adequate from
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June 2015 to February 2018. After this date, a simple linear regression was adopted (see
Table 1). The graphical representation of the IVRC ratings using the equations in Table 1
are plotted in Figure 11 for the single-pulse events illustrated in Figure 8. It can be noticed
that while for the smaller storms, the rating does not show a clear distinction between the
rising and falling stage, for the largest storm (i.e., event #50 in 2017), there is a perceptible
and consistent differentiation of the IVRC rating for the rising and falling stages. The
thickness of the hysteresis loop in the IVRC for the largest flow events is considerably
smaller than that in the stage-discharge relationships shown in Figure 4. Similar findings
have been observed through other studies (e.g., [23,46]), therefore signaling the need to
further explore the validity of the unicity of the IVRC relationship for all flow regimes.

   
(a) (b) (c) 

Figure 11. The graphical representation of the IVRC one-to-one regression equation for the storm
events analyzed in Figure 8a, 8b, and 8c, respectively. (a) Event #24 (2015); (b) Event #60 (2018);
(c) Event #50 (2017).

In an attempt to test the adequacy of the one-to-one relationship for the IVRC rating
during unsteady flows at the Illinois station, an additional check is made using the mean
bulk velocities determined from the direct ADCP measurements acquired for validation of
the IVRC rating between 2015 and 2018. During this interval, there are 19 ADCP validation
measurements, among which only three measurements are taken at stages above the
Action Stage indicated in Figure 3. Two of these measurements were acquired during
the propagation of Pulses 20 and 21. The comparison between the IVRC rating estimates
with the directly measured mean velocity via ADCP is plotted in Figure 12. It can be
noted from this figure that the ADCP velocities (acquired on the ascending limb of the
stage hydrograph) show larger values than those estimated with the IVRC rating. These
differences seem to indicate that the construction of the IVRC relationship using separate
relationships for the rising and falling phases of the stage hydrograph is a better alternative
than the one-to-one approach provided in Table 1. Definitely, a thorough assessment of this
argument requires further analyses on considerable larger datasets of this kind.

Figure 12. ADCP-derived data compared with IVRC rating for Pulses 20–21 of the WY 2015.
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5. Conclusions

The fresh perspectives on the IVRC measured flow variables presented in this paper
provide useful insights into the physics of flood wave propagation in natural open channels
that are often overlooked in routine monitoring. The experimental evidence presented in
this study indicate that:

(a) Hysteresis occurring at monitoring sites located in low-gradient channels exposed
to flood waves is significant, being commensurate with the site and flood wave
characteristics;

(b) Unsteady flows produce a non-unique relationship between any two of the flow
variables and an out-of-phase flow hydrographs during the flood wave propagation;

(c) The index-velocity method can more aptly capture hysteresis compared with the
stage-discharge method;

(d) If a discharge monitoring method capture hysteresis, it is implicit that it can also
distinguish the peak sequencing and vice versa.

Given that the above findings are based on only a limited dataset, the outcomes of the
discussion should be regarded as being indicative rather than confirmative. However, it
is our hope that the outcomes of the present study indicate that the effect of hysteresis on
monitoring methods requires additional research.

The present study convincingly demonstrates that the acoustic probes such as HAD-
CPs are reliable instruments for providing valuable data and insights in complex mea-
surement situations. The use of directly measured data provided by these instruments
are valuable benchmark datasets that can uniquely support multi-purpose investigations
based on analytical, data-driven, and numerical simulations. The capabilities of the new
generation of instruments can underpin better decision making in water resource manage-
ment and flood mitigation efforts and open possibilities to use the produced data in novel
ways for enhanced scientific investigations in streams and rivers.
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Abstract: Evaluating extreme flood disasters is a prerequisite for decision making in flood manage-
ment. Existing extreme flood disaster assessments fail to either consider or evaluate comprehensive
impacts from social, economic, and environmental aspects. This study first analyzes the causes
of extreme flood disasters and subsequently the potential flood consequences in depth. On the
basis of this comprehensive analysis, an extreme flood disaster indicator system is developed by
taking into account social, economic, and environmental consequences. To assess the comprehensive
impacts, we propose a refined social and economic impact evaluation method and a semi-quantitative
environmental impact evaluation method, which are applied to Jingjiang Flood Diversion District
(JFDD) located in the Yangtze River Basin, and analyze two extreme flood scenarios. The results
show that almost all of the JFDD area is flooded with inundation areas of 901.36 km2 and 879.49 km2,
respectively. The corresponding affected populations are 0.51 million and 0.5 million. The direct
economic losses are 18.83 billion and 14.33 billion, respectively. Moreover, 5 potential pollutant
sources and 11 protected areas are inundated under two scenarios. Extreme floods have relatively
serious impacts on local ecology and the environment. The proposed methodology can provide
effective support for decision makers.

Keywords: extreme floods; disaster chain; impact assessment; flood damage; environmental impacts

1. Introduction

Flood is one of the most serious natural disasters worldwide [1–3], accounting for 44%
of all disaster events from 2000 to 2019 [2]. Floods usually cause huge economic losses and
severe human casualties. With the implementation of flood control and disaster reduction
systems, the human death caused by floods is, to some extent, reduced. However, flood is
still one of the main global risks according to the Global Risks Report [4] under the double
pressure of climate change and socio-economic developments. With climate change, the
frequency of heavy precipitation events increases [5,6]. Extreme floods are usually caused
by extreme rainstorms [7], such as the one across central Europe in 2021 and the 20 July 2021
heavy storm in Zhengzhou, China. The total number of flood disaster events in 2000–2019
was more than twice as high as that in 1980–1999 [2]. In addition, with the socio-economic
developments, extreme floods may also lead to more disastrous consequences, such as
human injury, livelihood being seriously damaged or destroyed, and even the disruption of
the global supply chains. From 2000 to 2019, floods affected 1.6 billion people worldwide [2].
Moreover, floods contributed to USD 651 billion of economic losses according to EM-DAT
data [2]. Besides, floods may also have potentially adverse impacts on the environment and
ecology when polluted floods flow into surface drinking water sources or other protected
areas [8,9]. Therefore, it is significant to conduct refined and comprehensive extreme
flood disaster assessment to better support flood prevention decision making and further
lessen the negative impacts. However, the existing extreme flood disaster assessments
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fail to either consider or evaluate comprehensive impacts from social, economic, and
environmental aspects.

Extreme and disastrous floods can cause various and comprehensive adverse conse-
quences [10–12], including economic losses, social impacts, and environmental impacts.
Previous studies of flood disaster assessments mainly focused on monetary loss evaluation
and the affected population assessment. Environmental impacts are rarely assessed not
only because of the lack of public awareness but also the fact that they are intangible
and hard to quantify. Indeed, they are very important to society [9,13]. Therefore, it is
important to integrate the social, economic, and environmental impacts together for the
flood management decision making.

Compared to the rare study on floods’ impacts on the environment, there are many
studies on flood loss assessments [14,15]. Flood loss assessment is multidimensional, com-
plex, and interdisciplinary. It is affected by multiple factors, including regional rainfall
characteristics, geographical features, flood control systems, and socio-economic condi-
tions [15,16]. Therefore, the assessment methods are diverse [17]. Previous efforts to
estimate flood economic losses have focused on depth-damage functions [18] to integrate
flood depths, land use types, and economic factors. With the fast development of GIS,
spatial analysis technology has also been introduced into the loss assessment method. Then,
the accuracy of the assessment employing this method is determined by the exposure data.
The exposure data can be represented in terms of each affected object, such as buildings,
critical infrastructures, etc., at the microscale and/or land use types, such as farmlands,
urban areas, etc., at the mesoscale. However, the detailed data of each affected object are
not easy to acquire. The land use data can be easily obtained through remote sensing (RS)
interpretation [14], and it is effectively used to extract the spatial distribution of buildings,
but it is difficult to establish the relationship between flood loss data and land use types.
These problems lead to high uncertainties and disparities in flood loss assessments [19,20].
In this case, we should propose a refined method to evaluate the detailed flood loss of each
affected object.

To address the above-mentioned problems, the present study analyzes the potential
negative impacts caused by extreme floods and draws disaster chains, which provides a
comprehensive insight into extreme flood disasters. Specifically, an extreme flood disaster
assessment index system is established by incorporating social, economic, and environ-
mental indicators. We then develop a refined method to evaluate social and economic
impacts and also put forward a semi-quantitative method to assess environmental impacts.
Last, the newly established methods are employed in the Jingjiang flood diversion district
(JFDD) to demonstrate the effectiveness of our assessment system.

2. Causes and Impacts of Extreme Floods

Extreme floods are caused by the interactions of atmospheric processes, basin hydro-
logical processes [21,22], and human activities (refer to Figure 1). Heavy and/or persistent
precipitations are usually the very first cause of extreme floods, which is not the case for
small floods. The land use changes [23], due to fast urbanizations or geographic variations,
will increase the runoff coefficient, enhance runoff generations, and then increase flood
peaks and volumes in the rivers. In this case, fluvial flooding occurs when rivers flow
overtop their banks or dams/dikes break. Dam overtopping is one of the main reasons
for dam break [24]. Pluvial flooding occurs when rainfall volumes exceed the infiltration
capacity and the drainage capacity and result in the inundation of urban areas. Besides, the
collapse of the barrier lakes in mountainous areas, formed by landslides, is likely to cause
extreme floods downstream.

Extreme flood disaster is a threat caused by extreme flood to human life, property,
sensitive ecological and environmental areas, etc. Extreme flood is characterized by a wider
inundation range, higher hazards, and therefore, probably leads to a wider range of affected
areas. Correspondingly, the category of expected disaster-bearing bodies is much wider.
For example, flood control structures, such as dikes and dams as part of flood disaster
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prevention systems, are not only flood prevention forces but also disaster-bearing bodies
under extreme floods [25]. In addition, extreme floods also likely cause negative impacts
on sensitive ecological areas, such as protected surface and groundwater as well as nature
reserves. On this basis, we draw the extreme flood disaster chain in Figure 2. The direct
impacts include economic, social, and environmental consequences. Among them, the
economic impacts include the damage to houses, agriculture, industry and commercial
assets, and damage to critical infrastructures, such as transportation, water supply, power
supply, and communication systems. Social impacts mainly refer to people affected by the
evacuation, homelessness or injury, and potential human casualties [26]. Environmental
impacts include scouring the sensitive ecological and environmental areas or polluting
sensitive ecological and environmental areas after extreme floods flow through potential
pollutants. Moreover, in modern society, since the construction of urban flood control and
drainage facilities lags behind the construction speed of urbanization, and lifeline projects,
such as communication, power supply and water supply, have more weaknesses, extreme
floods are likely to result in much larger flood impacts than flooded areas. Then, extreme
floods probably further lead to indirect impacts beyond the geographical area or after the
flood events. For example, the disastrous river floods that occurred in Thailand in 2011
seriously disrupted the global supply chains [27].

 

Figure 1. The causative mechanisms of extreme floods.

Figure 2. Extreme flood disaster chains (direct and indirect impact refer to the consequences occurring
within the inundated region and far away from the flooded region during and/or after a flooding
event, respectively).

123



Water 2022, 14, 1211

3. Materials and Methods

3.1. Extreme Flood Disaster Indicator System

We establish the index system of extreme flood disasters (refer to Figure 3). The index
system contains 10 assessment indicators from three aspects, i.e., social impacts, economic
impacts, and environmental impacts.

  

Figure 3. Extreme flood disaster indicator system.

(1) Social impacts are described by the expected number of people affected within
the flooded area because ensuring the safety of people’s lives is the primary task of flood
prevention and emergency response. Understanding the number of affected populations
is a prerequisite for flood management decision making and then providing support for
personnel evacuation, emergency rescue, provision of medical and food relief, etc. In
addition, various types of losses are closely related to human production and life, and
the distributions of the affected population can further imply the impacts and losses of
socio-economic activities and properties that are closely related to them in the floods. We
do not consider the index of the number of people injured or dead because it is hard to
quantify it accurately.

(2) Economic impacts are reflected by direct economic losses, including residential
building losses, residential inventory damage, agriculture losses, losses of industrial enter-
prises, traffic and roads, as well as the losses of hydraulic engineering in the flooded area.

(3) Environmental impacts include the affected nature reserves and other affected
environmental sensitive areas caused by extreme floods.

3.2. Flood Impact Assessment
3.2.1. Economic Impact Assessments

The economic impact evaluation is to measure the consequences of extreme flood
disaster based on economic value data, including the losses of the residential buildings,
inventories, agriculture, industry, infrastructure, etc. The assessment process is divided
into 5 major steps as shown in Figure 4.
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Figure 4. The flow chart of flood damage assessment.

(1) Analyze the flood inundation areas, flood depth, and durations using flood simula-
tion model or RS analysis or field investigations.

(2) Collect economic data, statistical data, and land use spatial distribution data,
and then use the area weighting method or regression analysis method to generate an
economic database with spatial attributes that can reflect the distributions and differences
of economic indicators.

(3) Overlay the flood inundation layer with the economic layer according to their
spatial relationships using GIS analysis tools and then manage to obtain the values and
distributions of economic properties under different flood depths.

(4) Collect historical flood loss data of typical regions, units, or industry sectors, etc.,
estimate the flood loss rate of each property under different flood depths, and establish the
flood depth-loss rate relationship of each property.

(5) Based on the property type and flood depth-loss rate relationship in a flooded area,
calculate flood economic losses according to Equation (1).

D = ∑i ∑j Vijη(i, j) (1)

where Vij is the value of ith property under jth water depth in a flooded area, η(i, j) is the
flood loss rate of ith property under jth water depth.

Vij is mainly calculated using the current market value method. Housing property is
calculated using the replacement cost method, i.e., based on the cost of a newly built house
in the local area, and then obtaining the values after depreciation. Residential household
property is discounted according to the current market value method based on the number
of durable goods owned per 100 households in the administrative region involved. The
values of other industrial and commercial assets are directly derived from the statistical
yearbooks of the administrative regions. The cost of roads is considered in accordance with
the repair costs by referring to the relevant national budgetary quotas for highway and
railroad projects.

The flood loss rate represents the vulnerability of different properties impacted by
extreme floods. The flood loss rate of different properties varies with flood depth. It is
a relative index to depict direct economic losses and is described as the ratio of the loss
values to pre-flood values of each property.

η =
Vb − Va + F

Sb
(2)

where η refers to flood loss rate, Vb is pre-flood properties’ value, Va is post-flood properties’
value, F is rescue cost of properties.
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3.2.2. Social Impact Assessments

The main assessment process is similar to that of economic impact assessment (refer
to Figure 4). The total number of the affected population is estimated by overlaying the
flood inundation area layer with the population distribution layer. To more accurately and
comprehensively characterize the social impacts, the number of affected populations under
different water depths and inundation duration can also be evaluated by overlaying the
flood inundation depth/duration layer with the population distribution layer. In addition,
if distribution data of the vulnerable population (the elderly, children, etc.) are available,
the number of affected vulnerable populations under different depths/durations can also
be estimated correspondingly.

The main focus of social impact assessment is to create a spatial distribution layer
of population data. In China, the population data are usually presented in terms of
administrative units, which express differences between statistical units. However, there
are no differences within the statistical units. In order to conduct accurate statistical
analyses of the affected population, spatial analysis of demographic data is employed.

(1) With the residential land layer
If the residential land layer is available, the spatial analysis of the demographic data is

presented using the residential land method. We assume that the distribution of population
is discrete and uniform within the residential land area of the administrative unit. The
affected population is calculated by Equation (3).

Pe = ∑i ∑j Ai,j· di,j (3)

where Pe represents the affected population, Ai,j is the flooded area of residential land in jth
block of ith administrative unit, di,j is the population density of the residential area in jth
block of ith administrative unit.

If two administrative units are affected by extreme floods (gray part in Figure 5), we
obtain the areas of flooded residential lands in each administrative unit (shaded parts
in Figure 5) by superimposing the residential map layer, the flooded area layer, and the
administrative division layer. It is worth noting that there is a big difference between
urban population density and rural population density in a certain administrative unit.
In practice, the smaller the level of an administrative unit (e.g., town/street), the smaller
the differences in corresponding population densities on different rural residential plots or
urban residential plots. Hence, we use the population density data of the smaller units and
assume that the rural population or the urban population density of small administrative
units can be considered equal.

Figure 5. Diagram of flooded residential areas (the residential lands R1,2 and R2,1 are partially flooded,
and the residential land R2,3 is completely flooded).

(2) Without the residential land layer
If the residential land layer is not available, we use an approximate estimation to cal-

culate the number of affected populations. We assume the population is evenly distributed
in the whole administrative area, and the proportion of the affected population is the same
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as that of the flooded administrative area. The number of affected populations can then be
calculated according to the total population of the administrative region using Equation (4).

Pe =
PA f

A
(4)

where P is the total population of an administrative region, Af is the flooded area of an
administrative region, A is the total area of an administrative region.

This approximate estimation method gives reasonable results only if the population
is actually distributed evenly. In areas where that is not the case, the calculation results
should be corrected. For example, flash floods usually occur in river valleys. However
these are mountainous areas where the population is concentrated in low and flat areas
on both riversides. In this case, this method usually underestimates the actual number of
affected populations and should then be corrected using appropriate methods.

3.2.3. Environmental Impact Assessment

We evaluate the potential ecological and environmental impacts caused by extreme
floods considering three aspects, i.e., flood inundation, the hazards of potential pollution
sources, and the sensitivity of the protected areas. The assessment process concludes with
5 steps.

(1) Analyze the flood inundation areas.
(2) Collect and identify the potential pollutant sources and the protected areas within

flooded areas, and then create corresponding distribution maps.
(3) Superimpose the flood inundation layer and the potential pollutant source layer

to estimate the total dangerous scores of pollutant sources within inundation areas using
Equation (5). Each pollutant source considers the hazard level of potential released con-
taminants, the numbers, and the scales of pollutant sources with the same hazard level.
We analyze the typical contaminants of each pollutant source and then divide all of the
potential sources into five levels according to the hazards or the toxicity of the typical
pollutants (refer to Table 1).

S = ∑5
i=1 Li ∑n

j=1 Mij (5)

where S is the total dangerous score of the potential pollutants within the flood extent; Li is
the hazard score of the pollutant source (see Table 1), I = 1, 2, 3, 4, 5; Ni is the corresponding
number of pollutant sources with the same hazard score; Mij is the scale of the jth pollutant
source with the score Li.

Table 1. Scores of potential pollutant sources with typical pollutants at different hazard levels.

Score L Potential Pollutant Sources Possible Typical Contaminants

5 Chemical plants COD, NH4
+, SO2, toxic organic pollutants, solid waste, etc.

4 Metal plants, metal recovery works COD, SO2, metal, oxygen-demanding pollutants, solid waste, etc.

3 Factories Solids, oxygen-demanding pollutants, solid waste, etc.

2 Landfills Solids, solid waste, etc.

1 Farmlands TN, TP, etc.

(4) Superimpose the flood inundation layer and the protected area distribution layer
to estimate the total protection scores of the protected areas within inundation areas using
Equation (6). We identify three kinds of protected areas, i.e., nature reserves/tourist
attractions, protected surface water (e.g., surface drinking water source area), and protected
groundwater (e.g., ground drinking water source area). Among them, nature reserves are
divided into 3 categories according to the National Nature Reserve List, i.e., ecosystem
type reserves, biological species reserves (e.g., wild animal protected areas), and natural
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heritage reserves. According to their sensitivity levels, we assign a score to each protected
area (refer to Table 2).

T = A + B + kC (6)

where T is the total protection scores of the protected areas within the inundation area; A, B,
and C are corresponding scores of nature reserves, protected surface water, and protected
groundwater (refer to Table 2); k is 0.5 in this study.

Table 2. Scores of protected areas at different sensitivity levels.

Nature Reserves/Tourist Attractions Surface Water Ground Water

Sensitivity Level Score A Sensitivity Level Score B Sensitivity Level Score C

World-class/national-level 10 Class I 10 Class I 10
Provincial-level 5 Class II 5 Class II 5

City-level 1 Class III 1 Class III 1

(5) Determine the classification criteria of dangerous level and protection level (see
Table 3) and then combine the two aforementioned levels using the matrix method (see
Figure 6) to determine the severity level of the environmental impacts.

Table 3. Classification criteria of dangerous level and protection level.

Pollutant Sources Protection Areas

Dangerous Level Score S Protection Level Score T

5 20 and above 5 10 and above
4 15~19 4 8~9
3 10~14 3 5~7
2 5~9 2 3~4
1 0~4 1 0~2

Figure 6. Matrix method used to determine the severity level of environmental consequences.

4. Case Study

4.1. Study Area

JFDD is a flood storage and detention area (FSDA), the low-lying area for the temporary
storage of floods outside the river levees, along the Yangtze River. It is located in Gongan
County, Hubei Province (Figure 7), covering 920.6 km2. The topography within JFDD is
higher in the north and lower in the south. The average width from north to south is about
70 km and 13 km wide from east to west. The narrowest width is 2.7 km at the neck area.
JFDD, constructed in 1952, is one of the most important flood control works in the Yangtze
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River Basin. Its function is to temporarily store floods from the Yangtze River. The design
flood storage level at the golden mouth is 42.00 m, the design flood storage volume is
5.4 billion m3, and the flood diversion flow is 7700 m3/s [28]. JFDD was used only once in
1954 to prevent extreme floods of the Yangtze River. With the socio-economic development,
JFDD has become the political, economic, and cultural center of Gongan County. There are
8 towns and 211 villages in JFDD [29], and the whole population is about 0.61 million up to
2019. There are more than 70 large-scale enterprises in the county, and most of them are
located in the JFDD.

.  

Figure 7. Location of the study area (JFDD), which is located in Hubei province (the light blue area
on the map of China) and along the Yangtze River. The reference coordinate system is WGS84.

4.2. Data

The town-level socio-economic data in the study area were collected from open data
and field investigation (Table 4). The economic classification data considered the main
affected types, namely residential buildings and inventories, agriculture, industrial and
commercial assets, and roads. The spatial distribution of socio-economic statistical data was
based on 1:50,000 geographic data. The environmental data, including pollutant sources
and protection levels, were collected from investigation and open data.

Table 4. Socio-economic and environmental data.

Data Sources

Geographic data Investigation

GDP Statistical Yearbook of Hubei Province

Population Statistical Yearbook of Hubei Province
Statistical Yearbook of Gongan County

Industrial and commercial assets,
agriculture areas and productions, and

other socio-economic data

China County (City) Socio-economic Statistics
Yearbook

Statistical Yearbook of Gongan County
Field Investigation

Pollutant sources (names, types) Field Investigation

Protected areas (names, types, and
sensitivity level)

National Nature Reserve List
Field Investigation
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5. Results

In this study, we set two extreme flood scenarios, i.e., 1000-year return period flood
under 1954 flood type (hereinafter referred to as 54_1000) and 1000-year return period
flood under 1998 flood type (hereinafter referred to as 98_1000). Under these two scenarios,
we evaluated the number of affected populations, direct economic losses (residential
building and inventory losses, agriculture losses, industry and commercial assets losses,
and road losses), and potentially affected nature reserves and other sensitive areas. The
flood hazards, including flood depths, durations, and velocities, were simulated using a
2D hydro-hydraulic model. Since flood hazard evaluation is not the focus of this paper, it
was not elaborated on.

5.1. Social and Economic Impacts

We analyzed the historical data regarding flood economic losses in 1954 and referenced
nearby or similar areas to determine the flood depth-loss rate relationship. In addition,
we adjusted the flood loss rate according to the socio-economic conditions and disaster
characteristics of the study area. On this basis, we established the flood loss rate relationship
between flood depths and different affected objects in JFDD (refer to Table 5). The flood
economic losses and affected populations are shown in Table 6.

Table 5. Flood depth-loss rate (%).

Flood Depth
Residential

Building
Residential
Inventory

Agriculture
Industry
Assets

Commercial
Assets

Railway
National and

Provincial
Roads

Roads below
Provincial

Level

0.05~0.5m 2 3 8 5 7 3 3 3
0.5~1.0m 10 15 41 10 27 12 9 15
1.0~1.5 m 18 22 49 15 34 17 15 20
1.5~2.0m 24 29 60 21 42 22 20 25
2.0~2.5m 30 34 72 30 49 27 23 30
2.5~3.0m 36 42 78 39 57 32 26 35

>3.0m 45 60 88 55 64 40 33 42

Table 6. The assessment results of social and economic impacts.

Scenario
Inundation
Area (km2)

Affected Population
(million)

Economic Losses (billion RMB)

Residential Building
and Inventory

Agriculture
Industry and

Commercial Assets
Roads Total

54_1000 901.36 0.51 13.27 3.88 1.13 0.54 18.83
98_1000 879.49 0.5 9.45 3.52 0.94 0.42 14.33

When facing extreme floods, almost the whole area of JFDD was flooded (see Table 6).
Hence, the difference between the inundation areas is not obvious. However, the flood
depth differences are obvious. The inundation area under the 54_1000 scenario is 901.36km2,
and the inundated area with a flood depth of more than 3m accounts for 95.6%. By contrast,
the inundation area under the 98_1000 scenario is 879.49 km2 and 62.4% flood depths area
deeper than 3 m.

Almost all the population in the JFDD has been affected by floods, except those who
live in some upland areas and safety zones. The floods also caused serious economic
losses of RMB 14.332 billion and RMB 18.828 billion in the 98_1000 flood and the 54_1000
flood, respectively. The flood losses caused by the 54_1000 flood were more severe than
the 98_1000 flood because the 54_1000 flood caused more severe inundation in the more
densely populated and asset-rich areas.

5.2. Environmental Impacts

There are five potential chemical enterprises located in JFDD. All of them were flooded
under the two scenarios. The hazard score of each pollutant source is 5 according to Table 1,
and the corresponding hazard levels under two flood scenarios are 5, respectively. Besides,
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there are two national-level protected areas, i.e., Chonghu national wetland park and
Jingjiang flood diversion project, and nine city-level protected areas within the flooded
areas. Hence, the expected sensitivity levels of protected areas are 5 under the two scenarios
according to Table 3. In this case, the severity levels of environmental impacts under the
two scenarios are 5. Hence, extreme floods have relatively significant impacts on local
ecology and the environment in JFDD (refer to Table 7).

Table 7. The assessment results of environmental impacts.

Scenario

The Hazard Level of Pollutant Sources The Sensitivity Level of Protected Areas

Severity
Level

The Number of
Pollutant Sources

within the Flooded area

Hazard
Scores

Hazard
Level

The Number of
Protected Areas

Protection
Scores

Protection
Level

54_1000 5 25 5 2 national-leve
l9 city-level 29 5 25

98_1000 5 25 5 2 national-level
9 city-level 29 5 25

6. Discussion

Several reasons explain the serious social, economic, and environmental impacts under
two extreme flood scenarios. First, JFDD’s function is to temporarily store floods and then
lower the flood levels in the Yangtze River. If extreme floods exceed the flood prevention
standard of the Yangtze River levees, the JFDD will be used and divert a large number of
flood volumes. Floods will soon fill the whole area, except for the safety areas and other
highlands [29]. Second, socio-economic development has been fast in the past few decades,
since JFDD has never been used since 1954. The population density was 668 people/km2

and the GDP per capita was 3.05 RMB per person in 2019, higher than in the surrounding
areas, according to our investigation. The average annual growth rate of GDP in JFDD
was 14.6% from 2004 to 2018. In this case, despite the management methods to restrict
polluting enterprises, there are still several enterprises with potential contaminants, such as
chemical plants and wastewater treatment plants. Extreme floods may lead to contaminant
leakage or a release of organic loads [9] when flowing through those exposed potential
pollutant sources. The polluted floods can result in surface and groundwater pollution, as
well as soil contamination [8]. Hence, the population living or working, the assets, and the
protected surface/groundwater in JFDD, exposed to extreme floods, are vulnerable. They
are seriously affected when experiencing extreme floods.

In this study, we only estimated the total number of affected populations within
the inundation areas and used this indicator to represent the social impact due to the
special characteristics of JFDD. Once JFDD, as an FSDA, is decided to be used, most of
the population living or working in it will be evacuated to the safety zones, highlands, or
outside the JFDD, according to the plan. In addition, the duration of flood diversion will
last for more than 120 h. In this case, the total number of affected populations can represent
the social impacts in this study area.

Flood loss rates are influenced by many factors, such as topography, flood character-
istics (flood depth and duration, etc.), property categories, flood season, and emergency
measures. Generally, the flood depth-loss rate relationship is established according to the
conditions of study areas and property categories. A certain number of flood-affected
regions (or similar areas affected by the flood disasters in recent years) should be selected
to investigate the flood loss rate of different properties under different inundation ranges.
Since JFDD was only used in 1954, it lacks historical data of extreme flood disasters in the
past few decades. Hence, the flood depth-loss rate relationship in this paper was estab-
lished by referring to the data from similar areas. In addition, we adjusted and verified
the flood depth-loss rate relationship by consulting stakeholders, such as construction
engineers, enterprises owners, and related managers. Besides, we further compared the
flood economic losses with those in similar areas. For example, in terms of the classification
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of flood economic losses, residential building and inventory losses account for the largest
share of the total economic losses, followed by agriculture losses, which is consistent with
other studies in similar areas [30]. The comparisons show that the flood consequences of
this study are basically scientific and reasonable, which can provide a reference for the
flood regulation decision making of JFDD.

One of the aims of this study is to propose a methodology that can assess the compre-
hensive consequences, social impacts, economic losses, and environmental impacts, caused
by extreme floods. Limited by data, there are several limitations both in the social and
economic impact evaluation and the environmental impact assessment.

This study established the relationship between flood depth and flood loss rate. Other
characteristics of flood hazards, such as flood velocity, duration, and arrival time, may
also influence the final flood economic losses, which should be studied in depth and be
incorporated into the loss evaluation model as future work. In addition, with the variations
in characteristics of flood economic losses, underground space, vehicles and other seriously
affected properties in recent flood disasters should also be involved in flood economic
losses evaluations. In terms of social impacts, the human casualty assessments based on
the assessment method of the affected population should be studied in the future as well.

The environmental impact assessment is based on the assessment of potential con-
taminant release from pollutant sources and the sensitivity of protected areas with a
semi-quantitative method. A more accurate simulation requires a micro-scale approach [9]
to describe the transport of pollutants. Such evaluation needs detailed data on each pol-
lutant source. However, these data are not open and are hard to acquire in practice. The
micro-scale evaluation methods of environmental impacts will be studied when detailed
data are available. In addition, the distances between the potential pollutant sources and
the protected objects have different levels of impact on the protected areas, which is not
considered in this study. For example, the pollutant sources within the flood extent lo-
cated in the vicinity of the protected areas or close to aquifers used for domestic water
supply have a greater impact than those located far away. The pollutant sources within
the flooded area located upstream of the protected areas have a greater impact than those
located downstream.

7. Conclusions

The causes of extreme floods and subsequently caused potential comprehensive in-
fluences of extreme flood disasters were analyzed in depth in this study. The causative
mechanisms and extreme disaster chains were drawn. Heavy and/or persistent precip-
itations are usually the very first cause of extreme floods. Extreme flood disasters form
when extreme floods cause human life loss, property loss, and sensitive ecological and en-
vironmental area damage. The potential consequences can be divided into three categories,
i.e., social impacts, economic impacts, and environmental impacts. Social impacts are the
potentially affected (injured, homeless, etc.) or dead people caused by extreme floods.
Economic impacts reflect the direct/indirect economic losses, including residential building
losses, agriculture losses, industrial losses, as well as the losses of hydraulic engineering
caused by floods. Environmental impacts reveal that the protected areas are polluted due
to possible contaminants spread from different types of pollutant sources, or extreme floods
directly scouring the sensitive ecological and environmental areas.

On this basis, an extreme flood disaster index system and the corresponding evalu-
ation methods, i.e., a refined social and economic impact evaluation method and a semi-
quantitative environmental impact evaluation method, were proposed. The proposed
methods were then applied to the JFDD to evaluate the economic impacts, social impacts,
and environmental impacts under two extreme flood scenarios. The result indicates that
almost all of the JFDD area is inundated by extreme floods with inundation areas of
901.36 km2 and 879.49 km2, respectively. The potentially affected populations are 0.51 mil-
lion and 0.5 million. In addition, the possible direct economic losses are RMB 18.83 billion
and RMB 14.33 billion, respectively. Among them, the residential building and inventory
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losses are the largest, followed by agriculture losses. It is likely that the nature reserves
within JFDD are seriously influenced due to possible contaminant spread from five po-
tential pollutant sources. The detailed analysis results provide effective information for
decision making in flood management.

We focused mainly on the direct flood impact assessments. However, under rapid
socio-economic developments, indirect impacts become more and more significant. There-
fore, we intend to study indirect flood impacts in future work. Furthermore, we could
explore artificial intelligent technology to assess flood impacts in a data-driven manner,
such as learning about the relationship between flood hazards and flood losses. In addition,
future work should also include underground space, vehicles, and other seriously affected
properties during recent extreme flood disasters in flood damage assessments.
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Abstract: Enhancing flood resilience, including the development of social capacity and early warning
systems, in addition to structural measures, is one of the key solutions to mitigating flood damage,
which will be more intensified in the future due to climate change. This study was conducted
to develop a comprehensive methodology for enhancing flood resilience by improving society-
wide disaster literacy under the governance formed through the active participation of all levels
of stakeholders in Davao City, Philippines. Specifically, the development of the Online Synthesis
System for Sustainability and Resilience, which integrates different disciplines, and the fostering
of Facilitators, whose role is to interlink the science community and society, were implemented in
a co-designing manner by the collective governance body. The development of basin- and barangay-
scale hydrological models realized real-time flood forecasting and climate change impact assessment
to identify intensified flood risk under the future climate. Co-designed e-learning workshops were
held to foster about thirty Facilitators and help them produce twenty-one risk communication plans
and workshop designs for fourteen barangays considering geographic, demographic, economic,
and social features that they can utilize for public dissemination related to climate change adaptation
to the target audiences in society. This paper presents a practical method to enhance flood resilience,
demonstrating that the synthesis of science-based knowledge and human resource development can
fill the gaps between the science community and society.

Keywords: OSS-SR; facilitator; flood resilience; disaster literacy; community-based; e-learning

1. Introduction

Given the floods that have occurred around the world in recent years, flood risk
management is undoubtedly an urgent and major social issue. The World Meteorological
Organization has reported that the number of weather-related disasters that have hit
the world has increased five-fold over the past 50 years [1]. The trend is due to the
increased water vapor in the atmosphere, exacerbating extreme rainfall and deadly flooding,
as a result of climate change. More than 90% of the mortalities due to weather-related
disasters have occurred in developing countries, though the death number has decreased
significantly over the last 50 years. This fact implies that strengthening resilience, such as
the development of social capacity and early warning systems, is one of the key solutions
to averting water-related disasters, which will be more intensified in the future due to
climate change.
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In international settings on disasters, the term “resilience” is quoted with the UNISDR’s
definition in the Hyogo Framework for Action 2005–2015 [2]: “The capacity of a system,
community or society potentially exposed to hazards to adapt, by resisting or changing
in order to reach and maintain an acceptable level of functioning and structure.” How-
ever, Fisher (2015) pointed out that more than 70 definitions of resilience existed across
the scientific literature [3] and that they roughly fall into two categories: “the ability of
a system to bounce back after stress” and “the capacity of social-ecological systems to
adapt or transform in response to unfamiliar, unexpected and extreme shocks”. Kerri
(2020) systematically reviewed the literature on flood risk management and clarified the
position and importance of flood risk management in the interdisciplinary understanding
of resilience [4]. Efforts have also been made to verify and compare the effect of resilience by
devising different approaches, for example, developing frameworks, indices, and models
to quantitatively assess flood resilience [5–11]. For the quantitative assessment of flood re-
silience, while hydrological models or indicators are employed, a unified approach has not
yet been established because adjustments to the study area are often necessary. In addition
to the importance of resilience assessment, an emphasis should also be placed on how to
enhance flood resilience from the practical perspective of flood risk mitigation. Some case
studies of qualitative approaches have attempted to enhance the flood resilience of specific
communities through particular methods of risk communication or awareness-raising activ-
ities using web-based systems [12–15]. However, the existence of various stakeholders and
communities in society and the segmentalization of scientific disciplines nowadays make
it difficult to realize the actual enhancement of the flood resilience of society as a whole.
Morrison et al. (2017) presented five themes—stakeholder engagement; policy effectiveness;
research in practice; tools; and frameworks—by investigating literature on governance for
flood resilience [16]. They also concluded that research on governance for flood resilience
lacks integration of themes, and methods of mitigating this lack of integration are poorly
studied. Hence, the development of holistic methods for substantially enhancing flood
resilience at all levels of stakeholders and communities is an indispensable research theme
for society and has not been addressed in previous studies.

This study aims to develop a comprehensive methodology to enhance flood resilience
in society as a whole by improving society-wide disaster literacy based on the governance
in which all stakeholders engage. This study, therefore, demonstrates the importance of
co-design by the science community and all levels of society in Davao City, Philippines,
for beneficial and sustainable achievements. Figure 1 shows the overall structure that
this paper uses to formulate a method to enhance society-wide flood resilience based
on co-design among relevant stakeholders. We begin with the localization of a general
concept of flood resilience enhancement in the study area. In line with the localized concept
design, we developed an integrated system, Online Synthesis System for Sustainability
and Resilience (OSS-SR), for consilience and fostered Facilitators, which are detailed in the
Methodology presented in Section 3. We also produced an institutional design of interactive
risk communication by Facilitators to fill gaps between the science community and society
for the enhancement of flood resilience.

2. Study Area

Davao City has 182 barangays, the smallest political unit in the Philippines [17]. Its
population growth rate from 1990 to 2010 was 2.4%, with the total population rising to
1,449,296 in 2010. The population density was 5.9 persons per hectare in 2010. Among
the urban barangays, the population density reached 43 persons per hectare, whereas the
population density among the rural barangays was estimated to be 1.5 persons per hectare.
Agricultural land accounts for the largest share in the land use classification, with 30%
of the total land area of Davao City. The second highest land type, forest areas, occupies
16.4%, and urban use 5.4%.

The Davao River is one of the 18 major rivers in the Philippines and is prioritized
for master planning because of its socio-economic importance. Severe floods often occur
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in January, June, and July. In 2011, more than 10,000 families were affected by floods
in Davao City. Out of its 130 km2 built-up area, 10.9 km2 is considered highly flood-
prone, and 42.1 km2 is classified as residential areas. Figure 2 shows the study area of
3644 km2, covering eight river basins surrounding Davao City, including the Davao River
basin. As part of the Hydrology for the Environment, Life and Policy (HELP)-UNESCO
Program, the HELP Davao Network, which has been one of the most active local initiatives,
was established for better informing complex decisions and hard choices concerning the
wise management and use of water.

Figure 1. Structure of this study for formulating a method to enhance society-wide flood resilience
based on co-design among relevant stakeholders.

Figure 2. Eight river basins around Davao City, including the Davao River basin. The locations of
rainfall gauges, water level gauges, boundary conditions, and the focus area are also shown.
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3. Methodology

3.1. General Concept for Disaster Resilience Enhancement

Major challenges that science faces in order to improve disaster literacy and enhance
disaster resilience at all levels of society include how to integrate different disciplines of
science and how to fill the gaps with local communities. In its recommendation published
in 2020 [18], the Committee on International Cooperation for Promoting Science-Based
Disaster Risk Reduction of the Science Council of Japan addressed necessary elements to
enhance disaster resilience: consilience and human resources. Methodologies to strengthen
consilience and human resources are described concerning developing the OSS-SR, which
is designed to integrate knowledge, information, experience, awareness, and models
under different disciplines, and to foster catalytic Facilitators, whose role is to interlink
the scientific community and the local society. This study employs the methodologies in
the recommendation and implemented them as an end-to-end science covering cutting-
edge science and community practices to enhance resilience to water-related disasters in
the Philippines.

During the eighth meeting of High-level Experts and Leaders Panel on Water and
Disasters (HELP) on 1 November 2016 [19], the International Flood Initiative (IFI) discussed
flood resilience under climate change by organizing a side event, and the HELP-IFI Jakarta
Statement based on discussions in the side event was adopted. The statement highlights
the interdisciplinary and transdisciplinary partnership to establish a platform as part of
a national platform for facilitating dialogue among all stakeholders from national, local,
and community levels [20]. With this statement and the recommendation in the outcome
document of High-Level Panel on Water released in 2018 [21], Platforms on Water Resilience
and Disasters (PLATFORM), which are institutional frameworks involving all levels of
stakeholders to enhance the resilience of the whole society for water-related disasters, have
been established since 2017 in the Philippines, Sri Lanka, Myanmar, Indonesia, and other
countries. PLATFORM also focuses on scientific themes of data integration, flood forecast-
ing, contingency planning, climate change impact, economic assessment, and agricultural
productivity, as well as capacity development, in order to contribute to the creation of social
benefits in such areas as decision-making, policy-making, local practice, and investment
principles. The governance of PLATFORM helps social implementations to develop OSS-SR
and foster Facilitators, as well as support them in starting cooperation with Davao City in
the Philippines.

3.2. Development of OSS-SR for Davao City

The general concept for enhancing disaster resilience has been localized in Davao City
by accumulating discussions with stakeholders and considering climatic, geopolitical,
and social aspects. Figure 3 shows the concept design and OSS-SR for Davao City, high-
lighting two focuses of real-time flood forecasting and climate change impact assessment.
OSS-SR also has an e-learning function to provide users with ten introductory lectures,
examinations, and four classes of hands-on training, widely covering issues in climate
change, flood management, and disaster risk reduction. The e-learning function enables
fostering Facilitators, who translate scientific knowledge and information for actors in
society, including decision-makers, policymakers, government officers, DRR practitioners,
civil society organizations, the private sector, the media, and local communities.
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Figure 3. Concept design of the Online Synthesis System for Sustainability and Resilience (OSS-SR)
and the Facilitator fostering for Davao City in the Philippines.

3.3. Hydrological Model Development

We developed two scales of hydrological inundation models: a basin-scale model
with 1 km resolution for creating an understanding of the overall picture of the basin
and a barangay-scale model with 40 m resolution to investigate the detailed conditions of
critical infrastructure in the focus area. The focus area and locations of gauging stations
and boundary conditions for the barangay-scale model are also shown in Figure 2.

The basin-scale model employed the WEB-RRI model, a water and energy budget-
based Rainfall-Runoff-Inundation model applicable to wet- and dry-climate river basins [22].
The model was calibrated by the river discharge of the annual simulation of 2002 at the
Lacson station, the upstream water-level station. The model was also validated by the
river discharge of the annual period and the biggest flood event of 2008, as shown in
Figures 4 and 5, respectively. Due to the low availability of long-term hydrometeorological
gauge data, we employed satellite-based rainfall data, Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS) [23], for calibration and validation. Although
there are still challenges in calibration and validation because of the uncertainty of the
rainfall data themselves, Figure 4 shows a reasonable agreement between the observed and
simulated discharge. The event-based comparison provided in Figure 5 also shows rough
agreement, though the Nash–Sutcliffe efficiency [24] is a modest value of 0.32. While the
cause of this relatively low index value has not been clearly identified, it may be due to the
insufficient reliability of the satellite-based rainfall input. The barangay-scale model em-
ploys the RRI model, which focuses on floods and simultaneously simulates rainfall-runoff
and flood inundation processes on a 2-D basis at a river basin scale [25].

These models are connected by inputting the river discharge simulated by the basin-
scale model into the barangay-scale model as a boundary condition. The synthesis of these
two models with different spatial scales in the Data Integration Analysis System (DIAS)
realized real-time local flood forecasting and a climate-change impact assessment. DIAS is
a system for the creation of an information storage infrastructure for applications of public
benefits and the deepening of scientific knowledge in the areas of the climate and water
cycle for application in fisheries, agriculture, and biodiversity management, particularly
through the linking of information across disciplines [26].
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Figure 4. Validation results of river discharge at the Lacson station with CHIRPS, satellite-based rainfall.

Figure 5. Event-based validation of river discharge at the Lacson station with CHIRPS, satellite-based
rainfall during the annual maximum flood.

3.4. Co-Design of E-Learning Workshops

E-learning workshops were proposed as an effective means of fostering Facilitators and
undertaken after co-designing the structure of the workshops among relevant stakeholders
of academia and all levels of society. PLATFORM fulfilled its role as the governance body
and was able to gather cooperation from various stakeholders. Through the co-designing
of the e-learning workshops, one of the most important yet controversial points was how
to gather candidates for Facilitators from different disciplines and sectors in society. Based
on the past efforts and future direction related to disaster resilience, we came up with
four selection criteria, as shown in Table 1: direct disciplines, a good mix of sciences,
representation from different levels of governance, and local initiative. In line with the
results of the co-designing effort, two e-learning workshops were held in April 2021 and
January 2022.

Table 1. Criteria for gathering Facilitator candidates from different disciplines and sectors in the society.

Category Expertise

Criteria 1 Direct disciplines
disaster risk reduction, flood management,

meteorology, climate change, integrated water
resources management

Criteria 2 Good mix of sciences natural science, engineering, social science, ICT

Criteria 3 Representation from different
levels of governance

city/municipality office, national government,
community leader, private sector,

media, academia

Criteria 4 Local initiative civil society organizations,
non-governmental organizations
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4. Results

4.1. Development of OSS-SR

OSS-SR for Davao City, which was developed in DIAS, stores and displays observed
data, such as satellite-based rainfall, GSMaP [27], and cloud images of Himawari-8. Ad-
vances in the integration of remote sensing technologies strengthen the effectiveness of
flood monitoring functions, contributing to timely and proper decision-making [28]. Ob-
served data not only help to understand spatial rainfall distribution but can also be used
as input data for simulation models. OSS-SR also illustrates the extent of inundation and
depth from the results of real-time forecasting and climate-change impact assessment
conducted using the basin- and barangay-scale models with rainfall data stored in DIAS.
Furthermore, OSS-SR delivers ten materials of introductory lectures and four materials of
hands-on training. In addition to the information from numerical models and analysis, on-
site information and experiences can also be archived and shared among users with photos
and texts on local information maps. Figure 6 shows an example of a local information
map. The accumulation of local information, fed by residents from various local spots in
the area, contributes to the advancement of science.

 
Figure 6. Example window of local information map in the OSS-SR for Davao City.

4.2. Climate Change Impact Assessment

Tropical cyclones are likely to become more intense in the future, as evidenced
by recorded tropical cyclones in several cities and municipalities in Mindanao such as
Davao City, which used to be known as a typhoon-free metropolis. Cabrera and Lee (2018)
reported the necessity of immediate actions of decision-makers to develop a community-
based disaster risk plan under future climate in Davao Oriental [29].
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To assess the climate change impact in the Davao region, we employed a GCM output
of MRI-AGCM 3.2H developed by the Meteorological Research Institute of Japan, because
this paper focuses on communities’ understanding of hazard estimation due to past and
future floods for saving lives, not the facility planning based on a statistical approach
with ensemble GCM outputs. MRI-AGCM 3.2H was selected because of the advantage
of its high resolution and four kinds of multi-SST. The RCP8.5 Scenario of MRI-AGCM
3.2H was dynamically downscaled to 5 km by the WRF model with no convection scheme.
Since the probability result of past climate after downscaling showed gaps with observed
data, CHIRPS was used to perform bias correction based on monthly factors of cumulative
probabilities for daily rainfall, excluding the top 0.5%, as was applied to the Pampanga
River basin in the Philippines [30]. Regarding the downscaled GCM outputs, the worst
extreme events in the past climate from 1979 to 2003 and the future climate from 2075 to
2099 were identified in terms of 24 h maximum rainfall and used for the impact assessment
of the hazard estimation.

The rainfall data sets of the worst extreme events in the past and future climate were
firstly input to the basin-scale WEB-RRI model. Figure 7 shows the river discharge of
the worst flood events for the past and future climate, simulated by the WEB-RRI basin-
scale model. Although the response of river discharge depends on the spatiotemporal
distribution of extreme rainfall, the peak discharge of the worst event in the future is about
2.5 times that of past events. These time series of river discharge were applied to the
barangay-scale model as the boundary condition at the upstream end. Figure 8 compares
the basin-scale inundation maps of the worst extreme events in the past and future climate.
Due to the difference in rainfall intensity and peak discharge, the inundation extent and
depth are expected to be more significant in the future. The area more than 0.3 m deep
under the future climate was more than four times as large as that under the past climate.
Figure 9 compares the barangay-scale inundation maps of the worst extreme events in the
past and future climate. The barangay-scale inundation maps also illustrate the significance
of the future climate in terms of flood extent and depth with the spatial distribution of
flood risk indicated at a resolution that enables users to learn to what risk level each critical
infrastructure, evacuation facility, and evacuation route is exposed. Table 2 summarizes the
comparisons between the past and future climate in terms of 24 h maximum rainfall, peak
discharge, inundation extent, and inundation volume. The inundation area and volume in
the table were calculated for the areas more than 0.3 m deep. All items indicate an increase
in future flood disaster risk.

Table 2. Comparisons between the past and future climate from the aspects of 24 h maximum rainfall,
peak discharge, inundation extent, and inundation volume.

Past Future Future/Past

24 h maximum rainfall (mm) 114.0 198.1 1.7

Peak discharge (m3/s) 1029.8 2564.7 2.5

Whole basin
Inundation area (km2) 35.0 144.1 4.1

Inundation volume (106 m3) 176.7 456.2 2.6

Focus area
Inundation area (km2) 2.8 7.1 2.5

Inundation volume (106 m3) 2.7 10.7 4.0

OSS-SR-based e-learning also provided information about a climate change scenario of
MRI-AGCM output, uncertainties, and bias correction. Importantly, the results presented
in Table 2 only concern the worst event cases in one GCM output. Flood inundation does
not always occur as simulated because the magnitude and spatiotemporal distribution of
floods vary from event to event. Hence, OSS-SR also has the function of real-time flood
forecasting to contribute to reducing the risk of damage for a specific upcoming flood.
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Figure 7. Results of river discharge at the upstream end of the focus area during the worst flood
events for the past (upper) and future (lower) climate, simulated by the basin-scale model. The peak
discharge in the future is about 2.5 times that of the past. These time series of river discharge were
applied to the barangay-scale model as the boundary condition.

  
Figure 8. Basin-scale inundation maps of the worst extreme events in the past (left) and future (right)
climate. The inundation extent in the future is more than 4 times that of the past.
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Figure 9. Barangay-scale inundation maps of the worst extreme events in past (left) and future (right)
climate. The inundation extent in the future is more than 2.5 times that of the past.

4.3. E-Learning Workshops for Fostering “Facilitators”

Two e-learning workshops, introductory lectures in April 2021 and hands-on training
in January 2022, were conducted to promote fostering Facilitators in Davao City. In line with
the selection criteria produced in a co-designing manner, the workshops gathered about
thirty candidates of Facilitators specializing in six different disciplines from national and
local governments, academia, CSO and NGO, the private sector, and the media, as shown
in Table 3. While the participants were instructed to download lecture materials from
OSS-SR and learn them by themselves, the first workshop consisted of a month-long series
of interactive sessions, such as an opening session, lecture introduction sessions, Q&A
sessions, an examination, assignment submission, and a closing session. The hands-on
training also included interactive sessions of an opening session, lecture introduction
sessions, Q&A sessions, and a closing session. During the workshops, the participants
were given assignments to produce deliverables for public dissemination, such as hazard
maps considering climate change impact, local contingency plans, and action plans. The
produced deliverables, which are twenty-one risk communication plans and workshop
designs for fourteen barangays considering geographic, demographic, economic, and social
features, can be particularly useful for the next actions, in which Facilitators will play
the leading role in delivering the information to all levels of actors in society through
workshops, seminars, training, focus group discussions, fact sheets, posters, and many
other opportunities and tools.

Table 3. Disciplines of Facilitators who have participated in the e-learning workshops.

Discipline
Number of Participants

1st Workshop for
Introductory Lectures

2nd Workshop for
Hands-on Training

National government 11 10
Local government 2 4

Academe 11 13
Civil Society Organizations,

Non-Governmental Organizations 1 2

Private sector 2 1
Media 2 1

TOTAL 29 31

4.4. Dissemination by Facilitators

After the training through the e-learning workshops, Facilitators are expected to
undertake the role of disseminating their learnings to improve disaster literacy in society as
a whole and collect feedback from the public. However, since society consists of different
actors, it is important to decide what content to deliver and what approach to take for
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effective communication according to the target audiences. In Davao City, PLATFORM
identified six target audience types by referring to the disciplines of Facilitators and co-
designed the contents and communication methods considered effective for each target
audience, as shown in Table 4. Although the contents and communication methods greatly
depend on various aspects such as climatology, sociality, and geopolitics, this research was
able to find a valid practice.

Table 4. Contents and methods of science communication with local society. Knowledge learned
from OSS-SR and e-learning workshops is disseminated and translated in different ways according
to the target audiences.

Target Audience Contents to Disseminate/Translate Effective Communication Methods

Local community
- Causes of flood
- Climate change impacts
- Contingency planning for DRR

- Focus group discussions
- Radio/TV programs
- Posters

DRRM team
- Flood monitoring
- Flood hazard mapping
- Disaster risk management cycle

- Training
- Handouts

Government Agency

- Flood monitoring
- Flood hazard mapping
- Vertical and horizontal integration of

DRRM plans and development plans

- Focus group discussions
- Fact sheets

Policymaker

- Causes of flood
- Climate change impacts
- Contingency planning for DRR
- Vertical and horizontal integration of

DRRM plans and development plans

- Policy briefs
- Policy recommendations
- Fact sheets

Private sector - Causes of flood
- Climate change impacts

- Fact sheets
- Posters

Media - Causes of flood
- Climate change impacts - Media releases

NGO and CSO - Disaster risk management cycle
- Contingency planning for DRR

- Focus group discussions
- Handouts
- Posters

5. Discussion

Although this paper successfully illustrates a practical implementation method to
enhance flood resilience in a co-designing manner among relevant stakeholders, the applied
method has not been quantitatively assessed for the improvement of flood resilience.
Qualitative approaches account for 61% of studies on flood resilience [4]; nevertheless,
the quantitative assessment of enhanced resilience will be demanded in case of comparison
with other approaches. A study on quantitative evaluation of enhanced resilience by the
hydrological model, agent-based model, or indicator should be further addressed.

The impact of climate change in Davao City was assessed using a comparison of the
worst flood events in past and future climates, produced from a single GCM. For a more
elaborate and reliable impact assessment with various flood magnitudes, a statistical
method based on ensemble outputs from multiple GCMs is expected to be applied as
a further assessment.
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6. Conclusions

This study demonstrated a methodology for enhancing flood resilience by improv-
ing society-wide disaster literacy through the development of OSS-SR and the fostering
Facilitators under the framework of PLATFORM in Davao City, Philippines. The OSS-SR
development and the Facilitator training have been implemented through the co-design of
governance in which all stakeholders engage. OSS-SR integrates knowledge, information,
experiences, awareness, and models under different disciplines for consilience. Facilitators
play a vital role, as a catalytic existence, in interlinking the scientific community and all
levels of local society.

The localized OSS-SR for Davao City highlighted real-time flood forecasting and
climate-change impact assessment, as well as the e-learning function. The development
of two flood models with different spatial scales (basin and barangay scales) realized real-
time flood forecasting, which can contribute to flooding risk mitigation by early warning,
and climate change impact assessment, which can clarify the magnitude and frequency
of future floods. In Davao City, increases in 24 h maximum rainfall, peak discharge,
inundation extent, and inundation volume are confirmed at both basin and barangay scales
in the case of the expected future climate. In particular, the simulation found that the
basin-scale inundation area and the barangay-scale inundation volume under the expected
future climate will be about four times as large as under the past climate.

Two e-learning workshops, which were co-designed among all levels of stakeholders,
gathered about thirty candidates of Facilitators from six different disciplines according
to the four selection criteria. During the e-learning workshops, the participants learned
to skillfully operate OSS-SR and produced deliverables for public dissemination, such as
hazard maps considering the impact of climate change, local contingency plans, and ac-
tion plans. The deliverables, which comprise twenty-one risk communication plans and
workshop designs for fourteen barangays considering geographic, demographic, economic,
and social features, can be utilized at various opportunities at which Facilitators will take
the initiative in deliver them to all levels of the target audiences in society. PLATFORM also
co-designed the contents to disseminate and the communication methods that are effective
for each target audience.

This study presented a practical method to enhance flood resilience, demonstrating
the synthesis of science-based knowledge, such as the integration of different scales of
hydrological models and climate-change impact assessment, and human resource develop-
ment, such as fostering Facilitators capable of translating knowledge for communities, can
fill the gaps between the science community and local society.
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Abstract: The lumped hydrological model and empirical model have the problems of low accuracy
and short forecasting period in real-time flood forecasting of small- and medium-sized rivers in a
mountainous watershed. The sharing of underlying surface data such as high-resolution DEM, land
use data, soil data, and the popularization and application of the Internet of Things, big data, cloud
computing, and intelligent calculation methods makes distributed hydrological model an effective
method for real-time runoff simulation and prediction. The topographic, kinematic, approximation,
and integration (TOPKAPI) model is a distributed hydrological model whose physical mechanism
developed gradually in the late 20th century. It has great advantages in real-time flood forecasting in
small- and medium-sized watersheds. Based on the data required by the TOPKAPI model, in this
study, 26 selected flood events were simulated from 2000 to 2013 at the outlet section of the upper
reach of the Zhenjiang River in Guangdong Province, and the effect of application of the model in
flood forecasting of small- and medium-sized rivers was evaluated. The results show that the pass
rate (considering the peak discharge as the evaluation item) of 18 flood events in the calibration
period was 66.67%, and that of 8 flood events in the validation period was 75%, while the mean
Nash efficiency coefficient of the selected 26 flood events was 0.789. According to the simulation
results, real-time flood forecasting should be closely combined with the dispatching of the small- and
medium-sized reservoirs in the basin. The application of the TOPKAPI model can make a scientific
and rapid analysis of the flood control situation in the whole basin and provide accurate information
and maximum convenience for flood forecasting consultation and decision making. Additionally, it
can improve the efficiency of disaster prevention and mitigation work in small- and medium-sized
river basins, and has a major significance in enhancing the modernization level of flood forecasting.

Keywords: distributed hydrological model; flood forecasting; TOPKAPI; Zhenjiang River; small- and
medium-sized river

1. Introduction

Rainstorm and flash floods in small and medium-sized mountainous watersheds (with
an area less than 3000 km2) are greatly controlled by terrain, so the flash floods have short
times of runoff generation and routing but large temporal and spatial variation [1]. It is
difficult to accurately monitor and forecast the mountainous flash floods due to the charac-
teristics and technological problems, such as the large topographic fluctuation, complex
vegetation types and underlying surface conditions of the mountainous watershed, general
lack of hydrological measured data, significant nonlinear characteristics of runoff and con-
centration, steep rise and fall of the floods, and so on, leading to great difficulty for accurate
analysis, simulation and early warning [2–4]. In recent years, the World Meteorological
Organization (WMO), the Global Water Partnership (GWP), the International Association
of Hydrological Sciences (IAHS) [5], the International Association for water environmental
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engineering and Research (IAHR), and the National Oceanic and Atmospheric Admin-
istration (NOAA) of the United States are devoting more attention to the forecasting of
mountainous flash floods [2].

The integrated hydrological and empirical models have the disadvantages of low
prediction accuracy and short prediction period in flood forecasting of small- and medium-
sized mountainous watersheds, which makes it difficult to meet the service requirements
of current accurate hydrological prediction [6,7]. In recent years, with the development of
remote sensing (RS) [8], geographic information system (GIS) [9], and computer technol-
ogy [10], distributed hydrological model has become an effective method to simulate and
predict the short-term runoff of mountainous flash floods. The RS technology provides a
considerable amount of underlying surface information, such as land use, soil types, and
estimated precipitation based on radar and satellite images. The GIS provides a means of
processing geographic information, while computer technology solves a large number of
computing problems in a distributed model. The combination of a distributed hydrological
model and digital elevation model (DEM) provides conditions for making full use of spatial
distribution data to analyze the hydrological processes [11–13].

The topographic, kinematic, approximation, and integration (TOPKAPI) model was
developed on the basis of two hydrological models—Arno and TOPMODEL—by Professor
Ezio Todini, in 1995 [14,15]. It is a fully distributed hydrological model with a physical
basis, relatively simple structure, clear parameter meaning, and large spatial scale applica-
bility [16], so it can fully consider the spatial variability of rainfall, terrain, vegetation, soil,
and other elements. In real-time flood forecasting applications, it has been widely used
for many rivers in Italy, Spain, China, and other countries. In Italy, it had been incorpo-
rated into real-time flood forecasting systems of some major watersheds such as Po, Arno,
Tiber, Adige, and Reno [17]. In Spain, it had been used in the real-time flood forecasting
system of the Segura basin and Jucar basin, which was under the responsibility of the
government department SAIH [18]. In America, in the second phase of the distributed
model intercomparison project (phase 2, DMIP 2), it was applied to the Americana basin
(humid area) and Carson basin (high cold and snow melting area) in the Sierra Nevada,
respectively [19]. In China, it was applied in the ungauged arid region of Nalinggele River
and its ending salt lake with complex hydrological conditions, and the results showed
that the TOPKAPI model was suitable for watersheds with large spatial scales, and more
importantly, suitable for flood forecasting of ungauged basins [20]. It was selected as a tool
to simulate flood events of a small river basin—Chengcun Watershed—in China and was
compared with the Xin’anjiang model in terms of model structure, flood characteristic val-
ues, and simulation results; the results revealed that the TOPKAPI model could be used in
flood forecasting, land use, environmental impact assessment and ungauged hydrological
simulation calculation [21]. Jian et al. [22] applied TOPMODEL, TOPKAPI, and CASC2D
model to simulate floods of Banqiao and Maduwang watersheds in China, and the results
showed that the TOPKAPI model utilizing a saturated runoff mechanism was more suitable
for the small- and medium-sized Maduwang watershed. In order to improve the level of
flood forecasting for small- and medium-sized mountainous watersheds in China, and to
further promote the application and improvement of the distributed hydrological model,
taking the Zhenjiang River basin above the Xiaogulu hydrological station in Guangdong
Province as the study area, in this paper, the application of the TOPKAPI model in flash
floods forecasting was discussed, and it was found to be of great significance to the flood
control of the whole basin: This model could make a scientific and rapid analysis of the
flood control situation of the whole basin, provide accurate information and maximum
convenience for the flood control consultation and decision making, and could improve
the efficiency of flood disaster prevention and reduction.
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2. Materials and Methods

2.1. Study Area

Zhenjiang River is upstream of the Beijiang River of the Pearl River system. The study
area, with an area of about 1922.5 km2, is the upper basin of the Zhenjiang River watershed
above Xiaogulu hydrological station. It is a mountainous watershed, and the elevation of
the study area ranges from 98 m to 1271 m; it is high in the elevation in the middle area
from northeast to the southwest (mountains and hills) and low on both sides. It has low
vegetation coverage in the Nanxiong basin, and the forest coverage rate is 64%, belonging
to the area of soil erosion. There are 12 tributaries in this basin, with a total river length of
356.7 km. Xiaogulu hydrological station is located at the boundary line of Nanxiong City
and Shixing County, Guangdong Province. From 2000 to 2013, the maximum peak flow
of the Xiaogulu hydrological station was 1250 m3/s. There are 5 medium reservoirs and
13 small reservoirs in the basin; the basic information of the 18 reservoirs can be seen in
Tables A1 and A2 of Appendix A, but their operation data are not collected. Figure 1 shows
the DEM, river system, hydrometeorological stations, and reservoirs of the study area.

Figure 1. DEM, river system, hydrometeorological stations, and reservoirs of the study area.

The watershed belongs to the subtropical monsoon climate area. The multi-year
average temperature in the study area is 19.9 ◦C, the highest monthly average temperature
is 28.8 ◦C, and the lowest monthly average temperature is 9.5 ◦C. The study area has
abundant rainfall but uniform rainfall distribution: The average annual rainfall is about
1500 mm, and the average rainfall from May to October accounts for 66.9% of the annual
average rainfall. The measured average annual evaporation of the Nanxiong meteorological
station in the 30 years from 1981 to 2010 was 1066.2 mm (the evaporator was E601). The
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annual average runoff depth was about 782 mm, and the annual average sediment transport
modulus was 245 t/km2.

The floods in the basin are formed by rainstorms, which mainly occur during the flood
season from May to September. It has the characteristics of rainstorms and floods in small-
and medium-sized mountainous watersheds—rapid concentration of flow, sharp rise and
fall of the flood, high flood peak but small flood volume, wide coverage, and long duration.
Most floods have single peaks or double peaks, and only a few floods have multiple peaks.

2.2. A Real-Time Flood Forecasting Method Based on the TOPKAPI Model

TOPKAPI is a fully distributed, physically based hydrological model with a simple
structure and parameter scheme, which makes it one of the several operational distributed
hydrological models in the world at present. It is also one of the core modules of the
European Flood Forecasting System (EFFORTS). The latest model package consists of four
parts—PreTPK, ITOPKAPI, TPKVIEW, and TPKMAPS. All stages, including the processing
of DEM, the input of initial parameters, model operation, and graphical representation of
the intermediate and final results, are completed in the same environment, which greatly
improves the efficiency of data analysis and decision making of model application.

The model is generally divided into components of plant interception, snow melting,
evapotranspiration, infiltration, percolation, surface flow, subsurface flow, underground
flow, channel flow, reservoir/lake, and discharge. The model structure and simulation
steps are shown in Figure 2.

Figure 2. Simulation steps of the TOPKAPI model.

We used the software of Version 2.3 (released on 7 January 2016) of the TOPKAPI in
this paper. The main characteristics of the model are as follows:

(1) It has reduced execution times suitable for distributed model calibrations and real-
time operational applications and flood forecasting; (2) the model can be run at different
time scales, from very fine temporal (few minutes) to daily simulations, and can resolve
basin hydrologic response at spatial scales (100–1000 m) in both small and large catchments;
(3) it can be easily calibrated due to physically meaningful parameters whose values can
be retrieved from digital elevation maps, soil maps, land use, and vegetation maps, in
terms of measurable physical quantities such as slope, soil permeability, surface roughness,
etc.; (4) it tracks the spatial variability of runoff conditions in the catchment getting flow
predictions at any point of the channel network (1D outputs) and explicitly considers the
spatial variability in precipitation fields, fully exploiting distributed rainfall estimates such
as the ones produced by RADAR networks [23]; (5) it represents the behavior of the main
components of the hydrological cycle, thus producing stream flow forecast, as well as

152



Water 2022, 14, 618

distributed information on soil moisture, evapotranspiration, snow accumulation, etc. (2D
output maps); (6) the TOPKAPI model can run independently offline, but also be used as a
flood forecasting model in real-time flood operation system for continuous simulations or
prediction calculation. It can be coupled with HEC–RAS hydraulic model (directly) or with
Delft–SOBEK hydraulic model (via FEWS); (7) with the help of 3S technology, the model
can be applied to the basin without data and can run basing events and continuously simu-
late different scenarios (water balance analysis, climate change, water resource condition
change, etc.).

2.3. Materials

The application of the TOPKAPI model requires GIS data such as DEM, land use
map, soil map, water system, maps of reservoirs/power stations and their physical at-
tribute information, hydrological and meteorological data, and water resource utilization
information of the basin. The specific process for the determination of its parameters can
be seen in related studies or literature [24]. In addition, in order to better calibrate the
model, it also needs to understand and master the basin characteristics, hydrometeorology,
historical flood characteristics, etc. Some basins may have weather radar rain data to input
to make up for the lack of rainfall station data, such as time series of rainfall distribution
map, which includes geographic location, spatial coverage, time, and spatial resolution of
observation data.

2.3.1. DEM

DEM of the upper reaches of the Zhenjiang River in Guangdong Province was ex-
tracted from the GDEM data (http://www.gscloud.cn/listdata/showinfo_new.Shtml?
From=&id=304, accessed on 20 April 2020). After downloading the data and simple pro-
cessing, the PreTPK interface can help the user to add the main rivers of the basin, set the
minimum threshold value of the simulation area, and modify the DEM using the tools
provided. Then, the DEM was converted into the data that can be directly used by the
model, and the resolution was reduced to 500 m × 500 m (it can be set and modified
according to the threshold of simulation area).

2.3.2. Soil Data

The soil map with the resolution of 1:1,000,000 was obtained from the website of
the National Special Environment and Function of Observation and Research Stations
Shared Service Platform (http://www.ncdc.ac.cn/portal/metadata/navigator, accessed
on 20 April 2020). There were 8 soil subclasses in the basin, and the names of each soil
subclass are shown in Figure 3a and Table 1.

Table 1. Name and area of each soil subclass in the study area.

Soil Name Area/km2 Area Percentage/% Soil Name Area/km2 Area Percentage/%

Limestone soil 4.062 0.21 Red soil 979.80 50.96
Brown calcareous soil 5.141 0.27 Yellow and red soil 163.21 8.49

Purple soil 242.929 12.64 Yellow soil 43.36 2.25
Paddy soil 466.55 24.27 Water 17.435 0.91

Red soil had the largest area in this basin, accounting for 50.96% of the basin area,
followed by paddy soil, accounting for 24.27%, and purple soil, accounting for 12.64% of the
basin area. These three soil subclasses were the main soil types in the basin. We queried the
attribute information of each soil subclass needed by the model in the literature [25,26] and
made a CSV type file named soil.csv to store these data. The file must have columns of data
as follows: the first column was ID (vector of ID codes for soil types); the second column
was DEPTH (vector of soil depth), followed by KSH (vector of hydraulic permeability
(horizontal)), KSV (vector of hydraulic permeability (vertical)), THETA_R (vector of residual
water content values), THETA_S (vector of saturation water content values), EXPH (vector
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of soil reservoir exponent), EXPV(vector of percolation law exponent), and NAME(vector
of soil type names), respectively.

(a)

(b)

Figure 3. Soil subclasses and vegetation types in the study area: (a) soil subclasses; (b) vegeta-
tion types.
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2.3.3. Vegetation

The land use map was obtained from the vegetation dataset of China with a resolution
of 1:1,000,000. The vegetation types of the study area are shown in Figure 3b.

The vegetation with the largest area in the basin was Loropetalum chinense, Vaccinium
bracteatum, Rhododendron simsii scrub, accounting for 47.33% of the basin area, followed
by double-cropping rice and orchards, accounting for 23.98%. We queried the initial value
of the attribute information of each vegetation type required by the model in some studies
in the literature [27] and made it a CSV-type file named landuse.csv. The file must have
columns of data as follows: the first column was ID (for vegetation types); the second
column was the surface Manning coefficient of the land use type; columns 3–14 were the
vegetation index of January to December, respectively. The index can be inquired in the
irrigation and drainage literature of “vegetation water demand” of FAO.

2.3.4. Hydrometeorological Data

(1) Rainfall data and processing

The operation of the model requires a long series of continuous precipitation data (at
least 5 years), and we collected the long series of precipitation data of 9 rainfall stations
located in the basin. However, there was basically no precipitation data from December to
March of the next year of all the rainfall stations.

We selected the forecast period as one hour and processed the precipitation data using
the linear interpolation method. We set −9999 when there was no observed data from
November to March of the next year. From 8:00 on 1 March 2000, the data of each rainfall
station was written into a CSV type file named rainfall.csv, and one column for each station.
At the same time, the location of these rainfall stations were written into a CSV file named
rainfall.csv.xyz.

(2) Temperature data and processing

TOPKAPI needed temperature data, and there was only one meteorological station
named Nanxiong in the basin. The daily average temperature, daily maximum temperature,
daily minimum temperature data of the year from 2000 to 2013, and station location of
Nanxiong meteorological station was obtained on China Meteorological Data Network
(http://data.cma.cn/site/index.html, accessed on 21 April 2020).

It needed the hourly temperature data to obtain the hourly model results; therefore, we
converted the daily temperature into the hourly data according to the three characteristic
temperature values of the daily average temperature, the daily maximum temperature, and
the daily minimum temperature. First, we judged the temperature at a certain time should
fall down between which two characteristic values. Then, the linear interpolation method
was adopted to obtain the temperature of the time by using these two characteristic values
and time intervals. It should be noted that this interpolation may have a deviation from the
actual hourly data, and therefore, it is temporarily approximate.

We made a CSV-type file named tmp.csv according to the specified format. The file was
more or less the same as rainfall.csv. Similarly, the location of the Nanxiong meteorological
station was written into a file named tmp.csv.xyz. The monthly average temperature was
also made into a CSV-type file named tmp_m.csv. The model used air temperature data to
calculate evaporation, so evaporation data of the basin were not collected.

2.3.5. Flood Data

The flood data mainly refer to the long series flood element data (at least 5 years
and the same period with rainfall data) of a hydrological station or water level gauges,
the water-level–discharge curve of a forecast section, etc. In the study basin, only Xi-
aogulu hydrological station had a long series of water level and flow data, and the data of
flood elements of the station (water level and flow from March to October) from 2000 to
2013 were collected.
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The flood data of Xiaogulu hydrological station were available hour by hour but
sometimes failed within the series; on such occasions, the flow would be changed into
the hourly data using the linear interpolation method. Then, it was made into a CSV-type
file named Qobv.csv according to the format required by the model input. The first two
columns of the first line in the file were time and code, and the second line and later lines
of the file were the corresponding values.

2.3.6. Other Data

The required water system map was mainly used to refine the drainage network
generated by DEM, and that map with the resolution of 1:250,000 of the basin was collected.
According to this map, the vector map of the basin boundary was drawn in the GIS software.
There were 18 medium and small-sized reservoirs in the basin. According to the model, it
needed geographic location, storage capacity curve, discharge curve, long series data of
inflow/outflow, reservoir operation data of selected flood events, etc., but we had no data
about them except their locations, so the reservoirs in the basin were not simulated, and it
was treated as one basin with no reservoir. There was no large-scale external water transfer
in and out of the basin, which was not considered in the simulation.

2.4. Model Implementation

The prediction scheme was made based on the river system, hydrological station data
compilation, and flood characteristics analysis of the Zhenjiang River basin above Xiaogulu
station. First, according to the general situation of the basin, the simulating period was
selected, which was from 2000 to 2013, and the time step of the simulation was set to one
hour. Then, the data required by the TOPKAPI model were collected and processed. Next,
the model parameters were set and the model was run, after which 26 flood events whose
peak discharge rates were more than 500 m3/s were selected according to the actual flood
events of the basin, to calibrate, verify, and determine a group of optimal model parameters.
Finally, the accuracy and prediction results were evaluated and analyzed.

2.5. Evaluation Indices

In this study, Error of peak discharge (EPD), Nash efficiency coefficient (E), mean
absolute error (MAE), root-mean-square error (RMSE), coefficient of determination (R2),
explained variance (EV), volume control index (VC), Chiew and Mcmahon (CMM), and
index of agreement (d) were selected as evaluation indices to analyze the simulation
accuracy. Table 2 lists the calculation formula of these evaluation indices.

Table 2. Evaluation indices and the calculation formula.

Index Abbreviation Index Name Calculation Formula Range of Value

EPD Error of peak discharge EPD = Pi−Qi
Qi

[−∞, ∞]

E Nash efficiency coefficient
E = 1 −

N
∑
i=i
(Qi−Pi)

2

N
∑
i=i
(Qi−Q)

2

[−∞, 1]

MAE Mean absolute error
MAE =

N
∑

i=1
|Pi−Qi |

N
[0, ∞]

RMSE Root mean square error RMSE =

√
N
∑

i=1
|Pi − Qi|/N [0, ∞]

R2 Coefficient of determination
R2 =

N
∑
i=i

(Qi−Q)(Pi−P)√
N
∑
i=i

(Qi−Q)
2 N

∑
i=i

(Pi−P)2

[0, 1]
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Table 2. Cont.

Index Abbreviation Index Name Calculation Formula Range of Value

EV Explained variance
EV = 1 −

N
∑

i=1
[(Pi−Qi)− 1

N

N
∑
i=i

(Pi−Qi)]
2

N
∑
i=i

(Qi−Q)
2

[−∞, 1]

VC Volume control index
VC = 1 −

∣∣∣∣∣∣
N
∑
i=i

Pi

N
∑
i=i

Qi

−
N
∑
i=i

Qi

N
∑
i=i

Pi

∣∣∣∣∣∣
[−∞, ∞]

CMM Chiew and Mcmahon
CMM = 1 −

N
∑
i=i
(
√

Pi−
√

Qi)
2

N
∑
i=i

(√
Qi−

√
Q
)2

[−∞, 1]

d Index of agreement
d = 1 −

N
∑
i=i
(Qi−Pi)

2

N
∑
i=i
(|Pi−Q|+|Qi−Q|)2

[0, 1]

P is the simulated value, and Q is the measured value.

3. Simulation Results

When all of the files were prepared and checked, they were used to run and calibrate
the TOPKAPI model. Based on the calibrated parameters, the long series hourly simulation
results of each year from 2000 to 2013 were obtained, and then, 26 selected floods with peak
discharge rates greater than 500 m3/s were selected to analyze the simulation results of
Xiaogulu station.

The TOPKAPI model does not need to divide the simulation period into calibration
and verification periods, but according to the needs of model parameter calibration and
verification, the first 18 floods were used to calibrate model parameters, and the last 8 floods
were used to verify the parameters. Table 3 shows the simulation results of 26 selected
flood events. Considering the limit in the length of this article, only some selected flood
simulation results are given below (Figure 4).

According to the requirements of the standard for hydrological information and
hydrological forecasting (GB/T22482-2008) [28], the evaluation items of flood forecasting
accuracy include flood peak discharge (or water level), flood volume (runoff), occurrence
time of the flood peak, and process conformance of the flood event. When the flood peak
discharge is used to evaluate the accuracy of the prediction scheme (the simulated flood
volume in the TOPKAPI model was not calculated yet), the evaluation index is the error of
peak discharge: When the pass rate is more than 85.0%, the accuracy class is Level A; when
the pass rate is more than 70.0% and less than 85.0%, the accuracy class is Level B; when the
pass rate is more than 60.0% and less than 70.0%, the accuracy class is Level C; otherwise,
it failed to meet the standard. Table 4 lists the accuracy evaluation results (weather up to
the standard) of the TOPKAPI model of 26 selected flood events with peak discharge rates
greater than 500 m3/s, from April 2000 to November 2013.

Based on the test of the selected flood events with peak discharge rates of more than
500 m3/s, taking 20% of the peak discharge as the allowable error (EPD ≤ 20%), the
prediction scheme of Xiaogulu station established by the TOPKAPI model had a simulation
accuracy as follows: The pass rate was 66.67% in the calibration period and 75% in the
validation period, which is Level C and Level B, respectively. In the whole simulation
period, taking 20% of the peak discharge as the allowable error, the prediction accuracy
was Level C.

When using the Nash efficiency coefficient (E) as the evaluation index, the mean E
of the selected 26 flood events was 0.789, and the value of the Nash efficiency coefficient
of 21 flood events was larger than 0.7 in the whole period. When using the coefficient of
determination (R2) as the evaluation index, the mean R2 of the selected 26 flood events
was 0.893, and the value of R2 of 23 flood events was larger than 0.8 in the whole period.
When using the index of agreement (d) as the evaluation index, the mean d of the selected
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26 flood events was 0.918, and the value of d of all flood events was larger than 0.8 in the
whole period. Other results of evaluation indices can be seen in Table 3.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. Cont.
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(i) (j)

(k) (l)

(m) (n)

Figure 4. Simulation results of some representative flood events. (a) Simulation result of No.2 flood
event. (b) Simulation result of No.5 flood event. (c) Simulation result of No.7 flood event. (d)
Simulation result of No.8 flood event. (e) Simulation result of No.10 flood event. (f) Simulation
result of No.12 flood event. (g) Simulation result of No.13 flood event. (h) Simulation result of No.15
flood event. (i) Simulation result of No.16 flood event. (j) Simulation result of No.22 flood event. (k)
Simulation result of No.23 flood event. (l) Simulation result of No.24 flood event. (m) Simulation
result of No.25 flood event. (n) Simulation result of No.26 flood event.
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Table 4. Qualification rate statistics of one-hour forecast scheme for Xiaogulu station.

Period Evaluation Items/Index Flood Events Events up to Standard Pass Rate/% Assessment Result

Calibration Peak discharge/EPD 18 12(EPD ≤ 20%) 66.67 Level C
Validation Peak discharge/EPD 8 6(EPD ≤ 20%) 75.00 Level B

All periods

Peak discharge/EPD 26 18(EPD ≤ 20%) 69.23 Level C
Process conformance/E 26 21(E > 0.7) 80.77

Mean of E 0.789
Mean of the R2 0.893
Mean of the d 0.918

4. Discussion

When using the indices of E, R2 and d as the evaluation indices, the simulation
results are good, but using the EPD as the evaluation index, according to the requirements
of the standard GB/T22482-2008, some flood events are failed to the standard, and at
the same time, the simulated occurrence time of the selected flood events has deviation,
too. Therefore, the forecast results using the calibrated parameters can only be used for
estimation. In general, the reasons for the deviation between the simulated and observed
peak discharge and its occurrence time of 26 flood events can be explained as follows:

(1) The regulation influence of small- and medium-sized reservoirs on the basin’s
water storage: Since the operation data of these 18 reservoirs had not been collected, the
water storage and drainage of these reservoirs had not been simulated and, therefore,
these areas were treated as no reservoir in the basin. The total catchment area of these
reservoirs was up to 324.04 km2, accounting for 16.86% of the study area. The five medium-
sized reservoirs had regulation capacity, among which Hengjiang reservoir had multi-year
regulation capacity. In the flood season, it can store and release water according to the
predicted inflow, thus affecting the flooding process of its downstream basin.

Figure 4b,d,g reveal similar simulated and measured processes that floods might have
undergone following the reservoirs’ storage and regulation. Figure 4g can serve as an
example for a simple analysis. Several rainfall stations with the largest rainfall in this
flood event were located in the upper and middle reaches, and the total rainfall of Dayuan
station with the largest rainfall (within 52 h) was 264.6 mm, and that of Nanpu station
with the smallest rainfall is 28.9 mm. It was possible that through the storage of several
reservoirs, the measured flood peak flow of Xiaogulu station would be cut off by about
20%, and the occurrence time of the peak would be delayed, according to the simulated
results (regarding no reservoirs in the basin).

(2) Deviation in the processing of temperature, precipitation, and flow data: Since
the hourly data of meteorological stations in the basin were not available, and only one
meteorological station in the basin had daily temperature data, the hourly temperature
data obtained from the daily average temperature, daily maximum temperature, and daily
minimum temperature might have some deviation. Meanwhile, the hourly precipitation
data would also have deviation when the precipitation lasted for a short time, but since it
was evenly distributed to an hour, the rainfall intensity would be reduced, affecting the
flood peak discharge. Similarly, the measured flow of the Xiaogulu station was processed
into a one-hour period, and therefore, the hourly flow obtained by the linear interpolation
method would also have some deviation. Figure 4e,h,k, show the processing trace of linear
interpolation of measured flow data; nevertheless, the simulated results of these flood
events still met the standard.

(3) Deviation of soil and land use attribute information: As the detailed soil and land
use attribute information in the basin required by the model was not collected, the same
type of soil and land use attribute information in other regions was used instead. The spatial
difference in different places was large. Although this aspect had been taken into account
in parameter calibration, the deviation would still exist, especially in the parameters
of soil thickness and hydraulic conductivity, and they would have some influence on
the simulation results. Therefore, simulation results in the calibration period based on
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the normal range of calibrated soil attribute parameter values were not ideal, and the
corresponding verification results were not satisfactory. The runoff recession process in
Figure 4a,c,e shifted to an earlier time, compared with the measured process, and this
phenomenon might relate to the soil and land use parameters.

(4) The influence of rainstorm centers and the deviation of processing point rainfall
into areal rainfall caused by rainfall non-uniformity: The average rainfall station density
was 213.5 km2/station in this basin, but there was a considerable amount of rainfall in
southern China, and the rainstorm center moved frequently, so relatively speaking, the
rainfall stations were fewer, and the influence of processing point rainfall into areal rainfall
could not be avoided.

(5) The reason attributed to the model itself and the impact of discontinuous rainfall
and discharge data: The model is suitable for long series and continuous hydrological
simulation. If the rainfall data were missing, the rainfall would be treated as 0, while if
the temperature data were missing, the model would continue to calculate according to
the monthly average temperature provided. The processing method of missing rainfall
data would lead to lower simulated runoff. The model had a long preheating period
(3–4 months or even longer) at the beginning of the simulation. In the case of only excerpted
precipitation data from March to November were collected, the model had just been
successfully preheated, but the precipitation data were interrupted again from November
to March of the next year, so the model had to repeatedly preheat, resulting in some
deviation between the simulated and the measured runoff. Since there were no rainfall
and discharge data collected from November to March of the next year, when the model
automatically read the data, the rainfall was treated as 0, resulting in inaccurate flood
simulation values of March to May of each year, or even longer.

(6) Influence of initial state: In order to accelerate the preheating of the model, when
setting the initial state of the soil, a larger percentage of monthly average saturated water
content was set each month, and the same initial state was used in each year, which may be
inconsistent with the actual situation.

5. Conclusions

Based on the simulation results and the discussion above, some suggestions are
provided when using TOPKAPI in the study area and similar basins with reservoirs: (1) the
operation data of medium-sized reservoirs in the basin, especially the water discharge of
these reservoirs in case of large floods, should be collected; then, it should be recalibrated,
and the model parameters, verified; (2) after collecting the hourly rainfall, temperature,
flow, and evaporation data, the processing and integration of measured data need to be
studied, to ensure the processing accuracy meets the requirements. Meanwhile, the quality
of data used should be improved, with the aim to increase data collection and compilation
quality in the dry season; (3) the attribute information of soil and land use and other data
needed by the model in the basin need to be collected.

There are 5 medium-sized reservoirs and 13 small-sized reservoirs in this study area.
Due to the lack of reservoir operation data, the model parameter calibration and validation
can only be based on precipitation data and measured flow data, which increases the
difficulty and inaccuracy of the model parameter calibration and flood process analysis.
In practice, the real-time flood forecasting should be closely combined with the reservoir
dispatching, especially withthe five medium-sized reservoirs in the basin. The soil moisture
content of the early stage should be adjusted in real time, to obtain good results.
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Appendix A

Table A1. Basic information of the five medium-sized reservoirs.

NO. Reservoir Name Watershed Area/km2 Total Storage
Capacity/104 m3

Normal Storage
Capacity/104 m3 Normal Water Level/m

1 Pubu 76.0 3233 2950 346
2 Baojiang 48.1 2350 1914 198.086
3 Zhongping 1432 346
4 Hengjiang 24.25 1282 204
5 Kongjiang 101.44 6522 5828 195.77

Table A2. Basic information of the 11 small-sized reservoirs.

NO. Reservoir Name Watershed Area/km2 Total Storage
Capacity/104 m3

Utilizable
Capacity/104 m3

Flood Regulation Storage
Capacity/104 m3

1 Dayuan 26 681 523 156
2 Luotian 1.02 220.8 185.7 20.8
3 Wuni 3.2 212.2 179 29
4 Sheling 4.6 124.5 80.1 41.9
5 Weibei 2.09 795.3 667.4 80.9
6 Yangmei 11.35 524 406 190
7 Meiling 4.1 153 118 44
8 Zhuhaokeng 1.6 131 124 31.6
9 Songshan 3.98 121 99.6 14

10 Daba 1.2 134.7 113 17.6
11 Zaixia 2.02 103 79.5 18
12 Chishui
13 Dakengtang
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Abstract: Despite the growing range and availability of resources to support coastal flood hazard
model development, there is often a scarcity of data to support critical assessment of the performance
of community-scale coastal inundation models. Even where long-term tide gauge measurements
are available in close proximity to the study area, the records provide little insight into the spatial
distribution and limits of overland flooding, or the influence of topographic features and structures
on flooding pathways. We present methods to support the assessment of model performance using
field observations in lieu of, or supplementary to, conventional water-level records. A high-resolution,
numerical coastal flood hazard model was developed to simulate storm surge-driven flooding in
the Acadian Peninsula region of New Brunswick, Canada. Owing to the remoteness of the study
area from tide gauge stations, model performance was assessed based on a comparison with field
measurements of deposited wrack and debris, as well as photographic and video evidence of coastal
flooding, for two significant storm surge events in recent history. Our research findings illustrate the
value of observational and qualitative data for characterizing coastal flood hazards, lending gravity
to the importance of non-conventional data sources, particularly in data-scarce regions.

Keywords: flooding; storm surge; numerical modelling; high-water marks; debris

1. Introduction

Approximately 6.5 million Canadians live in the vicinity of Canada’s marine coasts,
making these regions intrinsically important to the national identity, culture, and econ-
omy [1]. Coastal flood hazards and risks in Canada are becoming increasingly exacerbated
by climate-driven phenomena such as sea-level rise, and anthropogenic factors that con-
tribute to increased development, population growth, and loss of natural features in the
coastal zone [2–5]. The southern Gulf of Saint Lawrence and sections of New Brunswick’s
coast are particularly sensitive to the impacts of sea-level rise and storm surges [3]. In
response to this growing threat, numerous research initiatives have been conducted in New
Brunswick and the surrounding area to investigate coastal flooding at both regional [3,6]
and local scales [2,7–10].

Hazard assessment is a crucial component of disaster risk management. Flood hazard
modelling (and derived mapping and communication products) permits the quantitative
assessment of the consequences of flooding and ultimately supports evidence-based de-
cision making and disaster risk management [5,11,12]. A number of analytical methods,
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with varying complexity, are applied in practice to model and assess coastal flood hazards.
Bathtub modelling techniques, where high-water elevations are mapped onto a digital ele-
vation model, are often employed to evaluate overland flood depths and extent [7,10,13–15].
Numerical hydrodynamic modelling techniques, although more computationally demand-
ing, are an attractive alternative owing to their explicit consideration of hydrodynamics,
resulting in generally superior accuracy [16], and their provision of additional information
regarding spatial and temporal variation of flood hazards, providing insight to water
velocities, flood propagation, and duration. Two-dimensional (and in some cases three-
dimensional) hydrodynamic modelling techniques are often employed to simulate coastal
water levels and flows in response to meteorological and tidal forcing [17–20]. Circula-
tion models are sometimes coupled with other computational models to simulate other
physical processes at various scales and resolutions such as wave runup, overtopping, and
geomorphological processes [17,21]. To alleviate computational demand, nested modelling
techniques and unstructured grids are commonly employed to permit detailed simulation
nearshore, while maintaining sufficient domain size to capture synoptic scale atmospheric
and meteorological forcing [17,19,22]. Previous studies have employed bathtub modelling
approaches to characterize coastal flood hazards in the Acadian Peninsula region of New
Brunswick [7,10]. However, to the authors’ knowledge, hydrodynamic modelling of storm
surges, including overland inundation, at spatial resolutions conducive to damage and risk
assessment have not yet been conducted for this region.

The Acadian Peninsula is located at the northeastern extremity of New Brunswick,
Canada (Figure 1). The region is bordered to the north by Chaleur Bay and to the south by
the Gulf of Saint Lawrence. The region is home to several communities experiencing coastal
flooding and erosion, which have contributed to damage to infrastructure, including
houses, roads, and wharfs [23]. A number of coastal flood assessment and mapping
projects [7,10] and adaptation initiatives [9] have been undertaken for Acadian Peninsula
communities. However, one of the biggest challenges hindering accurate flood hazard
characterization and development of reliable flood modelling and assessment tools is
the scarcity of proximate water level records. Currently, there are no long-term, active
tide gauges located on the Acadian Peninsula. The region is approximately equidistant
between the two closest long-term tide gauge stations located in Belledune (tide gauge
2145) and Lower Escuminac (tide gauge 2000), approximately 85 km and 75 km away,
respectively [24]. Even where tide gauge measurements exist, they provide little insight
into the spatial distribution and inland extent of coastal flooding [2]. To overcome these
challenges, previous studies have relied on surveyed high-water marks, such as shoreline
debris, to support validation of inundation models [10].

Where adequate observational data exist, deposited debris such as driftwood and sea
wrack have been used to support analyses related to coastal flooding [8,26–30]. Didier
et al. [8] used debris lines to evaluate coastal flood extent, as well as predictive accuracy of
wave runup estimations, for the community of Maria, Québec; Maria is located approxi-
mately 100 km northwest of the Acadian Peninsula. Similarly, Bernatchez et al. [2] used
observational data and photographic evidence in the community of Maria to investigate
flood extent for a winter storm event. Often, researchers pursue the acquisition of observa-
tional data in a sufficient quantity to support the delineation of the full flood extent [2,8,27].
However, depending on the size of the study area, the effort and resources required to sup-
port this level of field data collection can be prohibitively large. In this paper, we describe
the assessment of model skill for a numerical hydrodynamic model developed to evaluate
storm surge-driven flood hazards for selected locations of the Acadian Peninsula region
of New Brunswick, Canada. Model skill was assessed using surveyed high-water marks
coinciding with the 6 December 2010 and 21 December 2010 events. High-water marks
were comprised of shoreline debris observations as well as pegs placed by the field team
marking direct observation of maximum flood extent. In addition, a qualitative assessment
of model skill was conducted through a comparison with photographic and video evidence.
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Figure 1. Study location. The image on the left shows the Acadian Peninsula (yellow box) within
the broader extent of Atlantic Canada. The image on the right shows selected communities from the
Acadian Peninsula where inundation modelling was completed using a fine-resolution, community-
scale hydrodynamic model; population estimates are shown in parentheses [25].

2. Storm Surge Modelling

Numerical hydrodynamic modelling was conducted at two scales using TELEMAC-
2D, which solves the shallow water (Saint-Venant) equations governing free surface flows
in two dimensions (i.e., depth averaged) on unstructured computational meshes [31]. A
coarse-resolution, regional-scale model was developed to simulate the generation and
evolution of storm surges on the Atlantic Canada continental shelf, including the Gulf of
Saint Lawrence, in response to synoptic-scale wind and atmospheric pressure fields [32].
A fine-resolution, community-scale model was developed and driven by output from the
regional model to simulate inundation at seven Acadian Peninsula communities. The seven
communities of interest included Maisonnette, Bas-Caraquet, Caraquet, Pointe-Brûlée,
Shippagan, Le-Goulet, and Lamèque (Figure 1). This paper is focused on assessment of
the community-scale model skill; however, some information pertaining to the regional-
scale model is provided for context. A detailed summary of the regional-scale model
development is presented in Provan et al. [32].

The regional-scale model domain covered a large portion of the continental shelf from
Portland, Maine (United States) to Sandwich Bay, Newfoundland and Labrador (Canada).
The model uses an unstructured computational mesh with resolution ranging between
30 km near the offshore boundary and 200 m in the vicinity of the Acadian Peninsula. The
model bathymetry was constructed using a combination of bathymetric datasets [33,34].
The regional-scale model was forced using wind and atmospheric pressure data from the
ERA5 global atmospheric reanalysis dataset [35]. Tidal forcing was applied using the global
TPXO database and its regional and local variants [36]. The regional-scale model was
calibrated based on measured data available from the Belledune and Lower Escuminac
tide gauges. Water level residuals were extracted from the gauge records by computing the
difference between measured levels and the predicted astronomical tide [37], and were used
as a basis for calibration, assuming storm surges represent the dominant contribution to the
residual. Model wind drag formulation/coefficients and bed roughness were iteratively
adjusted until satisfactory results were achieved. Ultimately, the regional-scale model was
able to predict peak storm surges at the Lower Escuminac gauge to within 15% of measured
water level residuals for 24 of the largest 44 storm surge events recorded at the gauge.

The community-scale model encompassed the Acadian Peninsula region of New
Brunswick extending from the north coast of New Bandon Parish, eastward to Mis-
cou Island, and southward to Tracadie-Sheila. The model domain extended approxi-
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mately 20–30 km northward into Chaleur Bay and 30 km southward into the Gulf of Saint
Lawrence. The model uses an unstructured (triangular) computational mesh with charac-
teristic element edge lengths on the offshore boundary ranging between approximately
250 m and 2000 m. Characteristic edge lengths of 10 m were specified in the vicinity of the
communities of interest to resolve floodplain features, flooding pathways, and hazards, at
scales of relevance to support consequence assessments. Model elevations were generated
from a combination of bathymetric and topographic datasets [33,38–40], including a hydro-
enforced 1 m-resolution digital elevation model (DEM) from 2018 and a 1 m-resolution
DEM from 2009 provided by the Government of New Brunswick. The hydro-enforced
DEM was used in six of the seven communities. The 2009 DEM was used in the vicinity
of Le Goulet to provide a consistent basis for comparing model output to observations,
which pre-dated significant coastal engineering works and alterations to the dynamic Le
Goulet coastline, including construction of artificial dunes and sand retention structures [9].
Spatially and temporally varying water levels were prescribed at the offshore boundary of
the community-scale model based on output from the regional-scale model, which included
tidal forcing based on the TPXO tide model and its regional and local variants [36]. Correc-
tions for wave setup were not incorporated into the community-scale model. Surface wind
and atmospheric pressure forcing was applied within the model domain, based on linear
interpolation of gridded ERA5 reanalysis data to the model mesh [35]. Initial estimates for
the wind drag formulation and coefficients were based on calibrated parameters for the
regional-scale model. Initial estimates for land roughness were based on land cover data
acquired from the Government of New Brunswick [41–43] and typical roughness values by
land cover type obtained from literature [44,45].

3. High-Water-Mark Surveys and Photographic and Video Evidence

High-water-mark surveys were conducted by members of the New Brunswick Geologi-
cal Surveys Branch using a high precision real-time kinematic differential global positioning
system (RTK-DGPS) consisting of two rovers and a base station. Leica Viva GS15 GPS
receivers were used, which have a reported horizontal and vertical accuracy of 8 mm and
15 mm, respectively [46]. However, duplicate readings on ground-control points revealed
that survey accuracy was actually 20 mm to 30 mm in all three axes (i.e., easting, northing,
and orthometric height). The surveys were conducted on 9 December 2010 in the vicinity of
Le Goulet and Shippagan; 23 June 2011 in the vicinity of Pointe-Brûlée; and 28 June 2011 in
the vicinity of Bas-Caraquet. The survey data consisted of point measurements indicating
horizontal position (easting and northing) and elevation georeferenced to the Canadian
Geodetic Vertical Datum of 1928 (CGVD28). Elevations were converted to the Canadian
Geodetic Vertical Datum of 2013 (CGVD2013) using the GPS·H tool [47] to support compari-
son with the model; model simulations were conducted with elevations referenced to mean
water level (MWL), but model results could be easily transformed to CGVD2013. Most of
the survey data were based on observations of debris (sea-wrack) deposited onshore by the
flood water, primarily consisting of eel grass vegetation. Exceptions included data recorded
in Bas-Caraquet (locations BC1 and BC2 on Figure 2), which represent observed gravel
deposits, and data recorded in Le Goulet (locations LG1 and LG2), which represent pegs
placed by the field team during the flood event marking the maximum flood extent. When
debris were used as an indicator of high water, measurements were recorded at ground
elevation near the mid-section of the debris lines.

Referring to survey locations shown in Figure 2, most surveyed high-water marks
were located either substantially landward of the beach crest (PB1, PB2, PM1, LG1, and
LG2), were sheltered within a small bay with fetches less than 3 km (PB3, PB4, PB5, and
SG1), or were otherwise sheltered by built structures (SH1 and SG2), such that wave runup
contributions to total water levels were expected to be relatively low. This is supported
by photographic evidence of the December 2010 flood events, where only small ripples
were observed at the flood extent beyond the beach crest in Pointe-Brûlée, Baie-de-Petit-
Pokemouche, and Le Goulet (refer to Section 4.2). Exceptions included survey locations in
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Bas-Caraquet (BC1 and BC1), where surveyed points are located immediately adjacent to
the shoreline, which is exposed to Chaleur Bay.

 
Figure 2. Data available to support model skill assessment. High-water-mark survey data are shown
as yellow points. General areas where photographic or video evidence were available are shown
with white boxes. Short-form identification labels assigned to high-water-mark survey locations are
shown: BC = Bas-Caraquet; PB = Pointe-Brûlée; SH = Shippagan; SG = Shippgan Gully; LG = Le
Goulet; PM = Baie-de-Petit-Pokemouche.

The survey data collected on 9 December 2010 (in the vicinity of Baie-de-Petit-Pokemouche,
Le Goulet, Shippagan Gully, and Shippagan) reflect peak flood levels and extents produced
during the 6 December 2010 event. It was not fully certain whether debris lines surveyed
in June 2011 (in the vicinity of Pointe-Brûlée and Bas-Caraquet) reflected peak flood levels
associated with the 6 December 2010 event or the 21 December 2010 event; both events
produced similar water levels in the Acadian Peninsula region. To address this uncertainty,
modelled results for the 6 December 2010 and 21 December 2010 events were carefully
compared for each model setup evaluated during the calibration process (see Section 4.1).
Modelled results for the 21 December 2010 event consistently showed more extensive
flooding in comparison to the 6 December 2010 event in the vicinity of Pointe-Brûlée for
all comparable model setups. In the vicinity of Bas-Caraquet, the modelled results for
the 21 December 2010 event showed slightly more extensive flooding compared to the
6 December 2010 event. This suggests that the June 2011 survey data in Pointe-Brûlée
and Bas-Caraquet represent peak flood levels associated with the 21 December 2010 event.
Furthermore, only single debris lines were observed at Pointe-Brûlée and Bas-Caraquet,
further suggesting that the debris lines were formed by the 21 December 2010 event (the
later of the two events) in these locations. Altogether, survey data corresponding to the 6
December 2010 event were available at six locations and survey data corresponding to the
21 December 2010 event were available at seven locations (Figure 2).

Flooding during the 6 December 2010 and 21 December 2010 events was photographed.
Shoreline debris was also photographed following the events. Footage of the 21 Decem-
ber 2010 event was available from a video uploaded to YouTube by a local resident [48].
The video owner was contacted to confirm the locations shown in the video to support
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interpretation of the footage for model skill assessment. Altogether, photographic evidence
corresponding to the 6 December 2010 event was available at five locations and photo-
graphic and video evidence corresponding to the 21 December 2010 event was available at
eight locations (Figure 2).

4. Assessment of Model Skill

4.1. Comparison with High-Water-Mark Survey Data

The community-scale model was calibrated by adjusting the wind drag formulation,
drag coefficients, and land (Manning’s) roughness and comparing modelled results to the
high-water-mark survey data to assess model skill in predicting peak water levels and
horizontal flood extents. These quantitative comparisons are presented and discussed in
the following paragraphs. The consistency of predictions with photographic and video
evidence was also considered (Section 4.2) to corroborate the model skill assessment.

Waterborne debris, such as wrack, is deposited when the submerged draft of the debris
exceeds the local water depth and flow-induced forces are insufficient to overcome restoring
gravitational and frictional resistance [49]. Debris transport and deposition are complex
processes affected by the physical properties of the debris as well as shoreline characteristics
and hydrodynamics [50–52]. Receding flood waters can also mobilize debris. As such,
post-flood surveys of debris elevations do not necessarily provide a precise indication of
the peak flood elevation and extent. For context, in a past study where small log debris
was used as an indicator of storm surge-driven high-water level, Harper et al. [29] reported
vertical survey error up to 0.13 m owing to the scatter of the logs. To facilitate a comparison
between model predictions and surveyed debris, an assumption had to be made about the
flood depth required to mobilize and deposit the materials. It was assumed that a flood
depth of at least 5 cm was required to mobilize and deposit debris, and that this flood
depth represents a suitable lower-bound from which to extract flood hazard metrics such
as depth and flood extent. Therefore, the modelled 5 cm flood depth contour was adopted
as a proxy for peak water level and flood extent. Model skill at predicting peak water
levels was assessed by computing the difference between the modelled peak water level
and the surveyed high-water mark elevations at each of the 13 survey locations. High-
water-mark survey data were available for the 13 discrete locations only, which precluded
comprehensive mapping of the flood extent [8,27]. Model skill at predicting the horizontal
extent of inundation was therefore assessed by computing horizontal distances between
the high-water-mark survey points and the modelled 5 cm flood depth contour at each
survey location. Figure 3 shows high-water-mark survey data at locations SH1, SG1, SG2,
PB3, PB4, BC1, and BC2, alongside modelled results.

The results of the horizontal and vertical assessment of model skill, through compari-
son to the high-water-mark survey data, are summarized in Table 1 and Figure 4. Average
absolute vertical error was equal to 0.28 m and vertical-root-mean-square error (RMSE)
was equal to 0.34 m. Vertical discrepancies less than 30 cm were observed for 7 of the
13 locations. To provide context to the observed vertical error, a comparison between the
high-water-mark survey point elevations and the model ground elevations was conducted
and revealed general agreement with RMSE discrepancy of approximately 0.2 m. This repre-
sents the approximate error between the high-water-mark survey elevations and the model
ground elevations, which encompasses the spatial error of the Light Detection and Ranging
(LiDAR) data; the error introduced by interpolating the LiDAR data to DEM products; the
error introduced by interpolating DEM products to the model mesh; the error introduced
by converting surveyed high-water mark elevations from CGVD28 to CGVD2013; and the
error introduced by converting model elevations from MWL to CGVD2013. The model
ground elevations were derived from the aforementioned DEMs, which, in turn, were
derived from LiDAR data that have a reported vertical accuracy of 0.05 m RMSE and
horizontal accuracy of 0.2 m RMSE [40]. The largest vertical discrepancies were observed at
the Shippagan Gully (SG) locations. However, it is expected that the fast and dynamic flows
through the gully and the presence of fine resolution structures may present challenges to
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achieving accurate model results. Flow velocities up to 3.1 m/s and 2.6 m/s were observed
near Shippagan Gully for the 6 December 2010 and 21 December 2010 events, respectively.
Average absolute horizontal error was equal to 6.25 m, and horizontal RMSE was equal
to 7.16 m. Except for locations LG1 and LG2, the model was able to reproduce measured
flood extents with sub-mesh-resolution accuracy (i.e., discrepancies less than 10 m). Alto-
gether, with consideration of the model resolution, and in light of uncertainties regarding
water depth and debris deposition, the observed vertical and horizontal discrepancies were
deemed acceptable to support coastal flood hazard assessment. Based on the computed
RMSE values for the events and locations investigated, the model predicts inundation to
within ±0.34 m vertically and ±7.16 m horizontally, which reflects similar spatial scales to
those associated with buildings and assets of relevance to risk assessment.

 

Figure 3. Model skill assessment for the 6 December 2010 flood event in (a,b) Shippagan and
Shippagan Gully, and the 21 December 2010 event in (c,d) Pointe-Brûlée and Bas-Caraquet. Surveyed
high-water marks are shown in yellow, and the area lying within the 5 cm flood depth contour is
shown in blue.
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Table 1. Comparison of modelled and measured flood elevations and extents.

Location Event
Spatial Average Vertical

Error (m) (Model-Survey)
Spatial Average

Horizontal Error (m)

PM1 6 December 2010 0.01 5.54
LG1 6 December 2010 0.38 11.33
LG2 6 December 2010 0.36 15.43
SG1 6 December 2010 0.67 6.00
SG2 6 December 2010 0.49 4.97
SH1 6 December 2010 0.40 6.94
PB1 21 December 2010 −0.06 2.20
PB2 21 December 2010 −0.06 2.85
PB3 21 December 2010 0.33 4.79
PB4 21 December 2010 0.29 5.45
PB5 21 December 2010 0.10 5.33
BC1 21 December 2010 −0.24 2.73
BC2 21 December 2010 −0.28 7.64

 

Figure 4. Assessment of (a) vertical and (b) horizontal model skill. The solid line in (a) represents
equality of measured and modelled elevations, and the dashed lines represent RMSE of model
ground elevations compared to measured point elevations from the high-water-mark survey. Points
in (a) indicate computed averages, and boxes indicate the range of modelled and measured elevations
at each location. Values in (b) are normalized by the model element edge length (i.e., 10 m). Colors
indicate matching locations.

4.2. Comparison with Photographic and Video Evidence

Qualitative assessment of model skill was conducted by comparing modelled results
with photographic and video evidence of flooding captured during and after the 6 Decem-
ber 2010 and 21 December 2010 events. The photographic and video evidence permitted
assessment of model skill in areas where survey data were not collected and provided a
basis for model validation. In general, modelled results agreed well with photographic
and video evidence. However, the model overestimated inundation extents at Le Goulet,
as apparent from horizontal error values computed for survey locations LG1 and LG2
(Table 1), which were the highest of all locations evaluated. Figures 5–7 show modelled
results in comparison to photographic and video evidence near Pointe-Brûlée, Baie-de-Petit-
Pokemouche, and Le Goulet, respectively; where available, surveyed high-water marks are
also shown in yellow.
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Figure 5. Modelled results for the 21 December 2010 event in Pointe-Brûlée compared to (a) video
evidence of flooding (video frame extracted from a YouTube video uploaded by a local resident [48]).
Approximate observer location and direction of view are shown by the red icon. Video frame
(a) coincides with observer location (a*). Survey data in the vicinity of the video evidence are shown
in yellow.

 

Figure 6. Modelled results for the 6 December 2010 event in Baie-de-Petit-Pokemouche compared to
(a–c) photographic evidence. Approximate observer location and direction of view are shown by the
red icons. Photographs (a), (b) and (c) coincide with observer locations (a*), (b*) and (c*), respectively.
Survey data in the vicinity of the photographic evidence are shown in yellow.
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Figure 7. Modelled results for the 6 December 2010 event in Le Goulet compared to (a–c) photo-
graphic evidence. Approximate observer location and direction of view are shown by the red icons.
Photographs (a), (b) and (c) coincide with observer locations (a*), (b*) and (c*), respectively. Survey
data in the vicinity of the photographic evidence are shown in yellow.

5. Discussion and Conclusions

5.1. Synthesis

A high-resolution, numerical hydrodynamic model was applied to simulate storm
surge-driven coastal flooding at communities on the Acadian Peninsula in eastern Canada.
Comparisons of model output to surveyed debris and high-water marks demonstrated that
the community-scale inundation model generally produces sub-mesh-resolution horizontal
accuracy, with vertical accuracy of approximately 0.34 m. Both horizontal and vertical dis-
crepancies may be explained, in part, by wave contributions to observed high-water marks,
which were not included in the community-scale modelling. The largest horizontal error
was observed in Le Goulet (LG1 and LG2), which is the site most exposed to waves propa-
gating from the longest north-easterly fetches in the Gulf of Saint Lawrence. Furthermore,
model ground elevations incorporate interpolation error. In addition, assumptions and
uncertainties pertaining to flood depths required to mobilize and deposit debris may have
also contributed to discrepancies. Ultimately, considering the model resolution and afore-
mentioned uncertainties, model skill was deemed acceptable to support community-scale
flood hazard assessment.

The presented work illustrates methods to assess model skill using surveyed high-
water marks, in conjunction with photographic and video evidence, in lieu of, or supple-
mentary to, proximate tide gauge records. Photographic and video evidence provided
valuable information to support qualitative assessment of model skill where survey data
were not available. The presented methods, which provide insight into model skill and
uncertainty in predicting key flood hazard metrics (i.e., the areal extent and depth, or
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maximum elevation, of flooding), are conducive to community-scale flood disaster risk
management where an understanding of such metrics is required to inform assessment
of damages and consequences. Although flood extent and elevations may be inferred
from point measurements of water level at tide gauges located on the coast (e.g., using
bathtub modelling techniques), such approaches leave many open questions regarding
skill in predicting overland flooding pathways, and floodwater interactions with coastal
floodplain features, which influence hazards.

Unlike area-based methods for assessing model skill at predicting inundation, which
require abundant and expansive data collection (e.g., [2,8,27]), modelled horizontal flood
extents were assessed using a distance-based method on discrete clusters of survey data.
Furthermore, area-based methods require the selection and application of interpolation
methods to fully delineate flood extent, introducing further error and uncertainty to model
skill assessment [27].

The presented methods lend gravity to the importance of non-conventional data
sources in data-scarce regions and provide motivation to advance research focused on
coastal debris detection and delineation through field or remote-sensing techniques.

5.2. Limitations and Future Research Needs

The community-scale hydrodynamic model was designed to simulate elevated water
levels caused by tides and storm surge, and resulting flood hazards. The model excluded
wave effects (i.e., wave runup, overtopping), morphodynamic effects (e.g., dune erosion
or breaching), and their contributions to flood hazards, which are sources of model un-
certainty in more exposed, open-coast communities. Integration or coupling of wave and
morphodynamic models with the hydrodynamic model could enable improved flood
hazard assessment and quantify or reduce these sources of uncertainty.

Debris transport and deposition are affected by the physical properties of the debris,
shoreline characteristics, and hydrodynamics [50–52]. In this study, sea wrack and shore-
line debris were used to support model skill assessment, assuming that they represent a
proxy for peak water level elevation and flood extent, following similar assumptions by
others [8,26–30]. Future research addressing the processes and mechanisms underlying the
transport and deposition of specific debris types in different coastal settings would help to
clarify linkages between water levels and deposits of debris, and their utility to support
coastal flood hazard assessment.

In this study, photographic and video evidence was used to corroborate the quantita-
tive model skill assessment (relying on debris surveys) in a purely qualitative way. How-
ever, recent advancements in video- and imagery-based methods and machine learning
techniques to measure bathymetry, depth, and flow velocity offer promise for quantita-
tive assessment [53–56]. Further advancements in these areas, targeted at assessment of
hydraulic parameters and interpretation of photographic evidence of historical flooding,
would contribute to improved model skill assessment, particularly in data-scarce regions.

The methods and findings presented in this paper offer guidance on assessing model
skill in data-scarce regions where coastal debris persist, albeit based on data for a limited
number of storm-driven flooding events on Canada’s Atlantic coast. Further case studies
and validation of the presented methods would enable generalization to a broader range of
site conditions.
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Abstract: Pluvial flooding in urban areas is one of the most significant drivers of disaster loss in
Canada. Damages during pluvial flood events are associated with overwhelmed urban drainage
(stormwater and wastewater) systems. During the period from 2013 to 2021, Canadian property and
casualty insurers reported approximately CAD 2 billion in personal property (residential) pluvial
sewer backup claims during flood catastrophes. There has been growing interest in managing
pluvial urban flood risk, notably through newly funded national programs focused on climate
change adaptation. These programs have included the development of new guidelines and standards
focused on managing the underlying factors contributing to urban and basement flooding. Inflow
and infiltration (I/I) has received limited attention in the pluvial flood literature, however. Informed
by significant engagement with practitioners in Canada, this paper provides a review of the issue
of I/I into wastewater systems and its relation to pluvial flooding. The paper will address concerns
related to private property engagement in I/I and urban pluvial flood reduction programs. Both
improved technical standards and administrative support are needed to ensure that wastewater
infrastructure is less susceptible to I/I over its lifecycle.

Keywords: extreme rain; pluvial flood; basement flood; wastewater; inflow and infiltration; Canada

1. Introduction

Pluvial flooding in urban areas associated with short-duration, high intensity (SDHI)
rainfall events is a chronic cause of property damage and disruption in urban areas around
the globe [1–8]. Pluvial flooding is a routine experience in many urban municipalities in
Canada and results in hundreds of millions of dollars in insurance and uninsured disaster
losses each year. During the period from 2013 to 2021, property and casualty insurers re-
ported approximately CAD 2 billion in personal property sewer backup claims during flood
catastrophes (i.e., catastrophe events where insured losses exceeded CAD 25 million) [9].
The flooding of residential properties, associated with SDHI events exceeding stormwater
and wastewater systems’ capacities, results in floodwater entering buildings via multi-
ple flood mechanisms. These mechanisms include overland flow, infiltration/seepage,
sewer surcharge/backup, and internal/building-specific plumbing and drainage system
failures [10]. Sewer backup typically contributes more than half of the total insured losses
during major urban pluvial flood events in Canada [9,11–13].

Aside from property damage, SDHI events may also drive sanitary and combined
sewer overflow events with negative implications for surface water, and SDHI rain events
result in significant damage and operation costs associated with municipal infrastruc-
ture [5,14]. Increasing urban development, aging public and private-side infrastructure,
and sewer construction quality issues, among other factors, are expected to intensify the
impacts of pluvial flood events in Canada [15–19]. While SDHI events drive major, damag-
ing flood events, basement flooding associated with overtaxed or poorly maintained sewer
infrastructure may occur during less intense rainfall events or even in dry conditions as a
result of blockages in pipe systems.
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Climate change impacts in many regions of Canada, which are anticipated to include
the increased frequency and intensity of SDHI rainfall events, are expected to intensify
pluvial flood risk [19,20]. Climate change impacts associated with urban pluvial flood
are increasingly recognized in national climate change assessment reports and climate
change adaptation-related guidance documents [15–21]. Maintaining and recapturing
capacity in wastewater systems is also increasingly important, as urban municipalities
across Canada emphasize the increased density of development, infill development, and
affordable housing [22,23].

Vulnerable residents, including those occupying basement apartments in flood-prone
urban areas [24], may suffer significant impacts during flood events. These residents,
typically renters, are unlikely to have insurance coverage for any type of flood or property
damage [25]. In the context of affordable housing, it is important to provide adequate
basement flood and sewer backup protection for basement apartments [24].

Considerable international literature exists on the topic of urban pluvial flooding—for
example, [1–8,26–36]. While it is recognized that extreme rainfall in urban areas causes
excess flow of water in wastewater systems via rainfall-derived inflow and infiltration
(RDII) [14,26,37], and that this excess flow results in the flooding of buildings via buried
sanitary sewer conveyance systems [10,19,36], the specific role of wastewater systems and
inflow and infiltration (I/I) in urban pluvial flood and options to mitigate I/I risk in the
context of pluvial flooding have received limited attention in the literature.

This paper contributes to the literature on urban pluvial flooding by providing detail
with respect to the role of wastewater (sanitary) systems in pluvial flood hazards, with a
focus on Canada. The paper will specifically review practical approaches to improving I/I
management in wastewater systems in Canadian communities. The discussion is informed
by significant consultation with wastewater system practitioners associated with the de-
velopment of new practical guidance documents [13,38–43], including the development
of National Standards of Canada (NSCs). NSCs provide a basis for infrastructure system
design, construction, maintenance, and operation and are developed by, and oriented
toward, the application by the infrastructure management community in Canada.

The discussion is organized as follows: Section 2 provides an overview of pluvial flood
in Canada, including a discussion of common approaches to urban drainage, examples of
recent pluvial flood events, and flood mechanisms in urban areas. Section 3 provides an
overview of the issue of I/I, its impacts, and examples of I/I occurrence in pluvial flood
events. Section 3 further reviews common sanitary sewer characteristics and discusses
challenges associated with managing I/I that are attributed to sewer type and local gover-
nance characteristics. Section 4 provides detail on the factors that affect the occurrence of
I/I in sewer infrastructure, with an emphasis on the administrative factors that lead to its
occurrence. Section 5 provides a review of new NSCs that have been developed to respond
to climate change impacts in Canada, including the potential increase in pluvial flood
risk, focusing specifically on how I/I in wastewater systems can be addressed. Section 6
provides a discussion of the opportunities and next steps for I/I management, including
the improved understanding of property owners’ behavior and the methods to engage
property owners in I/I reduction, recommendations for improved technical standards and
administrative approaches to managing I/I, and improved consideration of the overall
costs and benefits of I/I for the purpose of informing its management. Section 6 also
addresses the study limitations and future research. A summary of the conclusions of the
review is provided in Section 7.

2. Pluvial Urban Flood in Canada

Urban pluvial flood is defined as events where “[. . . ] rain-driven ponding or overland
flow [. . . ] results from the exceedance of natural or engineered drainage capacity [. . . ]”
in urban areas [8]. In Canada, urban pluvial flooding includes scenarios where SDHI
rain events exceed the “[. . . ] combined hydraulic capacity of [an] area’s storm sewers,
ditches, and catch basins and water flows from the streets onto properties” [44]. This type
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of flooding can occur anywhere, including in areas that are not vulnerable to flooding
associated with an overflowing water body [27,45].

Urban stormwater management systems may include minor drainage systems (storm
sewers, catch basins, inlets, inlet control devices, gutters, ditches, and swales) and major
drainage systems (streets, channels, ponds, natural streams, and valleys) which convey
stormwater away from urban areas during and after storm events [44]. In Canada, the
capacity of these systems may differ depending on the “era” of construction, corresponding
to the approximate intervals of 1880–1970, 1970–1990, and 1990 to the current day (Table 1).

Table 1. Eras of stormwater management in Canada 1.

Era Summary

~1880–1970
• Sewer networks provided to quickly convey stormwater from

upstream urban areas to downstream receiving waters
• Design capacity typically 1:2 to 1:10 year, occasionally 1:25 year

~1970–1990

• Stormwater detention facilities and overland systems incorporated
to convey stormwater when minor system capacities are exceeded

• Minor system to manage 1:2 to 1:10 peak flows; major system to
manage 1:50 to 1:100 flows

~1990 to present
• Stormwater quality considered along with quantity; application of

Best Management Practices to manage stormwater pollution in
receiving waters.

1 [46–48].

Until the 1970s, urban stormwater management emphasized underground (minor)
systems with design capacities ranging from 1:2 to 1:10 year return period flows, with
limited consideration of overland (major) systems. From the 1970s to the 1990s, major sys-
tems were incorporated into urban drainage design. These systems conveyed stormwater
when minor system capacity was exceeded and were typically designed to manage 1:50 to
1:100 year return period flows. Conventional approaches to urban stormwater management
included “[collecting] and [conveying] water as quickly as possible while maximizing dry
land area for urban development” [8]. By the 1990s, however, stormwater management
practices also increasingly incorporated considerations concerning water quality for smaller
storms [46–50]. Pluvial flood events may occur when rainfall intensity/runoff exceeds the
design capacities of these systems, even when they are functioning correctly [8].

Recent pluvial flood events in Canada demonstrate the intensity of extreme rainfall
events that exceed system capacity. Each of the events listed in Table 2 were classified as
an insurance loss “catastrophe” with significant residential pluvial flood damage. Further,
each of the total accumulations presented in Table 2 exceeded local 1:100 year return period
short-duration rain events.

Table 2. Select SDHI/pluvial flood catastrophes in Canada with significant sewer backup
loss components.

Event Rainfall Accumulation

Peterborough, ON, 15 July 2004 ~80 mm in 1 h, ~260 mm in 24 h [51]
Toronto/GTA, ON, 19 August 2005 132 mm in 2 h, 149 mm in 12 h [52]
Hamilton, Ottawa, ON, July 2012 116 mm to 140 mm in 3 h in the Hamilton area [9]
Toronto, ON, 8 July 2013 102 mm in 2 h, 126 mm in 6 h [52]
Greater Toronto Area, ON, August 2014 150 to 200 mm total accumulation in Burlington [9]

Windsor/Tecumseh, ON, 28 September 2016 220 mm over 24 h, 110 mm in 2 h in Tecumseh, 115–230 mm
in Windsor (24 h) [53,54]

Windsor/Tecumseh/Essex, ON, 28–29 August 2017 290 mm in LaSalle, +220 mm in Windsor, 190 mm in Essex [9]
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Buildings may be affected by a variety of mechanisms during pluvial flood events
in urban areas, such as those outlined in Table 2. These mechanisms, reviewed in detail
elsewhere [10,55], include:

• Seepage of ground and surface water (water seeps into the ground adjacent to the
foundation walls, causing water to enter buildings through cracks, loose joints, etc. in
basements and foundations, and/or groundwater enters homes through cracks the
in foundations);

• Sewer backup (surcharging of sewers, resulting in the backup of storm, sanitary,
combined, and partially separated systems into buildings, including backflow into
foundation drainage systems);

• Overland flow of stormwater (stormwater surface flow enters buildings through
aboveground openings).

Further to the above, a variety of property- and building-specific plumbing and
drainage factors may exacerbate flood occurrence at the property and building scales,
including poor lot grading and drainage, the poor installation and lack of maintenance
of building sewer connections, and limited knowledge and maintenance of key interior
and exterior sewer and drainage systems by property owners [55]. For example, sewer
laterals that have become blocked due to a lack of maintenance or poor installation may
drive isolated sewer backup events. With respect to public and private sewage conveyance
systems, excessive water entering wastewater systems may drive regional-scale sewer
backup events. Sewer backup events also result from site- and/or regional-scale factors
affecting sanitary sewer systems. Public-side sewers are generally in a state of less-than-
ideal repair, exacerbating flood risk during intense rainfall events [56].

3. Inflow/Infiltration (I/I)

An important mechanism driving the occurrence of sewer backup in wastewater
systems during pluvial flood events is excessive water entering sanitary sewer conveyance
systems, resulting in reduced system capacity and an increased vulnerability to the sur-
charge reversal of flow into buildings. This excess flow is referred to as “Inflow and
Infiltration” or I/I [57,58]. In general, I/I is defined as any rain or groundwater in the
sanitary sewer that should not be there. Infiltration includes “water other than sanitary
wastewater that enters a sewer system from the ground through defective pipes, pipe
joints, connections, or manholes.” Inflow includes “water other than sanitary wastewater
that enters a sewer system from sources such as roof leaders, cellar/foundation drains,
yard drains, area drains, drains from springs and swampy areas, manhole covers, cross
connections between storm sewers and sanitary sewers, and catch basins” [59].

I/I is a chronic issue in regions across North America and internationally [2–7,60], with
the negative impacts of I/I exacerbated by increasing urban populations, increasing urban
density/infill development, and aging infrastructure. It has been reported that roughly
half of all wastewater volume may be attributed to I/I [7,59,61,62].

While this review focuses on the role of I/I in sewer backup flooding as a component
of pluvial flood events in urban areas, it is important to note that I/I results in multiple
negative impacts. From a public policy perspective, the role of I/I in driving pluvial flood
damage via sewer backup should be considered in the context of its multitude of negative
impacts [4–7,15,55].

I/I results in a lack of capacity at pumping stations and trunk sewer systems, limiting
the potential for urban intensification and additional development in urban communi-
ties [42]. I/I also increases the lifecycle costs for wastewater systems and may reduce the
years of service for new sewer infrastructure. For example, I/I causes the erosion of bedding
and haunching, compromising pipe performance and resulting in early failure for sewer
systems [63]. Wastewater treatment plants (WWTPs) may experience negative impacts
associated with wet weather peaking, and overflow bypasses at pumping stations and
secondary bypasses at WWTPs present significant risks to surface water systems associated
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with sanitary sewer overflows [3,42]. With respect to the direct financial implications of I/I,
the US EPA reported [59]:
Wastewater collection and treatment cost can range from $2 to $5 per thousand gallons
[$0.50 to $1.30/m3]. An annual [I/I] volume of 150 million gallons [567, 800 m3] would cost
between $300,000 and $750,000 per year to transport and treat. For many older collection
systems, infiltration can be quite substantial and has been calculated as high as fifty percent
of the flow.

I/I is expected to be affected by climate change. In general, rainfall-derived I/I (RDII)
is expected to increase with higher rainfall intensity/accumulation [8,27,64–69], and SDHI
rainfall events are expected to increase in terms of frequency and severity under changing
climate conditions in many regions of Canada [15,16]. Further, reduced periods of frozen
ground in northern climates due to higher temperatures may result in increased infiltration
during the winter [70]. Coastal regions also face an increasing risk of I/I, as sea level rises
increase groundwater levels and saltwater intrusion, leading to compromises in system
integrity and contributing directly to extraneous flows in wastewater systems [3,71]. Chang-
ing climate conditions may also affect antecedent conditions (i.e., rainfall and moisture
conditions before/between SDHI events), with further implications for RDII [37].

3.1. I/I and Pluvial Flood Events

Engineering studies commissioned by local governments following pluvial flood
events provide insight into the role of I/I in the flooding of buildings. This section provides
examples of recent major pluvial flood events in urban municipalities. An emphasis is
placed here on the role of wastewater systems, how I/I contributed to these flood events,
and proposed solutions that focus on mitigating I/I.

The Binbrook community of Hamilton, Ontario experienced an SDHI rainfall event
on 22 July 2012. The total rainfall accumulation over a four-hour period was estimated
at 90–140 mm (depending on the rain station location), exceeding local 1:100 year events
for the region. Roughly 100 residents reported flooding to the City of Hamilton after the
event. Flow monitoring indicated that the sanitary sewer system responded rapidly to
the SDHI event, and the flows exceeded the capacity of the local pumping station. Flow
monitoring further indicated the reversal of flow within the sanitary sewer pipe. Surveys
of the affected residential subdivisions indicated the backing up of water via basement
floor drains and basement shower drains, indicative of sanitary sewer surcharging [72].

The City of Peterborough, Ontario experienced a severe SDHI event on 14–15 July 2004.
The total accumulations exceeded 225 mm in 24 h and 75 mm in 1 h, exceeding local
1:100 year return period events. The following factors were identified as contributors to
significant regional residential flooding during the storm in the City’s flood reduction
masterplan [51]:

• Extreme rainfall;
• Impervious surfaces in areas where intense rainfall was centered;
• Insufficient storm system capacity;
• Poorly design overland flow routes;
• Excess I/I in the sanitary sewer system.

With respect to the separated sanitary sewer systems, accidental interconnections
between storm and sanitary systems, inflow through maintenance hole covers, foundation
drain connections to sanitary sewers (permitted until 1991), roof downspout connections
to sanitary systems, and groundwater infiltration into the sanitary system (attributed to
damaged or misaligned sanitary sewer pipes) contributed to flood damage. Previous
monitoring at the City’s wastewater treatment plant indicated chronic I/I in the City’s
sanitary sewer system before the flood event. In dry weather, the plant received twice as
much water relative to the domestic water supplied by the City’s domestic water treatment
plant. In wet weather, the flows were six times higher than expected. The post-flood
assessment further indicated higher rates of I/I in high groundwater areas and lower rates
of I/I in high elevation areas [51].
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On 19 August 2005, in Toronto, Ontario, rainfall accumulation of 132 mm in two hours
and 149 mm of accumulation over 12 h [52] resulted in significant regional basement flood-
ing (4200 basement flood complaints were recorded by the City) [73]. Thirty-four basement
flood protection areas were created to assist in identifying the causes and solutions for
recurring basement flood occurrences [73]. While separated storm sewers were commonly
constructed in the areas affected by the flood (designed to accommodate 1:2–5 year return
period events), affected areas were constructed before major drainage systems were com-
mon practice [74]. Multiple factors drove basement flooding in the affected areas, including
both the capacity limitations in storm systems and I/I in sanitary systems.

System modelling in study area 30 indicated that sanitary systems were vulnerable to
surcharging under historical storm events and design storm events. Rainfall-derived I/I
(RDII) rates were estimated to be 1–3 times the accepted design value for the area (0.26 L/s/ha).
It was further observed that overloaded sanitary sewers, along with overloaded minor
and poorly defined major storm sewer systems, contributed to flooding [75]. Post-flood
flow monitoring (conducted in 2006) in study area 29 indicated sewer flow rates indicative
of leaky sanitary systems or sanitary systems with significant inflow from residential
foundation drain connections. The recommendations for flood remediation included
continued operations and maintenance programs to reduce I/I in the sanitary sewer
system. These programs included the sealing of maintenance hole covers, maintenance hole
rehabilitation, sanitary sewer relining, and cross connection elimination [76]. Managing I/I
to control flood risk was recommended throughout study area 28. The factors contributing
to flood occurrence in study area 28 included:

• I/I in the sanitary systems;
• High groundwater tables;
• Surface runoff accumulation in low-lying areas;
• The existence of reverse-slope driveways in residential buildings (directing surface

flows into buildings and into sanitary sewers via basement plumbing fixtures);
• Overflow depths above street right-of-way elevations;
• Undersized storm systems;
• Blocked or broken sanitary sewers, manholes, and catch basins.

Many of the study areas affected by the 2005 pluvial flood event in Toronto were af-
fected again by an SDHI rainfall event on 8 July 2013. The July 2013 event included 102 mm
of rainfall accumulation over two hours and 126 mm over six hours, again exceeding the
local 1:100 year return period events [52]. Following the event, 4759 flood complaints were
received by the City. Similar to the 2005 event, the factors that drove flooding during the
SDHI event included an overloaded sanitary sewer system attributed to excessive I/I, as
well as overloaded storm sewer systems and surface flooding [73].

In May 2009, the Sherwood Forest area of the city of London, Ontario experienced
an SDHI rain event, with maximum intensities exceeding 100 mm/hr. High rates of
I/I in the separated sanitary sewer system were observed (flow rates reaching 50 L/s—
twice the capacity of the sewer system) and contributed to regional basement flooding.
In this region of the city, it was common to connect foundation drainage to separated
sanitary sewers until the year 1985, and significant inflow into the sanitary sewer was
directly attributed to residential foundation drain connections. Specifically, the analysis by
Jiang et al. [77] indicated that 85% of RDII was attributed to foundation drain connections
in the sanitary sewer and that disconnection could result in a 78% reduction in RDII.
The municipality established a source-control approach, focusing on the subsidization
of foundation drain disconnection by private residential building owners. Observations
following the implementation of a pilot foundation drain disconnection program with
partial uptake indicated that flows in the sanitary sewer were halved during wet weather
events [77–80].

184



Water 2022, 14, 1716

3.2. Sewer Types and Implications for I/I

In Canada, municipalities are serviced by variety of sewer system types (Table 1). New
construction in Canada is serviced by separated sewer systems, while older areas may
also be served by legacy “combined” systems. In many regions of Canada, subdivisions
constructed during the mid-20th century are served by systems that are separate within the
municipal right-of-way but include building downspout and foundation drain connections
to sanitary laterals. These older systems may experience significant I/I problems, as
exemplified in the cases discussed in Section 3.1. Due to the differing eras of development
in any given urban region, communities may be served by a combination (or hybrid) of the
systems listed in Table 3.

Table 3. Common types of wastewater conveyance systems in Canada: Sanitary, combined, and
semi-combined/partially separated systems 1.

Type Description

Separated

Sewer systems comprised of fully separated storm systems (which convey stormwater to surface
water features and stormwater-management infrastructures such as stormwater ponds) and sanitary
sewer systems (sewers that collect domestic wastewater and direct it to a central location for
treatment and discharge to the environment).

Combined Legacy systems that convey both stormwater and sanitary sewage.

Semi-combined/
partially separated

Legacy systems: Separated systems are present on the municipal side of the property line, but
household/private-side foundation drainage systems, eavestrough downspouts, area drains, etc. are
connected to sanitary sewers on the private-side of the property line.

3rd pipe Separated storm conveyance systems designed for the dedicated management of building and
private property discharges, including foundation drainage and/or downspout drainage.

1 [10,13,16,55].

Where urban areas are serviced by separated storm and sanitary sewer systems,
stormwater and groundwater should be discharged to underground storm sewer con-
veyance systems and overland flow routes. Very limited amounts of “clean” storm or
groundwater should enter the separated sewer systems [5], and, indeed, there exist clear
allowable I/I values (e.g., leakage) at acceptance in all construction specifications on the
municipal side and in building construction codes in Canada [81]. It is expected, however,
that sanitary sewer systems will deteriorate with age, and I/I rates will increase over
time [7,13]. The factors influencing deterioration include physical defects, design flaws,
illicit connections, root penetration, poorly adjusted manholes, corrosion, soil conditions,
and the location of systems below groundwater levels.

Sanitary sewers are typically assumed to have a design life of 75 years, at which time
the system is presumably taken out of service and replaced. At the end of the 75 year
period, the sewer should still be capable of conveying peak domestic flow and the peak
long-term I/I allowance. For this reason, when designing sanitary sewers, an allowance for
peak, long-term I/I is included in the calculations for pipe sizing. This value is essentially a
safety factor. While local standards vary [81], a value of 0.28 L/s/ha (also expressed in other
units) is commonly used across Canada (note that sewer managers in the Province of British
Columbia, Canada use half this value) [13]. Sewers demonstrating leakage at or below
amounts permitted at construction are deemed “leak acceptable” [42]. Field experience
and extensive consultation with sewer managers in Canada, however, has indicated that
the occurrence of excessive I/I in “brand new” separated sewer systems is prevalent,
indicating issues with the design, construction, and acceptance that have implications for
the long-term operation and I/I rates in sewer systems. Specifically, flow monitoring data
collected between 2015 and 2017 by Norton Engineering Inc. revealed that 34 of 35 new
subdivisions in Ontario, Canada were experiencing I/I rates far exceeding the expected
values [38]. Extensive consultation with municipalities across Canada has indicated that
excessive I/I in new sewer construction is an issue experienced nationally [39,40,42].
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While new combined sewers are no longer constructed in Canada under normal
conditions [16], and semi-combined/partially separated systems are no longer permitted in
most new construction, sewer systems in service within municipalities in Canada frequently
include combinations of the types outlined in Table 3 [13,82]. Third pipe systems, which
may include buried gravity pipe systems dedicated to managing building foundation
drainage and/or roof drainage, are less common due to their additional expense, but they
serve as an effective means of managing these flows by gravity without discharging directly
to sanitary systems.

3.3. Distinguishing between Public- and Private-Side I/I

Further complicating the management of I/I in Canada are jurisdictional boundaries
with respect to the design, construction, operation, and maintenance of sewer infrastructure.
In most regions of Canada, an important distinction can be made between the “public” and
“private” sides of the property line (Table 4) [10,42].

Table 4. Jurisdictional challenges associated with managing Inflow/Infiltration in Canada 1.

Jurisdiction Management Implications

Private property (“private
side” of the property line)

• The factors driving flood risk and I/I in existing buildings are under the control of
households/property owners

• Addressing private-side flood and I/I risk requires complex, iterative private-side remediation
activities in buildings and on private properties

• The factors driving building and site-level flood risk and I/I for new construction are largely
under the jurisdiction of provincial, territorial, and/or municipal authorities responsible for
building and plumbing construction codes and building bylaws

• With some exceptions (including sewer use by-laws), municipalities/local authorities have
limited jurisdiction and control over private-side actions to reduce I/I

Public property (“public
side” of the property line)

• Local governments have significant control over the design standards, guides, and local
practices governing the design of sanitary sewer conveyance systems, as well as the operation,
maintenance, and repair of existing infrastructure

• Managing I/I risk in new construction requires engagement and coordination with sectors
typically not involved in the design, maintenance, or operation of wastewater systems,
including construction code authorities and building and plumbing code inspections staff

1 [10,13,42,83,84].

In addition to the issues outlined in Table 4, the two-tier local government systems in
Canada can be problematic when working to resolve I/I. Where two-tier local governments
exist, in general, the upper tier municipality is responsible to the regulator (i.e., provincial
government authority) for meeting the I/I and overflow targets, while the lower tier
municipality owns and operates the pipes where the I/I occurs, including on the private-
side. To some extent, this situation introduces a degree of conflict when the upper and
lower tier local governments work to mitigate I/I [13].

4. Factors Affecting the Occurrence of Public and Private-Side I/I

As part of recent efforts to develop practical guidance documents concerning the man-
agement of urban pluvial flood and I/I, extensive consultation with local government staff,
sewer pipe and appurtenance manufacturers, and building and infrastructure regulators
across Canada occurred in 2015–2021, documented in [13,38–43]. The consultation focused
on multiple issues driving urban pluvial flood risk, including I/I. A particular emphasis
of the consultation was the occurrence of I/I in new sewer construction [42]. Based on
this consultation, the factors identified that drive the occurrence of excessive I/I in new
construction include:
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• General lack of understanding by the industry of the various factors during construc-
tion that represent I/I risk;

• Failure to construct private- and public-side sewers according to construction codes,
standards, and guidelines in force at the local level;

• Failure to apply testing, quality assurance, and acceptance practices, as outlined in
codes, standards, guides, and specifications;

• Conflicts of interests related to which party performs the site inspection (e.g., developer
vs. municipal representatives);

• Limited inspection of the private side of the pipe system (these include prescribed
notices only);

• Lack of clarity and guidance in construction codes with respect to constructing leak-
acceptable sewer infrastructure;

• Jurisdictional issues and silos [42].

Surveys of municipal staff managing wastewater systems in communities with new
subdivisions reporting high rates of I/I indicated that many manufacturer-recommended
practices and construction code requirements concerning sewer system construction and
inspection were not being conducted [38]. Ongoing surveying of the municipal respondents
indicated no testing or very low rates of feeler gauge testing for installed pipe gaskets
(0% of ~100 municipalities). The respondents further indicated that, though mandatory,
sewer testing methods, including leak testing, mandrel, and CCTV inspections, were
conducted infrequently (Figure 1).

Figure 1. Performance of required sewer inspection/testing. Based on surveys conducted by Norton
Engineering Inc. between 2015 and 2019 [40].

On the public side, maintenance hole infiltration or exfiltration tests may be rarely
conducted (17% of 35 municipalities reported the performance of these tests), and CCTV
inspections of public-side lateral sewers and connections were rarely conducted (14% of
35 respondents reported this type of test) [40]. Additional factors affecting the occurrence
of I/I in new construction are outlined in Table 5.

Municipal staff across Canada have reported multiple factors driving the limited appli-
cation of recommended or required inspection practices. These include: actual or perceived
pressure from the development industry and/or pressure from the senior management
in local governments to approve new sewage works quickly; compartmentalization (ex-
istence of “silos”) between the staff/departments/organizations responsible for building
and sewer construction and inspections [42,84]; lack of experience in the construction and
inspections sectors with respect to appropriate practices for the construction, inspection,
and acceptance of public- and private-side sewer systems; and resource limitations, includ-
ing limited staffing for inspection and oversight [42]. While more experienced municipal
engineering staff may oversee the inspection and testing of public-side sewer infrastructure,
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sewer and drainage systems on the private side of the property line are only “spot-checked”
by local building code inspection staff, who may lack plumbing system expertise and who
may have limited consideration for the lifecycle issues associated with private-side sewer
system performance and the implications of I/I [42].

Table 5. Factors affecting I/I in new sewer construction, municipal-side 1.

Planning, design,
and construction

• Location of sewer systems, including buried pipe systems in areas prone to surface flooding
and/or high groundwater tables.

Construction • Quality control and construction issues leading to pipe defects and cross connections.

Inspections and acceptance

• Limited knowledge by inspections staff of the factors driving I/I and their implications for the
lifecycle costs of operating and maintaining sewer infrastructure and related systems.

• Lack of experience of municipal inspectors.
• Lack of appropriate inspections to verify the leak-acceptable status of buried pipe infrastructure,

including visual inspections to verify construction practices at different stages of construction
(e.g., embedding and haunching), the infiltration and/or exfiltration of pipes after backfill,
CCTV inspections, and mandrel testing.

• Failure to refer to the performance-based standards for sewers stated in sewer regulations
governing the design, construction, and inspection of sewer systems.

• Conflicts of interest between the proponent’s desire to complete construction quickly and the
owners’ (e.g., municipality) desire for long-term pipe performance.

1 [42].

A further jurisdictional issue relates to the responsibility for appropriate inspections of
the connection between the municipal-side sanitary sewer “stub” (public-side lateral that ex-
tends toward the private property) and the private-side sewer lateral. This public/private-
side connection has been identified as being at a high risk for I/I related defects due to the
differential settlement, as the municipal-side infrastructure is constructed and buried before
the private-side infrastructure is built [42]. Furthermore, although the same underlying
construction standards specify the installation of the public- and private-side sewer pipe
(e.g., PVC-pipe-manufacturer-recommended practices) [41,42], different regulatory require-
ments exist on the private and public sides of the property line (e.g., municipal guidelines
for public-side construction and provincial construction codes for private-side construc-
tion), resulting in inconsistent construction practices for what is essentially a continuous
pipe of consistent material [41].

With respect to new construction, flow monitoring allows municipalities to ensure
conformance to performance-based specifications, providing real data that can be used
in the process of verifying the acceptability of new infrastructure [13,42]. Providing noti-
fication to developers and contractors that flow monitoring will be in place and will be
considered as part of the approval of new sewer infrastructure provides a strong incentive
to ensure that recommended and required practices are in place and that I/I is managed to
the extent possible. Flow monitoring, however, has not been routinely conducted for new
sewer construction in Canada [42].

Private-Side Issues

The effective management of I/I should include considerations of managing sources
of I/I on the private side of the property line. For example, [85] indicated that, based on a
response of 26 reporting agencies, private-side contributions of I/I range from 7–80%, with
an average contribution of 24%. Additional estimates of private-side contributions of I/I
include 40% [86], 55% [87], and 35% [88]. Pawlowski et al. 2014 [88] further estimated that
98% of private-side I/I in a US case-study municipality were associated with foundation
drain and downspout connections to sanitary sewers.

Multiple factors drive flood risk and I/I on the private side of the property line. These
factors typically relate directly to the failure of property owners to maintain private sewers
(e.g., building drains and laterals), as well as protective plumbing equipment (including
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pumped foundation drainage discharge systems and sewer backwater protection devices),
lot grading, and the internal and external drainage features of buildings (see Table 6). As
discussed above, partially separated/semi-combined systems are particularly problematic,
and municipalities across Canada continue to report issues associated with the connection
of foundation drainage and downspouts to sanitary sewers as significant drivers of I/I and
the resulting urban pluvial flood/sewer surcharge risk [89].

Table 6. Factors affecting I/I in new construction, private-side 1.

Element Risk Factor

Planning and
design

• Location of buildings and sewer connections in areas prone to surface flooding and/or high
groundwater (inc. location of foundation drainage systems, floor slabs, footings, etc. below high
groundwater tables) and/or failure to protect buildings from flood risks

• Building and drainage design that increase I/I and flood risk (e.g., reverse slope driveways, external
area drains that may be cross connected to sanitary sewers, window wells, exterior basement stairwells,
appropriate discharge of downspouts)

• Site factors that increase the risk of I/I (e.g., plantings that increase the risk of root penetration, the
blockage of sewer connections and foundation systems, stormwater infiltration features that increase
the risk of infiltration flooding, infiltration into sewer connections)

• Failure to incorporate backflow protection in pipe trench design

Construction
• Lack of application of industry-accepted bedding, haunching, and backfilling practices, inadequate

pipe materials, improper pipe jointing practices
• Failure to seal water entry points in building foundations, basement floor slabs, utility penetrations

Inspection, testing,
acceptance

• Limited application of industry accepted pipe testing approaches for leak testing, including the air
pressure, infiltration, and exfiltration testing of private-side sewer connections in compliance with
consensus-based standards (e.g., NSCs)

• Limited application of flow monitoring, consideration of flow monitoring results in the acceptance
of new construction

Operation and
maintenance

• Lack of maintenance of plumbing system and drainage systems, leading to failures (inc. sump pump
system, foundation drain, sewer lateral connection pipe failures)

• Lack of inspection, maintenance, and repair of critical drainage features over the life of the building,
including inspection and repair and the replacement of sewer connections and sump pump systems

• Lack of reporting of pertinent information to local authorities responsible for sewer systems—
e.g., backups due to failed pipes, observations concerning flood occurrence and the mechanisms
of flood (surface, seepage, sewer backup, other)

• Interference with critical drainage features on the property (e.g., alteration of lot grading and drainage)
1 [10,42,55].

In existing/older sewer systems, building owners have significant control over the
lot and building drainage characteristics that may affect the flood risk for the building
and property, including foundation drain and downspout connections to sanitary sewers.
Reflecting the influence of private property owners on system-level urban pluvial flood
risk, municipalities across Canada have implemented multiple strategies to increase the
engagement of residents in managing urban pluvial flood risk and I/I on the private side
of the property line, including voluntary education and incentive programs. Successful
engagement in these actions, however, remains elusive, with few programs resulting in the
significant uptake of private-side action to control I/I [10].

New private-side construction is dictated by building construction code requirements
(including building and plumbing codes), which are issued, in the majority of circumstances
in Canada, by federal, provincial, and territorial governments. Local authorities may also
regulate new private-side drainage works via local drainage and sewer use bylaws. In
particular, sewer use bylaws regulate the common causes of significant inflow into sanitary
systems, including restricting the connection of foundation drainage and downspouts to
sanitary sewer connections [83]. Further, in many jurisdictions in Canada, provincial con-
struction codes take precedence over local building bylaws. These provincial construction
requirements may not clearly articulate requirements for the discharge of lot-side storm
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and groundwater and may, for example, permit the connection of foundation drains to
sanitary sewers depending on local code enforcement and interpretation [39,90].

While foundation drain and downspout connections to sanitary sewers are typically
restricted in Canada, it is widely reported that building owners make changes to their base-
ment plumbing to avoid the use of sump pumps or to reduce existing flooding (including
connecting or draining foundation drains to sanitary sewers) [90]. Further, municipalities
face significant difficulty in monitoring and enforcing private-side I/I sources, as prop-
erty owner permission may be required to access buildings and properties in order to
evaluate cross connections. Post-inspection recommendations for the remediation of cross
connections are typically disruptive and costly for households, further limiting households’
involvement in I/I reduction [83].

Additional private-side factors that drive I/I and sewer surcharge risk include sewer
connections that are in poor repair (e.g., poorly jointed, cracked, or with clean-out caps
removed). The limited adoption of practices that reduce risk on the private side of the
property line can drive I/I, as flood waters that enter buildings may then enter sanitary
sewers via basement floor drains [55]. Further, foundation drainage system failures, the
failure of sump pump systems due to power interruptions and/or the lack of maintenance,
and the backing up of municipal stormwater systems into private-side drainage systems
(e.g., where foundation drains discharge by gravity to municipal stormwater systems)
may also drive private-side I/I risk [10,55]. The use of “reverse slope” driveways also
represents a higher flood risk, as they direct surface water directly into buildings and then
into sanitary systems via floor drains [91–94].

With respect to new construction, pipe manufacturers and construction guidelines and
codes recommend specific installation and testing requirements to ensure the proper perfor-
mance of installed sewer pipe. Specifically, the National Plumbing Code of Canada (NPCC)
includes leak testing provisions (air and water testing, ball tests, and final tests for private-
side drainage systems) and also includes specific pipe bedding practices to reduce the risk of
penetration and the poor grading of pipes [95]. Construction codes also reference standards
that are applied in public-side sewer construction [39]. Pipe manufacturers commonly
reference consensus-based standards to outline the appropriate construction and inspection
practices for buried pipe systems, including CAN/CSA B182.11 and ASTM D2321. These
standards provide detailed information concerning the construction, installation, and test-
ing of buried pipes for sewer conveyance systems. On the private side, however, these
requirements are largely ignored [42].

5. Development of New Standards and Resources in Canada

As a result of significant losses derived from urban pluvial flood impacts, a number
of new NSCs have been developed to help guide risk reduction associated with pluvial
flooding and potential climate change impacts. Each of these standards includes specific
guidance with respect to wastewater systems to manage the sewer surcharge and I/I
components of urban pluvial flood risk. A high-level summary of the I/I considerations
and requirements offered in these standards is provided in Table 7.

Two of the above standards focus on managing I/I in the context of urban pluvial flood
risk on the public and private sides of the property line. Specifically, detailed measures
required to manage urban pluvial flooding and I/I on the private side of the property line
are outlined in CSA Z800-18: Basement Flood Protection and Risk Reduction Guideline.
The guideline was developed by a technical committee comprised of local and national
wastewater, stormwater, and buildings experts and includes details concerning the design
and maintenance of private-side residential plumbing and drainage features that serve
to mitigate urban pluvial flood and I/I risk. At the time of writing, a new NSC (BNQ
3682-320) concerning the management of inflow/infiltration in new sewer construction
is under development [42,97]. This upcoming standard focuses on the most important
drivers of I/I in new sewer construction, which have been identified by a wide cross section
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of municipal, provincial, and federal government professionals involved in sewer and
building design and construction.

Table 7. Consideration of wastewater systems and I/I in the National Standards of Canada targeted
at urban pluvial flood risk reduction and climate change adaptation 1.

Standard Wastewater I/I System Considerations

CSA Z800-18
• Comprehensive private-side I/I mitigation options for new and existing construction: Design,

construction, maintenance, operation, and risk management considerations for private properties.
• Focus is on private properties and low-rise residential/small buildings.

CSA W204-19

• New construction guidance to reduce the risk of urban flood events, with a focus on pluvial
flood/stormwater management and other flood causes (e.g., riverine).

• Compliance requires: fully separated sewer systems, that sanitary sewers convey extraneous I/I
without surcharging, and that surcharging should not occur during the design event specified by the
authority with jurisdiction. Under extreme (1 in 100 year) I/I conditions, hydraulic grade lines shall be
0.3 m below the underside building footings.

• Additional compliance requirements include: the hydraulic design of sanitary sewer systems
complying with storm sewer system requirements and that public-side maintenance holes not to be
located in sags or be sealed when located in sags where stormwater ponding may occur.

CSA S900.1-18

• Guidance for adapting wastewater treatment plants to the potential impacts of climate change,
including vulnerability and risk assessments for plants under changing climate conditions and the
development of adaptation options based on these assessments.

• Includes considerations for extreme precipitation events and implications for I/I and sensitivity
analyses that consider the potential impacts of extreme precipitation events on I/I and the resulting
plant design flows and peaking factors.

CSA W210-21

• Urban flood risk management standard for older, built-up (mature) communities for application by
local authorities with differing levels of resources/data available for assessments.

• Assessment of I/I factors depending on “[. . . ] technical maturity, staff capacity, and available resources
[. . . ],” ranging from “foundational” or basic assessments using the era of construction to “advanced”
assessments that include considerations such as sanitary sewer systems modelling and inspections of
private laterals and cross connections.

• Comprehensive consideration of the factors that drive I/I and multiple types of sewer backup risk that
affect buildings (e.g., storm, sanitary, combined, partially separated sewer backup risk) on the
municipal and private sides of the property line for flood risk assessment.

CSA W211-21
• Sanitary sewage collection, conveyance, and treatment systems “out of scope” for this standard.
• Includes some consideration of sanitary sewer systems in relation to flood (e.g., impacts on sanitary

sewers where storm sewers are not maintained).

BNQ 3682-320

• Under development at the time of writing, the standard is to provide comprehensive private- and
municipal-side mitigation options for new and existing construction, including factors related to the
design, construction, maintenance, and operation of public and private sanitary sewers.

• Considers the integration of flood types and that the protection of buildings from surface and
infiltration flood reduces the risk of I/I (e.g., restricting use of reverse slope driveways to mitigate I/I
during pluvial flood events).

• To include the consideration of the interaction between stormwater management features, such as
features designed for stormwater infiltration, and sanitary sewer systems.

1 [44,45,55,69,96,97].

6. Discussion

Protecting sewer systems from I/I aligns directly with protecting buildings from urban
pluvial flood impacts. As presented in Table 7, new NSCs concerning urban pluvial flooding
include topics and considerations related to the management of I/I and sewer surcharge
risk. Similarly, programs aimed at private-side flood protection simultaneously focus on
the reduction of private-side contributions of I/I [10]. However, discussion concerning the
management of I/I in the pluvial flood management literature is limited.

With respect to policy formulation, this discussion focuses on addressing key barriers
in I/I management in both existing/older and new construction, as identified in consulta-
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tion with practitioners across Canada [13,38–43,90] and in Technical Committee discussions
leading to the development of new NSCs. Notably, the actions taken by building owners
(on the private side) remain an ongoing impediment to the effective management of pluvial
flooding and I/I specifically. There is also an identified need to strengthen the capacity of
local governments to manage new construction in a manner that better addresses I/I. The
improved education and coordination of the municipal staff involved in the inspection and
approval of buildings and sewer infrastructure, backed by coordinated technical standards
and regulations that clearly specify consistent standards for sewer systems and drainage on
both the private and public sides of the property line, should be implemented. Improved
technical regulation should rest upon improved administrative support, including the
capacity for inspections and improved understanding on the part of building officials of
the importance of appropriate sewer inspections and testing before the acceptance of new
infrastructure. Improved technical and administrative requirements must also be backed
by a better assessment of the benefits and costs of I/I management.

6.1. Public Risk Perception and Risk Reduction Behavior

The private side of the property line is an important contributor to I/I in both new and
existing construction. Local authorities across Canada have developed and implemented
voluntary homeowner engagement programs to assist in the reduction of I/I and pluvial
flood risk, including programs that provide direct financial incentives for sewer backflow
protection and downspout and foundation drain disconnection.

The experience of wastewater system and urban pluvial flood managers in Canada to
date suggests that it is difficult and expensive to address the factors resulting in I/I and
urban pluvial flood risk post-construction. For example, the enforcement of I/I measures on
the private side of the property line is politically unpopular [83], and voluntary programs
targeted at property owners do not typically experience high uptake [10].

There exists considerable literature on household and public risk perceptions and risk
reduction behavior related to natural hazards [98–111], with a substantial amount of the
literature focusing on flooding specifically [112–123]. Further, studies have focused on the
household response to pluvial flood events, including mitigation actions [27,124]. However,
there exist few studies that comprehensively characterize the propensity of households and
private property owners to engage in I/I and basement flood risk reduction, as these issues
relate to pluvial flood [10]. While authors [27] have provided useful discussion concerning
residents’ propensity to engage in “medium” and “high” cost flood protection activities,
these activities were consistent with protecting buildings from the direct impact of flooding
(e.g., sewer backflow protection, relocating electrical systems to higher floor levels, flood
barriers) rather than addressing the private-side drivers of sanitary sewer I/I that may
contribute to flooding, including downspout and foundation drain connections.

It should not be expected that private property owners will choose to engage in risk
reduction behavior in existing homes, especially in the case of significant drainage im-
provements (disconnecting foundation drains, replacing leaking buried sewer pipes, etc.),
even where significant financial incentives are made available. Engaging private property
owners, including households, in sewer maintenance and repair will require innovative
practices that include inspections and maintenance requirements that are triggered during
key windows of opportunity, including when permits are issued for private-side work
concerning sanitary building sewers and drains and when private land parcels are redevel-
oped [83,125,126]. New sewer and drainage systems should be installed according to the
best practices and manufacturer recommendations. The design, construction, and inspec-
tion of new systems should be conducted in a manner that will limit or eliminate the need
to make significant changes to building drainage systems post-construction. Investments
in the inspection and enforcement of new sewer construction can help offset the long-term
issues with private-side systems that prove exceedingly difficult to address.
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6.2. Improve Technical Standards & Regulation

In general, concerted effort to manage urban pluvial flood risk, including elements of
risk related to wastewater systems, will require the regulation of I/I management practices
on both the municipal and private sides of the property line. Through regulation, risk
reduction methods concerning planning, design, construction, inspection, testing, and
acceptance must become standard practice. Specific items that may require regulation on
both the public and private sides of the property line are outlined in Table 8. Regulatory
approaches to improving private-side construction are provided in Table 9.

With respect to the interface between private and municipal systems, there exist incon-
sistencies between private- and public-side technical requirements for sewer installation.
In many instances, installation and inspection requirements for municipal-side sewers are
more comprehensive, while key documents governing the private-side installation of sew-
ers and drainage systems lack technical clarity with respect to restricting cross connections
and ensuring proper installation procedures (e.g., gasketed connections for buried pipe,
proper bedding, and backfilling procedures adhering to the manufacturer’s requirements).
Notably, with respect to sewer laterals extending onto private property, different local
regulatory requirements may be in place for a continuous length of pipe. The requirements
for the public- and private-side systems should be better aligned.

Table 8. Best practices concerning the design, construction, inspection, and acceptance of new sewer
systems to reduce I/I risk, municipal-side 1.

Element Approach

Planning and Pre-Design

• Direct new sewer construction away from surface flood hazard areas, groundwater, or
areas with site conditions that exacerbate I/I risk, including stormwater
infiltration features.

• Where construction in flood-prone areas is unavoidable, incorporate I/I and flood risk
reduction mitigation options (e.g., apply more restrictive, leak-proof standards for sewer
pipe design to reduce the risk of infiltration over its lifespan).

Design

• Ensure that systems can achieve minimum design flushing velocity.
• Design sewage pumping stations to operate under all flow conditions.
• Locate maintenance holes away from surface ponding areas, use riser rings in manholes.
• Design according to site conditions: e.g., leak-proof joints are required in areas

exposed to groundwater.
• Appropriate differentiation of storm and sanitary sewer pipe materials to reduce the risk

of cross connections (e.g., with respect to the size, color, and placement of pipes).
• Accommodate flow monitoring in system design (e.g., place manholes at the

downstream end of new sewer systems serving subdivisions).

Construction

• Install flow monitors at the downstream end of new subdivisions when trunk systems
are established so that conformance with existing performance-based standards
can be confirmed.

• Increase education concerning I/I for municipal and consultant inspectors and enforce
the generally required full-time inspection of pipe construction by the
designated inspector.

Inspection and acceptance

• Inspect all new sewers using CCTV, compare written reports to CCTV recording,
sign off on comparison.

• Provide written reports and report interpretation for sewer and maintenance hole leak
testing and pipe deflection tests.

• Apply third party leak testing for manholes and sewers.
• Visually inspect manholes prior to acceptance.
• Provide acceptance packages that include all the items required by the standards,

specifications, and regulations.
• Apply flow monitoring results to inform the acceptance of new sewers

for all subdivisions.
1 [39].
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Table 9. Best practices concerning the design, construction, inspection, and acceptance of new sewer
systems to reduce I/I risk, private-side 1.

Element Approach

Planning and Pre-Design

• New buildings should not be located in areas exposed to surface flood risks, groundwater, or
areas with site conditions that exacerbate I/I risk, including stormwater infiltration features.
Where construction in these areas is unavoidable, apply flood and I/I mitigation options
(e.g., construct buildings without basements).

• Private-side connections into public-side municipal stubs should be located above seasonally
high groundwater tables.

• Building foundation drains, floor slabs, and foundation footings should be located above
seasonally high groundwater tables.

Design

• Apply surface, groundwater, and infiltration flood hazard protection to reduce the risk of
building flooding that can contribute to I/I, including site grading and drainage and all aspects
of lot grading (reverse slope driveways are prohibited, basement windows, exterior stairwells
are used only where necessary).

• Do not permit the cross-connections of private-side drainage features to sanitary sewers
(including downspouts, area drains, foundation drainage systems).

• Use appropriate sewer pipe materials for buried applications, gasketed pipe joints, and
appropriate pipe strength.

• Sanitary sewer slope, protection of backfill through pipe trenches.

Construction

• Ensure appropriate application of construction practices for pipes (including bedding,
haunching, and backfilling according to accepted construction standards), address
common/recurring issues identified in new construction (including ensuring building air
barrier systems remain intact and addressing infiltration and surface flood hazards).

Inspection and acceptance

• Visual inspections to ensure site grading and drainage complies with design requirements.
• Thorough inspections of the sewer connection (pre-backfill visual inspection of jointing,

bedding, and haunching) and post-backfill (CCTV, pressure, infiltration and/or exfiltration
testing, deflection testing).

• Acceptance depending on the inspection results and flow monitoring data.
1 [127].

NSCs concerning pluvial flood management and I/I, specifically CSA Z800-18 and
the upcoming BNQ 3682-320 NSC (Table 7), emphasize restricting construction in areas
known to be at risk of flooding, including regions prone to high groundwater and over-
land/surface flooding. In several regions of Canada, land use planning is in place to restrict
development in known flood-prone areas [128]. Specifically, land use planning regulations
in Ontario, Canada’s most populous province, state that “development shall generally be
directed [. . . ] to areas outside of [. . . ] hazardous lands adjacent to river, stream and small
inland lake systems which are impacted by flooding hazards [. . . ]” [129] (p. 32). However,
land-use planning restrictions across Canada are inconsistent, with several jurisdictions
permitting development in flood prone areas. Further, non-river flooding, including surface
stormwater flooding attributed to sags/topographical lows outside of riverine flood hazard
areas, is typically not represented on official maps that are used to guide land use planning
in Canada [130]. Thus, despite the recommendations in new NSCs that development be
directed away from flood-prone areas, it is likely that many new sewer systems will be
constructed in areas that are at risk of surface flooding. These eventualities are recognized
in new NSCs, and the standards include accommodations with respect to building and
sewer design to reduce the risk of damage should development be located in these areas
(including constructing buildings without basements and applying additional sewer design
methods to ensure that systems remain leak-acceptable).

6.3. Improve Administrative Capacity for Local Authorities

With respect to new construction, guidance for authorities with jurisdiction over the
construction of sewer systems should extend beyond technical requirements, special pro-
visions and drawings in construction documents, and sewer use bylaws, and it should

194



Water 2022, 14, 1716

consider administrative and enforcement provisions to ensure that existing technical re-
quirements are adhered to. Administrative guidance should therefore be incorporated into
technical standards concerning the design, construction, inspection, and operation of sewer
infrastructure. Other municipal guidance documents not directly related to sewer design
and construction should be written with a view to reducing I/I risk, including agreements
with property developers and local government official plans. Best practices in the local
regulation of sewer systems include ensuring that required inspection practices take place.
Additional administrative approaches to managing I/I include education and awareness
for those responsible for the installation, inspection, and management of sewer systems,
including both professionals and private property owners (Table 10).

Table 10. Non-structural/administrative strategies, municipal- and private-side.

Approach

• Education and information for private-side building and plumbing codes inspection staff
concerning I/I, its causes, and how proper construction and inspection techniques serve to
limit I/I risk over the lifespan of sewer infrastructure.

• Education for public-side engineering staff working in I/I to help improve the
understanding of private-side construction codes (i.e., building and plumbing codes) and the
sections therein related to I/I risk.

• Application of local information concerning sewer system services as part of the
maintenance, alteration, etc. of private-side drainage features.

• Provide information to local authorities concerning flood occurrence and its causes.

6.4. Improve the Asessment of the Costs of I/I and the Benefits of Interventions to Reduce I/I

Allocating the budget and resources to correct I/I remains challenging for sewer
managers, as buried wastewater conveyance systems are out of sight, and I/I is typically
invisible to the public and to decisionmakers. It is therefore necessary to ensure that
available financial resources and existing data are used wisely to develop I/I management
programs. As discussed above, the real, direct costs of I/I include sewer overflows at
plants and pumping stations and the loss of sewer capacity that could be used to allow
for additional development. Additional costs associated with I/I may include the need
to upsize existing pipes/infrastructure to accommodate I/I flows, loss of the lifespan of
the sewer, flooding of buildings and homes, treatment costs, the need to expand sewage
treatment to help manage extraneous I/I flows, and legal risk to the municipality associated
with flood and environmental damage, among additional negative impacts.

Traditional engineering studies (including Environmental Assessments or EAs) that
determine whether to expand wastewater treatment plants, however, focus only on chem-
ical and power costs when assessing the benefits of reducing I/I [13]. This approach is
inadequate and does not account for the real costs of I/I, such as indirect societal, environ-
mental, and economic costs. This approach has been applied because many of the known
costs of I/I are difficult to calculate, as they are complex and depend on multiple factors,
and limited resources are availed to practitioners (finances, time, and expertise) for detailed
benefit–cost assessments. Nevertheless, a more comprehensive and systematic approach to
estimating the costs of I/I is required, especially in light of increasing urban development
and the risks posed by changing climate conditions.

A practical method to better assess the overall costs is to rely on the “user fees” charged
by local authorities as a proxy for the overall costs of I/I. User fees are used to cover the costs
associated with buried municipal systems, upsizing pipes due to lost capacity, replacing
pipes that have not reached their design capacity, municipal liability for flood damage, and
treatment plant expansion costs. These municipal costs are reflected in the rates charged
to property owners, and these values may be more readily available to municipalities to
assess the overall costs of managing I/I [13].
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6.5. Limitations, Future Research

The limitations of this review include the lack of quantitative information on the
relative contribution of different factors to I/I and how these factors directly or indirectly
contribute to flood damage in buildings. Authors have identified private-side factors
that drive damage [131] and have studied household perceptions and behavior related
to pluvial flooding [27], but there has been a limited focus on physical flood mechanisms
(i.e., the relative contribution to damage of different flood mechanisms). The relative
contribution of private-side contributors to I/I has been studied [6,77,88], but a compre-
hensive understanding of public- and private-side factors that drive I/I during intense
rainfall events is elusive. For example, quantitative information on the I/I benefits of prop-
erly installed/leak-acceptable sewer laterals is not typically sufficient to provide detailed
benefit–cost assessment studies.

This review focused on providing an overview and discussion on the role of wastew-
ater systems and I/I in the management of pluvial flood risk in Canada and on new
approaches with respect to policy and regulation to reduce I/I, both as it relates to pluvial
flooding in urban areas and to the multitude of additional negative impacts of I/I. This dis-
cussion did not focus on the mitigation of pluvial flood risk directly, including early public
warning systems and blue-green or nature-based infrastructure, but rather on managing of
the risk of I/I associated with pluvial flood events. Further, focusing on the wastewater
component of pluvial flooding specifically, this review did not compressively address the
issues associated with urban flooding, including flash flooding in urban basins [132,133].
The emphasis on wastewater and I/I reflects the input from practitioners across Canada
that have struggled to manage this problem both in existing/older construction and in new
construction and the dearth of discussion on wastewater systems and I/I in the pluvial
flooding literature.

The authors here focused on the outcomes of consultations and opportunities for the
better integration of new guidance documents and NSCs concerning sewer system and
pluvial flood management in Canada. The consultation conducted since 2015 involved
practitioners from local, provincial, and federal agencies concerning the management of
sewer systems, and thus, the recommendations and discussion provided here focused on
the needs and interests of sewer practitioners.

There is a growing literature and increased emphasis on the topic of climate change
adaptation in urban areas, including a particular emphasis on urban stormwater man-
agement and pluvial flooding [19,134–137]. The administrative and behavioral aspects of
infrastructure design, construction, inspection, and acceptance, however, remain a gap in
the literature. As discussed above, recurring barriers to effective pluvial flood protection,
including wastewater and I/I components, include property owners’ behavior, the activ-
ities and behavior of those responsible for the installation and inspection of new sewer
infrastructure, and limited administrative and regulatory capacity to ensure that new sewer
infrastructure is installed according to industry requirements and best practices. “Siloiza-
tion,” or the compartmentalization of responsibilities for urban water services, identified in
previous studies, results in “[. . . ] misaligned strategic goals” [136] (p. 13). This review fur-
ther identified the compartmentalization of responsibilities for municipal- and private-side
sewer infrastructure, contributing to the inconsistent application of technical standards
and best practices, as well as to the inconsistent inspection and acceptance requirements
for sewer infrastructure. Future research should explore practical methods for ensuring
appropriate infrastructure governance that supports the consistent application of technical
standards and best practices.

7. Conclusions

Urban pluvial flooding, resulting in flooded residential buildings, is one of the most
significant drivers of disaster loss in Canada. As a result of historical impacts and an ex-
pected increase in the intensity of urban pluvial flood events, practical guidance documents
and resources have been developed for infrastructure and property managers in Canada
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to help mitigate risk. Increasingly, the role of wastewater systems and their contribution
to both flood damage and additional negative flood impacts (social, environmental, and
financial impacts to communities) are recognized and are being incorporated into the
standards oriented toward urban pluvial flood management.

The conclusions of this review include:

1. Though there is extensive literature on pluvial flooding and I/I, the literature on
managing I/I as part of pluvial flood risk management is limited. The experience in
Canada indicates that I/I is a significant contributor to pluvial flood risk, and greater
emphasis should be placed on managing I/I as part of pluvial flood risk management.
I/I’s role in urban pluvial flooding should be factored into the multitude of additional
negative impacts of excessive, chronic I/I to better motivate the management of I/I.

2. I/I is an ongoing issue in existing/older construction. In Canada, regions served by
“partially separated” or “semi-combined” systems are particularly vulnerable to high
inflow rates.

3. Extensive consultation across Canada has revealed that I/I is an issue in new sewer
construction. The lack of administrative capacity to inspect and enforce sewer de-
sign requirements and the limited application of best practices in sewer design and
construction—notably on the private-side—are key factors that affect the occurrence
of I/I in new construction.

4. The engagement of property owners in I/I management and pluvial flood risk reduc-
tion, including the application of resource-intensive risk reduction options, remains
an ongoing issue that has not been addressed through the engagement methods iden-
tified in the perception and behavior literature. New construction must be made as
resilient as possible to avoid scenarios where the local authorities must revert to the
education/voluntary compliance of property owners to mitigate I/I and pluvial flood
risk.

5. New NSCs have been developed that focus both on the management of flood risk
in urban areas (including pluvial flood) and on the management of I/I. The imple-
mentation of the practices outlined in these NSCs will require both adjustments to
the technical aspects of the design, construction, inspection, and acceptance guide-
lines (e.g., as outlined in new NSCs) as well as administrative support to comply
with and enforce improved standards. Improved understanding of the benefits and
costs of reducing I/I, accounting for its myriad negative impacts, should support the
implementation of the technical and administrative best practices.

The consultation of the relevant stakeholders across Canada has revealed the im-
portance of I/I as a significant contributing factor to urban pluvial flood risk and that
I/I can occur in both new and existing sewer construction. Increased emphasis on the
administrative aspects of managing I/I—including the collaboration between the practi-
tioners involved in monitoring and regulating sewer construction on the public and private
sides of the property line, aligning the regulatory requirements for sewer construction, the
improved accounting of the costs and benefits of managing I/I, and applying innovative
means of engaging private property owners in I/I management—will contribute to the
management of urban pluvial flood risk in Canada.
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