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ABSTRACT

Aims: The impacts of catastrophic flooding have steadily increased over the last few decades. This
work investigated the effectiveness of flood modeling, with low dimensionality models along with a
wealth of soft (qualitative) and hard (quantitative) data. In the presence of very low resolution or
qualitative data this approach has the potential of assessing a plethora of different scenarios with
little computational cost, without compromise in prediction accuracy.

Study Design: A flood risk modeling approach was implemented for the urbanized and flood prone
region of Whitesands, at the Scottish town of Dumfries. This involved collection of a wide range of
data: a) topographical maps and data from field visits were used to complement existing cross-
sectional data, for building the river's geometry, b) appropriate hydrological data were employed to
run the simulations, while historical information about the extent, depth and impacts of flooding
were utilized for calibrating the hydraulic model, and c) a wealth of photographic data obtained
during the most recent December 2013 flood, were used for the model’s validation.

Place and Duration of Study: Desk study: School of Engineering, University of Glasgow;
September 2013 to May 2014. Field study: Dumfries; November 2013 to January 2014.
Methodology: The HEC-RAS 1D model has been used to represent the hydraulics of the system.
Flood maps were produced considering the local topography and predicted inundation depths.
Flood cost and risk takes further into account the type and value of inundated property as well as
the extent and depth of flooding.
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Results: The model predictions (inundation depths and flood extents presented in the flood maps)
were in fairly good agreement with the observed results along the studied section of the river.
Conclusion: This study presented a flood modeling approach that utilized an appropriate range of
accessible data in the absence of detailed information. As the level of performance was comparable
to other inundation models the results can be used for identification of flood mitigation measures
and to inform best management strategies for waterways and floodplains.

Keywords: Flood risk modeling; flood protections; Scotland; HEC-RAS; uncertainty.

1. INTRODUCTION

Flooding and the catastrophes associated with
ithave always presented a major challenge our
humanity has to face. Despite a number of
measures and policies continuously revised and
implemented to tackle it, there still exists a rather
worrying trend of increased impacts from
flooding. This situation exists primarily due to two
main reasons: a) the intensification of storms
expressed as an increase of both their
magnitude and frequency due to climate change,
and b) increased rates of urbanisation,
particularly near coasts and estuaries, which are
typically more flood prone. The above factors act
synergistically if the increased runoff volume
(due to limited storage) and the rapid response
because of more impermeable ground surfaces
are taken into consideration. Given the above
situation, it is expected that the world’'s
population will become more and more
vulnerable to floods.

1.1 Flooding: A Global Phenomenon

According to the 2012 Annual Disaster Statistics
Review [1], since the early 1990’s water related
disasters have risen significantly, with flooding
accounting for more than any other disaster type.
In particular, over the period from 1985 and
2009, floods accounted for more than 40% of all
other natural catastrophes worldwide while they
have been responsible for 13% of the deaths and
about50% of the people affected by all natural
disasters [2]. For 2012 alone, even though the
number of major hydrological disasters has
actually decreased from 177 over the previous
year to 150, floods accounted for 53% of the
victims world-wide, with China being the most
affected country, totalling 36% of them [1].

Further regarding the spatial distribution of flood
impacts on a global basis, Asia has been the
most affected continent in terms of the
destruction caused, followed by Africa, the
America’s, Europe and Oceania, according to the

same review [1]. For the United States, floods
cost $6 bilion [€4.75 billion] in property
damages, claiming over 100 people’s lives
annually on average [2,3]. For the UK, the
potential risks have been dire as an estimated 5
million citizens and 2.4 million buildings were
vulnerable to flooding [4]. A recent report [5]
predicts that unless effective action is taken up to
2 billion people were expected to be vulnerable
due to climate change by 2050. In a call to
action, Jongman et al. [6], estimated an annual
cost of €7bn for EU by 2050, which rendered
improving flood defences about 7 times less
costly compared to undertaking flood recovery
measures.

1.2 Flooding in Scotland

The aforementioned situation has not been much
different for Scotland, which as the rest of the UK
has experienced significant flood problems [7]. In
a 2008 report of the Scottish Government,
around 100,000 properties in Scotland were
classified as either at risk of fluvial or coastal
flooding [8]. Since 1989, the maximum-recorded
river flows have been measured on half of
Scotland’s largest river systems [9]. Scotland has
a very high rainfall gradient, which ranges from
over 3000mm in the west to less than 700mm in
the East. Fluvial flooding caused by heavy
rainfall has predominantly occurred in rivers in
the west of Scotland, where Dumfries, the region
where this study focuses, is located. This trend is
related to an increase in westerly circulation
through the 1980’s and 1990’s, which resulted in
strong frontal systems coming in off the Atlantic.
In terms of future trends for Scotland, an
increase of 5%-15% and 18%-20% for the
annual run-off and peak flows is expected
respectively, by 2050 [10]. Further, if the same
trends were to continue for Scotland an increase
of 20% for the medium to high-level floods would
be expected by the 2080’s [10]. In addition to
storm intensification, Scotland’s population is
expected to continue to grow (from £5.05 million
[€6.48 million] in 2002 to £5.31 million [€6.81
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million] in 2012 according to the National
Records of Scotland, 2013), meaning that if
urbanisation is not sustainably managed and
measures against flooding are not considered,
flooding may become an even more significant
cause for concern.

1.2.1 The town and flooding history of
Dumfries

Having obtained an understanding on recent
flood trends world-wide and appreciated the
importance of managing flooding appropriately
this study focused on Dumfries as the study area
for demonstrating the flood modelling framework.
Dumfries is the biggest town in the South West of
Scotland and is the administrative centre for
Dumfries and Galloway. The river Nith runs
through the centre of Dumfries, and it includes
numerous bridges and other hydraulic structures
such as weirs. These may be of high functional
importance, such as the Buccleuch street bridge
(built in 1794) and the St Michael's bridge
(constructed in 1925), while other bridges are
mainly of historical importance such as the
Devorgilla bridge (built in 1432). Dumfries has a
rich cultural and historical heritage, thus being
attractive to many international visitors. Ensuring
the alleviation of major flooding is therefore
important not only for the resiliency of the town,
but also for its economy and preservation of
cultural heritage.

Unfortunately, flooding has also been part of
Dumfries  history  throughout the town’s
development, a trend that continues into the
recent years. Major floods have occurred in
1936, 1962, 1977, 1982 and 2009 and most
recently in December 2013.Since the 18"
Century, the extent of flooding (as documented
stream level gauges) in the area has significantly
increased [11]. Of particular interest are the most
recent inundation events, as follows. The flood of
2009 lasted from the 19" to 25" November (6
days), after an Atlantic weather front became
stationary over the South West of Scotland
resulting in prolonged rainfall. The relevant
rainfall gauges at Friars Carse (situated just
north of Dumfries) and Fiddler's Ford (main
tributary to the river Nith) recorded an estimated
flood return period of 1 in 10 years and 1 in 26
years respectively. The flood of December 2013
was caused by a heavy and sustained storm
event over the South West area of Scotland. This
flood was significantly greater than that of 2009
with flood return periods at Friar's Carse and

Fiddler's Ford measured to be comparable to the
1in 20 years and 1 in 25 years events. A total of
110 floods have been recorded since 1997 in
Dumfries, with over half of them being fluvial in
nature.

In addition to the increase of frequency and
magnitude of storms, a contributing factor to
increasing the flood extent and the level of
damage caused, might be the reduction of the
river's width (e.g. the Devorgilla bridge previously
spanned the channel width with 13 of its arches,
as opposed to only 7 currently, [11]) and
floodplain urbanisation. Furthermore, attempts
made by farmers located upstream of the town to
protect their crops by diverting the river's flow,
may exacerbate the situation [11]. With flood
concerns increasing, efforts to decrease the
vulnerability of urbanised regions to such events
have to continue to prevent such destruction and
devastating events from becoming more
frequent.

2. METHODOLOGY

2.1 Flood Risk
Uncertainty

Modeling Under

Given the gravity of this challenge, flood risk has
been extensively studied over the last few
decades, many times without success given the
array of complexities involved [12]. Here a novel,
low cost and easy to implement flood risk
modelling framework is presented focusing on
the impacted communities (“from the people, for
the people”) and utilising sound fundamental
principles for informing decision making under
uncertainty. The framework is summarised in the
following phases: a) data gathering, b) hydraulic
modelling, c) options assessment, d) informed
and collaborative decision-making.

2.1.1 Data gathering

In order to understand how the flooding of the
river occurs, it is imperative to gain a greater
understanding of the river system behaviour.
Relevant data that can be used as input to the
hydraulic model include the regional climate and
the catchment’s hydrologic features from which
flow discharges for a range of return periods up
to 200 years can be utilised. Soft or hard data
that can be used directly or can inform the
generation of the cross-sections for the hydraulic
model geometry, hydraulic roughness, and pairs
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of stage-discharge levels that can be used as
boundary conditions to the hydraulic simulations
are of utility.

To this goal information from local agencies
(such as SEPA, the Met Office, NERC’s British
Atmospheric Data Centre) and engineering firms
that might have surveyed the area, aerial
photographs (over different temporal periods),
topographic maps and site visits can be used to
gain a better understanding of the main channel-
floodplain interaction. Here the role of people in
soft data gathering cannot be overstated. A
wealth of such data, from qualitative statements
to photographic documentation containing
metadata (e.g. date and geo-location) so that
they can be associated to a certain hydrologic
event, can be found online or can be gathered by
means of crowdsourcing given advances in
current technologies significantly simplifying the
social sharing of potentially important information
across a wide spatial range.

Collecting data towards building a local
inundation database finds utility in improving the
flood hazard information and helping construct
flood maps [13,14]. Similarly earlier studies such
as by Pretorius et al. [15] and Sothea et al. [16]
have utilized human resources to observe and
collect data for flooded areas for a large
watershed in South Africa and for storm-water
runoff and localized urban flooding in Phnom
Penh, respectively. Here soft data made
available online from community members as
well as individuals who took part in this study are
utilized.Combining quantitative (hard) data with
qualitative  (soft) or empirical information
collected in this way can help further develop and
calibrate the hydraulic model.

2.1.2 Hydraulic modeling

Predictions regarding future flooding even though
well supported by advanced computational
models yet involve significant uncertainties given
input assumptions and complexities of weather
forecasting especially in the context of climate
change [14,17]. Considering these uncertainties,
as well as uncertainties in flood routing and the
representativeness of the hydraulic model
geometry utilizing high performance computing
and advanced algorithms might not yield more
accurate predictions, compared to using simple
and low cost computational models. In this case
of data limited predictions simple and low
dimensional models might work with the same

acceptable order of accuracy and most
importantly with a lower cost. One-
dimensionalhydraulic models can simulate the
hydraulics (stage-discharge) of a stream if a
sequence of cross-sections representative of its
geometry along with other features (such as
hydraulic roughness for the main channel and
floodplains), are offered as input [18]. It is well
known that these models have certain limitations
compared to higher dimensionality models [19],
which can restrict their utility. This may be
particularly true in the case of channels that are
very wide, steep or exhibit significant longitudinal
variations in their cross-sectional geometry.

However, a great advantage of the one-
dimensional numerical tools is the significantly
lower simulation time required. Such models are
rapid to use and require relatively minimal
computational time (compared to their 2 or 3D
counterparts), allowing for a wide range of
different scenarios to be run promptly, towards
efficient decision support. Thus solutions can be
reached for wvarious hydrologic events
(considering also alternative climate change
scenarios) and different types or causes of
flooding, while allowing to easily modify the
channel’'s geometry (dredging), add hydraulic
structures, embankments, levees, flood walls,
upstream storage schemes or any combination
of their implementation. Their simplicity, short
time to results and wide user community are
significant advantages for their utilisation,
particularly when a wide number of alleviation
scenarios have to be evaluated [20].

Here one of the widely utilized in engineering
practice, one-dimensionaland non-commercial
program HEC-RAS, is employed for developing
and calibrating the hydraulic model. HEC-RAS
has been developed by the U.S. Army Corps of
Engineers and can be freely downloaded from
the following website:
http://www.hec.usace.army.mil/software/hec-

ras/downloads.aspx. Further within the program’s
ability is the potential to compute steady or
unsteady flow water surface profiles; conduct
sediment transport calculations (even though of
relatively limited accuracy [21]) and water quality
analysis [22]. The model’'s geometry is built and
calibrated using information collected from the
previous stage (as demonstrated in the results
section). A range of results (from water surface
profiles to flood maps) based on sound first
principles and informing about the flood extent
and inundation depth for various scenarios of
interest can be generated fast. Thus the efficacy
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of a plethora ofdifferent flood mitigation schemes
and counter-measures can be evaluated in a
relatively shorter period of time, facilitating
decision-making by hierarchically representing
them [23].

2.1.3 Options assessment

Once a number of potential measures have been
investigated it is important to evaluate their
effectiveness in countering or mitigating flood
risk. Effective flood management strategies
should incorporate pre-flood counter-measures,
high preparedness systems, and post-flood
recovery measures [24,25,26]. Pre-flood
measures refer to preventive works such as
direct flood defenses (flood-walls), modification
of the channel cross-section (e.g. via dredging),
indirect measures (flood storage schemes
[27,28]) or a combination of these. Land use
regulations and urban planning [28,29]
considering the flooding potential (e.g. via
consultation of flood maps) can help reduce the
potential risk of extreme floods. High
preparedness systems require robust flood
forecasting using real time hydrologic data
(including the rainfall, river flow and
meteorological parameters) along with effective
warning systems that help decrease the
exposure of vulnerable population and properties
to flooding, thus increasing resilience. It is
important to note that proactive rather than
reactive measures should have greater priority
[30].

2.1.4 Scientifically informed and collaborative
decision-making

Using a robust and adaptable inundation model
requiring less effort and time to set up and
configure towards modelling different scenarios
significantly enhances the potential for decision-
making [23,30]. However, in addition to
considering flood risk prevention and mitigation
measures, educating the communities about
flood riskcan aid disaster management, as
shown in the Netherlands [31]. It is important to
emphasize the role of non-governmental or
private organizations as well as the public, via
local community consultations in addition to
government’s or local authorities [28,29,30,32].
Involving a wider range of stakeholders by
means of improving access to data and models,
sharing and communicating flood risk is essential
for integrated flood risk management [12,33].
Even though during this study there were not
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enough resources to allow direct feedback from
and back to the wider community, there remains
a good potential to do so in the near future,
particularly with the involvement of the local
authorities. Here the data used to help build and
verify the hydraulic model can also be used to
demonstrate the tangible impacts of local
catastrophes, improving individual awareness,
informing the public and encouraging social
participation.

2.2 Framework Implementation: The

Whitesands Case Study

2.2.1 Regional hydrological features and the
study area

The river Nith itself is the largest river in the
South West of Scotland, and the 7" largest in
Scotland. The catchment area of river Nith
covers a total of 1,230km2, stretching from New
Cumnock in South Ayrshire to the South of
Dumfries in Glencaple [11] and Fig. 1a.
Regarding land use, river's Nith catchment
consists of 10% coniferous forest as well as hill
pasture, rough grazing and mixed farmland.
There are numerous tributaries of which the most
important are the Cluden Water (located
upstream of the river) and the Scar Water
(around 24-25km north of Dumfries).The main
floodplains of the river are situated just north of
Dumfries in Auldgirth and near the Scar water
towards Thornhill (Fig. 1a). There are also a few
Sustainable Urban Drainage Systems (SUDS) in
and around Dumfries, notably at the housing
development in Auldgirth and Lochfoot, the
Cuckoo Bridge Retail Park and the Crichton (see
Fig. 1a).

Dumfries, being in the south western part of
Scotland, receives higher levels of rainfall than
the eastern part. An increase in the average
monthly rainfall to 1429mm over the winter
months and greater inter-seasonal variability has
been witnessed within the catchment, compared
to past decades [11]. The river Nith also offers
spawning ground for salmon and other fish
species, so unavoidably its ecological function is
strongly interlinked with the river’s hydrology.

Two out of 23 “potential vulnerable areas” with
regard to flooding are located in Dumfries and
Galloway, as identified by the Scottish
environmental protection agency (SEPA). As the
river runs through the centre of Dumfries,
flooding can severely impact any infrastructure
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located near or on its flood plains spanning an
area of about 116 km® from the north of
Lochmaben to the coast (Fig. 1a). In the recent
past 493 residential and 128 commercial
properties have been affected, in addition to
transport infrastructure and agricultural lands.
The annual average cost from such catastrophes
is estimated from SEPA to 5 million pounds.

The presented framework is implemented
focusing on perhaps the most vulnerable section
of Dumfries’ centre, which river Nith cuts through,
known as the Whitesands (Fig. 1b). Design flow
rates for river Nith can be offered for a range of
return periods of interest from theNatural River
Flow Archive (Centre of Ecology and Hydrology
and [32]).To compute the total flow through the
Whitesands, the discharges from the Friars
Carse gauge station (situated about 10km
upstream of the Whitesands) and the Cluden
Water gauge station (a tributary to the river Nith
situated downstream of Friar's Carse) were
combined [34]. At this region, important
infrastructure in the vicinity of the river can be
discerned from North to South, including the
Buccleuch street bridge, the Devorgilla’s bridge,
the main bus station, the Robert Burns Centre,
an open space car park, a business zone near
the river's edge, a suspension pedestrian bridge
and the St. Michael's (A756 road) bridge (see
Fig. 1b). Whitesands has been significantly
impacted from both an environmental and a
socio-economical perspective, with many homes
destructed, local businesses affected and
extensive main roads and car parks closures.
Even though there have been a number of
consultations and technical reports regarding the
choice of flood mitigation options, the focus of
this study is in demonstrating the utility of the
presented framework, under which flood maps
can be constructed with limited data. In the
following it is further demonstrated how utilising
information from aerial photographs,
topographical maps and site visits, can be used
to produce flood risk maps for the study area,
that could be used to evaluate effective flood
mitigation schemes.

2.2.2 Hydraulic model

Hydraulic modelling typically requires extensive
river surveys in which specialised equipment is
utilised to acquire accurate values for the river
geometry, measure flow rates and the water
surface elevations. In the absence of detailed

measurements, cross-sections of the river-bed
and flood plain can be estimated rather than be
precisely produced. It is the premise of this work
that by utilising a sufficient range of data, the
level accuracy will not be more limited to using a
low (such as 1D) dimensional hydraulic model. In
order to obtain a representative hydraulic
geometry for the studied area, it is important
utilise a wide range of potentially relevant
information.

In this case study, limited hard data are
complemented with soft information from various
sources and site investigations to reproduce the
hydraulic model's geometry of acceptable level of
accuracy. This involves limited quantitative data
from a recent SEPA survey and topographical
data from UK’s Ordnance Survey (OS) Open
Data as well as qualitative information from a
field trip (before the Dumfries flood of December
2013), archived historical data and satellite
imagery. First, the regional topography is
investigated with the OS maps (Fig. 2a). As the
map’s resolution (5-10 m contours) may not be
sufficient to reproduce detailed cross-sections for
the riverbed and floodplains, the cross-section
(Fig.2b) obtained during a most recent river
survey is utilised to this goal (Menzies I., Jacobs,
personal communication; 17/12/2013).

From inspection of the available cross-sectionit
can be clearly seen that that the Mill Green area
floodplain, is more prone to flooding (empirical
information), while other features such as local
slopes can be extracted. Combining this
information with the general topography of the
area and assuming that the riverbed follows a
constant elevation gradient (extracted from the
topographic maps), more cross-sections can be
constructed to comprise the hydraulic model
geometry. The detailed cross-section is used as
a template from which nearby cross-sections are
developed, making channel adjustments as
necessary, informed from data and geo-
referenced photographs obtained during the site
investigations or online (e.g. via Google street
view adjustments may include the river's width,
where the river's boundary may be found by
means of interpolation between contour lines of
known elevation above ordnance datum (AOD),
and the river bank and floodplain slopes (by
means of observation of a photographic archive
obtained during the first site visit conducted in
November 2013).
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Legend

[ catchment extents
Rivers & tributaries

~= Main roads

B Principal towns

Fig. 1. a) River Nith catchment, showing approximate locations of interest (modified from
SEPA 2006) and b) satellite map of the study area (Whitesands), with the Dumfries city center
shown as a red pin (source: Google Maps © 2014)

Applying the above principle, consecutive cross-
sections may be built as shown in Fig. 2c. A total
of twelve cross-sections were designed, at
locations were a specific change in channel
geometry occurs or a certain structure such as

bridge piers or weirs are present (see
annotations in Fig. 2a and examples of the cross-
sections in Fig. 2c), affecting the water surface
elevation. Utilising historical data from archives
such as newspapers offering information about
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the extent of flooding and photographic material
(such as those utilised from the second site visit
carried out during the floods of December 2013),
the geometry and hydraulic parameters such as
Manning’s “n” hydraulic roughness, may be
further calibrated (here the final model employs
an “n” value of 0.026 and 0.035 for the main

channel and floodplain  respectively).This
thorough process not only facilitated the creation
of an accurate hydraulic model, but also enabled
a much stronger understanding of the channel
and the nature of the surrounding flood plain to
be found, which can further inform the impact
analysis and decision of mitigation measures.

Buccleuch Cross-section 5
street Bridge represents
(12 US and shortening of the
11 DS) channel’s width
Devorgilla
Bridge, (10 Surveyed cross-
US and 9 DS) section 4 [29]
Cross-section 3
Weir (8 US represents a
and 7 DS) change in the
flood plain’s
width
ross St Michaels
bridge (2 US and
5 1DS)
Mich! a}'\é‘
a) Bz LN, TR
12.0 surveyed cross-section
10.0
PR i ¢
_ 80
g oo o
< 60 o *®
E 4.0
' 00090000
2.0
0.0
0 25 50 75 100 125 150
Horizontal distance (m)
b)
13' 195 Legend
12 o —
= Ground
E 1N . A 4 | g s
£ | | i) — Bank Sta
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Fig. 2. a) Topographic map of the study area, showing the chosen location and numbering for

the hydraulic model’s cross-sections,b) the surveyed cross-section 9, and c) demonstration of

cross-sections 12 (left image) and 5 (right image) developed in HEC-RAS usinga combination
of soft and hard data
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3. RESULTS AND DISCUSSION
3.1 Model Simulations

The constructed hydraulic model can be run in
HEC-RAS using the mixed flow regime (allowing
for both subcritical and super-critical regimes to
develop along the river).Both the flow regime,
upstream and downstream boundary conditions
were obtained by using basic hydraulic principles
and a trial and error process, ensuring the best
representation possible for the flood extent given
observed information. Four different scenarios
representing floods with return periods of 10
years, 50 years 100 years and 200 years (which
is the requirement for flood risk assessment as
set out in the Scottish planning policy of 2010),
are simulated. Flow discharges of 706 m®/s, 959
m%s, 1,093 m*s and 1,246 m%/s [32], with the
downstream boundary condition set to 2.95, 3.4,
3.9 and 4.3 m, were considered for each of these
events respectively (subcritical regime used here
with  sufficient  accuracy). The  model
computations were completed in a few seconds
for all runs.

Fig. 3 demonstrates the computed steady state
water surface profile along the stream simulated
for various hydrologic events. It can be observed
that there is typically a lowering of the flow depth
past flow obstructions such as bridge piers,
which relatively quickly stabilises following a
hydraulic jump. The model further allows viewing
the inundation depth and extents, for each cross-
section (see Fig. 4). For several of these
locations the river covers the floodplain for a

Elevation (m)
i

e

significant distance, potentially affecting many
properties and infrastructure. For example, the
region of Whitesands is seen to flood to a great
distance beyond the riverbank (about 100 m
laterally). The same holds true in the case of Mill
Green, where the left river-bank can flood even
for the 10 year return period. Similarly, St
Michael’s bridge is estimated to be overtopped
for return periods of 100 and 200 years (Fig. 4c).

Utilising the above results flood maps for the
range of simulated scenarios can be developed,
considering the local topography and predicted
inundation depth. An example is offered in Fig. 5
where the extents of flooding are overlaid on the
available topographic map (e.g. using ArcMap). It
may be observed that the inundation extents are
gradually expanding for hydrologic events of
greater extremity, clearly demonstrating which
areas and under which types of land use are
under greater risk of inundation.

Flood cost and risk can be further quantified by
taking into account the type and value of
inundated property as well as the extent and
depth of flooding. The largely catastrophic flood
events are those with higher extremity (both
infrequent and greater magnitude) and flood risk
should be evaluated for such events (1 in 200 for
Scotland, 1 in 100 for the rest of the UK).
However, the results from simulations with
smaller return periods (e.g. 1 in 10 or 50 years)
can be also useful if past observations of the
flood depth and extent are available for such

le River Nith Whitesands ‘{

—
200

e
400

events, allowing comparison and model

verification.
_ Legend |
WS 200 years
WS 100 years.

; ‘ WS 50 years
& = E-Dyear
R ?‘%i\:i",_ Ground
LI [ O T 7 1
600 800 1000

Main Channel Distance (m)

Fig. 3. Profile plot demonstrating the water surface elevation computed at the chosen cross-
sections along the river Nithat Whitesands, for mixed flow boundary conditions and for a
range of return periods (from 10 to 200 years)
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3.2 Model Verification

According to the presented framework, soft data
inclusive of data gathered from various sources
(e.g. archives or online) as well as a rich
photographic archive and information during the
field trip, may be used here to evaluate the
performance of the hydraulic model. As an
example Fig. 6a depicts an impression of the
Devorgilla’s bridge from artist Robert Andrew
Riddell ¢ 1780 that can be found at Dumfries
museum. Such historical information can be used
to realise changes in the bed geometry and land
use that may have occurred recently and how
this might be affecting flooding. In particular,

contemporary image (taken during the November
2013 site visit) from about the same viewpoint,
one can clearly observe that the river width is
now shorter, spanning only 7 arches compared
to 10 in the past. Further comparisons can be
made between the model results (Fig. 3) and
known hydraulic conditions during an observed
event such as the December 2013 flood (Fig.
6¢). Considering that the December 3013 flood
corresponds to roughly a 1 in 25 years event, the
distances of the water surface elevation from the
top of the arcs inferred from Fig. 6¢ (about 1.5 m)
are within the range of those predicted for the 1
in 10 and 1 in 50 years flows (1.7 and 1.32 m
respectively), providing assurance for the

comparing this portrait (Fig. 6a) with a accuracy of the hydraulic model.
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Fig. 4. Computed water surface elevations for the hydrologic scenarios of interest (return
periods shown in legends) for cross-sections: a) 10 (Whitesands), b) 5(Mill Green) and
c) 2 (St Michael’s bridge)
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—1in 200 year flood
—1in 100 year flood
¢ —1in 50 year flood
% —1in 10 year flood

Fig. 5. Flood map demonstrating the extents of flooding for each return period (shown in the
legend). The dashed numbered lines show the location and span of the used cross-sections

Fig. 6. The Devorgilla's bridge and downstream weir: a) historical representation of from
downstream (from painter Robert Andrew Riddell c 1780, at the Dumfries Museum), b) pre-
flood (November 2013) photograph from downstream, and c) photograph from upstream
during the December 2013 flooding
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Proceeding in the same manner and utilising
available information for more locations where
the water surface height is predicted (e.g. those
shown in Fig. 4), can be utilised to verify the
model's performance. As an example,for cross-
section 10, a greater flood extent (ranging from
112m to 130m for the floods of 1 in 10 and 1 in
50 years respectively) is seen for the floodplain
corresponding to the area of Whitesandswhich
(Fig. 4a). This is validated with the photographic
evidence presented in Fig. 7b (for the December
2013 flood), showing an approximate lateral
extent of flooding of about 120m from the
riverbank. Further comparisons with photos of
the same area when not inundated (e.g. from
Google street view ©, Fig. 7a) may be used to
deduce the depth of flooding, which is relevant in
flood risk and costing estimations.

Similar comparisons can also be made at the
downstream cross sections. At the flood plain at
the Mill Green area (Fig. 8a), a flooding extended
to about 15m, as witnessed during the site
investigation and illustrated in Fig. 8b below. This
is replicated in the results of the hydraulic model
(see cross section 5, Fig. 4b) where a strip of

land of about 20 m is inundated for the 1 in 50
year return period (also Fig. 5). Finally, it is quite
notable to observe that during the December
2013 floods, St Michael's bridge had nearly
flooded. In this instance, the first pier to the east
was completely submerged, with the deck of the
bridge still visible (Fig. 8d). For this case, the
hydraulic model predictions are in accordance
with the above observations with half of the 1%
bridge pier submerged for the 1 in 10 year flood
and the bridge deck is submerged for the 1 in 50
year return period (Fig. 4c¢).

Such comparisons between the hydraulic model
predictions and available data, for a range of
hydrologic events, are effectively utilised in
validating the model’s accuracy throughout the
reach. The resulting model can be used to
assess the impacts and cost of flooding, towards
efficient management and mitigation of the flood
events [35]. This framework is robust and low
cost, allowing for the rapid evaluation of a range
of possible flood mitigation schemes and
counter-measures, which may facilitate decision-
making.

Fig. 7. View of Friars Vennel street from Whitesands street: a)before flooding (Google street ©
view, November 2010) and b)during the December 2013 flooding
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Fig. 8. View from Welldale street - looking upstream to Mill Green: a) before flooding (Google
street © view, April 2009) and b) during the December 2013 flooding, and looking downstream
to St Michael’s bridge: c) before flooding (Google street © view, April 2009)and d) during the
December 2013 flooding

4. CONCLUSION

In this study an integrated flood risk modelling
framework is presented for effectively tackling
the increased uncertainties associated with it.
This methodology involves utilisation of a wide
range of hard and soft data (data gathering) from
a variety of sources that can be combined
towards the development and calibration of the
hydraulic model. Low-dimensional hydraulic
modelling is chosen due to its robustness,
adaptability, short time to results and ease of

use. The model can aid decision-making,
focusing  primarily on  prevention and
management measures, which can be evaluated
and ranked based on performance, and involving

the public and other stakeholders via
consultations.
The modelling framework is successfully

implemented to the region of Whitesands in
Dumfries, UK. The predicted inundation depths
and extents for a range of hydrologic events of
interest demonstrate the flood impact to the
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region. These results are further validated with
appropriate analysis and comparisons with
photographic documentation obtained during the
flood event of December 2013, thus may be used
with confidence for identification of appropriate
flood mitigation measures.
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