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Abstract 

In coastal floodplains, high river flows and high coastal water levels can result in extensive flooding. 

Twenty-first century climate change is expected to alter these flood mechanisms. In this study, a 

coastal city of Cork, Ireland is used as a case study to investigate changes in flood mechanisms, 

dynamics and extents due to climate change.  A hydrodynamic flood model MSN_Flood was used 

to compute potential future inundation patterns for a range of climate scenarios based on estimates 

of current, medium-range and high-end projections of extreme river flows and sea levels.   

Results illustrate that the flood mechanism is critical in controlling patterns and extent of 

inundation.  Peak river discharges are the primary contributor to extreme flood events under the 

current climate scenario, however, high-end climate change could result in coastal inundation of 

comparable magnitude.  The most extreme flood events affect the entire city centre - occurring as 

a result of a combination of fluvial and coastal drivers.  The interaction of extreme fluvial discharges 

and coastal water levels is complex and characterised through comparison of multiple scenarios.  

This research establishes a best practice methodology for assessment of urban coastal-fluvial flood 

risk under a changing climate and can be used to determine climate-resilient flood management 

measures. 

KEY WORDS: Climate Change; Coastal flooding; Fluvial flooding; Hydrodynamic modelling; Nested 

model; Urban flooding; 
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1 INTRODUCTION 

Flooding is the most frequent and hazardous of all natural disasters (ICHARM 2009),with the most 

extreme flooding generally occurring in estuaries as a result of a combination of high river flows and 

high coastal water levels.  Globally, many urban areas have been developed in coastal plains along the 

banks of large rivers, and these are subject to flooding due to both fluvial and coastal drivers.  The 

most severe coastal floods are those driven by a combination of high river discharges, astronomical 

tides, storm surges and/or waves acting simultaneously.   

Extensive research exists demonstrating that flooding has increased in frequency in recent decades 

(Hall et al. 2014; Kundzewicz 2012), fuelling concern that climate change is influencing flood regimes.  

Predicted increases in sea level, rainfall and storm winds are likely to escalate the risk of flooding in 

the future (Purvis et al. 2008). This will have significant socio-economic consequences, compounded 

by the fact that, over recent decades, coastal populations have continued to grow much more rapidly 

than the global mean population (e.g. McGranahan et al. 2007). Currently, over 600 million people 

worldwide live in along the coast (<10 m elevation) and it is predicted that this number will increase 

to more than 1 billion by 2050 (Merkens et al. 2016). Human activities in coastal regions, including 

land reclamation and infrastructure development, also alter the natural behaviour of the coastal zone 

and impact on the nature of flooding.   

With projected changes in climate and predicted increases in coastal development (associated with 

upwardly trending coastal populations), it is envisaged that flood risk and associated costs will increase 

in the future.  The average annual cost of flood damage in coastal cities is projected to rise globally 

from US$6 billion in 2005 to US$1 trillion by 2050, under present protection levels (Hallegate et al. 

2013).  Taking into account an infrastructure-based adaptation, the global annual flood losses are still 

projected to exceed US$60 billion by 2050.  Consequently, an in-depth understanding of flood 

mechanisms and the effects of climate change will provide a significant support for the decision 

making in flood defence design and flood risk management. 

Coastal-fluvial flooding is complex as it results from a combination of interacting  drivers, such as 

stochastic meteorological conditions and deterministic local sea levels.  Additionally, the already 

hydraulically complicated hydrodynamics of natural floodplains is exacerbated by complex urban 

developments.  These generally consist of dense street networks and extensive buildings, which 

control the routing of water across the floodplain.  Even if flood flow patterns are well understood for 

the current climate, flood characteristics are likely to alter in future in response to climate change, 

continuing  urbanisation and flood defence adaptation.  These changes may affect not only flood water 

levels and associated flood extents but also the pattern of inundation due to a shift in flood 

mechanisms.  Understanding hydraulic conditions on existing floodplains is not trivial, and projecting 

into the future is extremely difficult.  However, when the mechanisms of flooding are identified for a 

particular floodplain and potential climate-driven changes estimated, the impact of future river 

discharges and coastal water levels can be determined using flood inundation models.  Currently, the 

most common models utilised in flood assessments are hydrodynamic models, which solve equations 

of fluid motion (Teng et al. 2017).  These are particularly useful as boundary conditions can be 

modified to investigate inundation in response to different future scenarios.   

Hydrodynamic modelling can provide an assessment of the degree of flooding and related impacts in 

response to particular flood mechanisms, and so be utilised to reduce and manage flood risk (Parry et 



al. 2009).  This is essential as changes in inundation do not necessarily exhibit a linear relationship with 

changes in water volumes (Veijalainen et al. 2010).  Accurate modelling of complex coastal-fluvial 

flood dynamics and interactions within these combined systems is critical for realistic simulation of 

inundation.  Recent developments in hydrodynamic modelling, such as multi-scale model nesting and 

advances in computational resources through numerical domain decomposition and multi-core 

architecture, allow us finally to treat the model domain as a multi-scale problem and provide accurate 

solutions at various scales, ranging from coastal sea or estuary scale down to the dense street network 

of the inundated urban area (e.g. Barnard et al. 2019; O'Neill et al. 2018). 

In this context, the primary objective of this paper is to provide a methodology for comprehensive 

forecasting and assessment of urban flooding in consideration of climate change. The methodology is 

illustrated with a case study of Cork Harbour, for which a numerical model is used to investigate (1) 

conditions under which coastal-fluvial flooding may occur under current and future climate, and (2) 

potential effects of climate change on shifts in pattern and impact of coastal and fluvial mechanisms.  

This study builds on previous work (Comer et al. 2017; Olbert et al. 2017) to extend our understanding 

of flood regimes in the current climate to possible future climate scenarios.  The development and 

implementation of techniques that enhance confidence in projections of change in flooding are 

essential to aid climate adaptation decisions and facilitate effective foreshore management. 

In this paper, high-resolution grid scale modelling of a dense urban area under various projected 

climate scenarios has been conducted and various combinations of extreme floods analysed.  The  

urban area of Cork City, Ireland – frequently subject to coastal and fluvial flooding – was used to 

investigate changes in flood mechanisms, dynamics and extents due to climate change.  Extensive 

fluvial-coastal flooding of Cork City in November 2009, resulting in damage of over €100 million, 

prompted the current investigation.  A state-of-the-art multi-scale nested hydrodynamic flood model 

(MSN_Flood) is utilised herein to investigate flooding in Cork, and a range of future climatic conditions 

for different flood drivers employed to provide a comprehensive forecast of potential future flood 

scenarios.  The MSN_Flood model has been successfully used in recently completed flood research for 

Cork City and was found capable of resolving the complex hydrodynamics of Cork floodplains (Comer 

et al. 2017; Olbert et al. 2017).  

2 CORK CITY FLOODING 

Cork’s low average elevation and extensive coastline make the city especially susceptible to coastal 

hazards.  With sea level rise and project climate change the flood risk is likely to increase significantly.  

 Study area 

Cork City is situated on the mouth of the River Lee, on the South-West coast of Ireland (Figure 1).  The 

Lee drains an area of approximately 1,253 square kilometres (km2) (Appendix A, Figure A.1) and 

discharges to Cork Harbour, a 350 km2 tidal estuary feeding to the the Celtic Sea and wider North-East 

(NE) Atlantic.  The river is approximately 115 km long and is sourced in the Shehy Mountains on the 

western border of County Cork.  The Electricity Supply Board (ESB) operates two hydro-electric dams 

on this river, forming the Innishcarra and Carrigadrohid reservoirs, approximately 13 km and 27 km 

west of Cork City respectively.  These provide up to 35x106 cubic metres (m3) of storage, and controlled 



discharge, of floodwaters (Halcrow 2014).  Discharges from these dams, combined with inflows from 

the downstream Shournagh, Bride and Curragheen tributaries, control the water volumes entering 

Cork City.  Seawater intrusion from Cork Harbour also influences fluvial water levels in the River Lee, 

although this is constrained by the waterworks weir approximately 8 km upstream of the harbour.   

 
 

Figure 1: Study area, with four-level nesting structure of Cork Harbour and Cork City nested models (after 

Comer, et al., 2017) 

 Flood mechanisms and climate change 

Increases in mean temperatures and rising global sea levels are projected for the 21st Century by the 

Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (IPCC 2013).  Elevated 

temperatures increase the amount of water vapour in the atmosphere, thereby increasing mean 

precipitation and the frequency of extreme precipitation events.  Alongside elevated sea levels, these 

patterns of change are likely to exacerbate flooding in North-Western Europe (Lehner et al. 2006; 

Murphy & Charlton 2008).  However, the exact impact on flood mechanisms, particularly on a 

catchment scale, is difficult to ascertain.   

2.2.1 Fluvial flood mechanisms 

Fluvial flooding is generally caused by intense or prolonged precipitation, associated flood waters are 

controlled not only by the nature of the precipitation event but also by catchment characteristics and 

antecedent weather conditions.  In Ireland, climate change is expected to alter evaporation and 

precipitation patterns and so significantly affect the hydrological cycle (Murphy 2013).  Temperatures 

are projected to increase by up to 2.9˚C (Joint Research Centre 2014), with winters becoming wetter 

and summers drier (Dunne et al. 2008).  However, there is substantial uncertainty in estimates of 

climate change impacts on peak fluvial flows (Bastola et al. 2011a).  A number of different studies have 

assessed these impacts for Irish catchments for the 21st Century, using a range of different climate 



models, emission scenarios and hydrological models, and these are summarised in Table 1.  Although 

no studies were identified relating directly  to the Lee Catchment, research does exist encompassing 

the Blackwater and Bandon Catchments, immediately north and south of the Lee (e.g. Bastola et al. 

2011b; Steele-Dunne et al. 2007).  These consistently predict an increase in peak flows, largely due to 

projected increases in winter precipitation and in extreme events.  However, the magnitude of change 

varies between catchments and simulations, with greater uncertainty associated with larger flood 

events (Bastola et al. 2011b).     

2.2.2 Coastal flood mechanisms 

Along the majority of northern European coasts, mean sea level rise (SLR) is projected to be the main 

driver of change in coastal flooding, enhanced by changes in storm surges and waves (Vousdoukas et 

al. 2017).  Identified projections of future changes in coastal flood mechanisms are summarised in 

Table 1, for different possible future climate scenarios.  This includes potential changes in MSL, land 

elevation, tidal amplitude and maximum surge height.   

Eustatic SLR is expected to continue throughout the coming century due to increasing global 

temperatures and an associated influx of meltwater from glaciers and ice sheets (Fettweis et al. 2013; 

Levermann et al. 2014; Marzeion et al. 2012).  This has the potential to be enhanced by steric SLR 

caused by increasing global average sea surface temperature (SST), driving salinity variations and 

thermal expansion of the oceans (Olbert et al. 2012).   Projected SLR for the 21st Century varies 

depending on the climate model utilised and emissions scenario modelled (Table 1).  Notably global 

SLR will not be uniform, due to the complex interrelationships controlling impacts on a local scale 

(Olbert et al. 2012).  However, global projections (IPCC, 2013) are found to be reasonably comparable 

to projected changes for the Irish coast for mid-range future emissions scenario (Olbert et al. 2012).  

Along the southern coast of Ireland relative sea level rise (RSLR) is also enhanced by land subsidence 

- driven by ongoing isostatic adjustment (Bradley et al. 2009), which commenced following the retreat 

of the British-Irish Ice Sheet after the Last Glacial Maximum (Chiverrell & Thomas 2010). 

Sea level can also be enhanced locally by tides, waves and storm surges.  While astronomical tides are 

expected to remain constant over time, it should be recognised that tidal amplitude can be affected 

by the bathymetry of the ocean (Green 2010) and so may be altered by SLR (Woodworth 2010).  Where 

SLR floods low-lying land, friction and other shallow water effects can increase tidal dissipation, whilst 

an increase in overall depth within an ocean basin can alter tidal resonance (Pelling & Mattias Green 

2014).  Despite this potential, it is generally expected that only excessive SLR (>2.0 m) will impact 

existing tidal patterns (Pickering et al. 2012; Vousdoukas et al. 2017) (Table 1).   

Ocean waves result from strong winds blowing over adjacent seas (Gill 1982), and extreme wave 

heights occur in response to intense weather systems.  These are expected to be altered by climate 

change (Gallagher et al. 2016), however, as Cork City is sheltered within the extensive Cork Harbour, 

it is considered that there is a negligible effect of waves on flooding in the study area (Olbert et al. 

2017).    

Storm surges generated by low-pressure systems (cyclones) and/or strong winds (Wells 1997), are of 

relatively low magnitude in the Celtic Sea and are understood to be generated primarily by low-

pressure systems in this region (Olbert & Hartnett 2010).  A potential increase in the frequency of low-

pressure events (IPCC 2013), combined with projected SLR, which will exacerbate surge peaks, has 



resulted in a global concern that climate change will result in an increase in the frequency of 

occurrence and/or elevation of storm surges (e.g. Brown et al. 2010; Wang et al. 2008; Woth et al. 

2006).  There is, however, substantial uncertainty in projected climate-driven changes in these 

systems for the North Atlantic region (IPCC 2013).  Research is often contradictory, with some 

predicting an increase in cyclone intensity and frequency (e.g. Dunne et al. 2008; Haarsma et al. 2013) 

and others predicting a decrease (e.g. Eichler et al. 2013).  A decrease in maximum surge height has 

been estimated for Cork Harbour (Wang et al. 2008) (Table 1), although the same research also 

projects an increase in the frequency of surges of the magnitude typically associated with coastal 

flooding.  This will potentially increase the probability of a major surge occurring contemporaneously 

with a high tide, although consideration must also be made of tide-surge interactions (Arns et al. 2015; 

Olbert et al. 2013).  

 Flood modelling 

There have been a number of attempts to model Cork City flooding.  As part of the Lee Catchment 

Flood Risk Management Plan (CFRMP) (Halcrow 2014), a Lower Lee hydraulic model and harbour 

model were developed to assess current and future inundation in Cork City (Halcrow 2009).  However, 

interdependence between flood drivers can lead to compound effects (e.g. Wahl et al. 2015) and 

modelling individual flood drivers separately can lead to inaccurate characterisation of flooding 

(Moftakhari et al. 2017).  More recently, the high-resolution multi-nested MSN_Flood model was 

applied to coastal-fluvial flooding in Cork City (Comer et al. 2017) and the multivariate capabilities of 

the system found to allow realistic modelling of the compound effects of multiple flood drivers in 

response to given boundary conditions (Olbert et al. 2017).  Robust representation of wetting and 

drying within  MSN_Flood results in a geographically unconstrained model, adaptable to model 

domains of any complexity and to multi-open boundary problems.  The ability of this model to 

accurately simulate flood dynamics and quantify the key attributes associated with flood risk – flood 

wave heights, speeds, propagation patterns and inundation extent – mean that it is highly suited to 

predicting flood responses to climate change.   

3 MATERIALS AND METHODS 

The MSN_Flood coastal-fluvial model set-up for Cork City was used in this research to investigate the 

potential impacts of 21st Century climate change on flood inundation in this urban hub.  The following 

provides an overview of the model and details the specific model boundary conditions and set-up 

utilised.   

 The multi-scale nested flood model 

The MSN_Flood model comprises a cascade of 90, 30, 6 and 2 metre resolution nested grids (Figure 

1).  The lower River Lee is contained fully within the 6 m child grid (CG06), which includes an embedded 

2 m grid (CG02) capable of resolving the complex hydraulics of Cork city centre.  The model integrates 

the continuity and momentum equations in order to simulate water elevations and velocities.  

Floodwater routing is controlled primarily by slope and structural features within urban floodplains, 

which is represented by the model bathymetry. This was developed using admiralty chart data, high-

resolution resolution Light Detection and Ranging (LiDAR) data and river cross-section data (Comer et 



al. 2017).  Full details of the hydrodynamics, nesting structure, calibration and performance of the 

model are available in Comer et al. (2017).  Some critical features of the model include the wetting 

and drying routine, computational efficiency, and accuracy of simulated water elevations and velocity 

fields – as tested in Olbert et al. (2017).  These characteristics make the model particularly applicable 

to this study.  

 Boundary conditions  

This research utilised the CG06 child grid of the MSN_Flood model, and required determination of 

fluvial discharges and coastal water levels at the western and eastern model boundaries.  Due to the 

computational power required for the high-resolution CG02, this embedded domain was neglected 

and city centre inundation was resolved purely by the 6 m domain.  In order to consider future flood 

conditions it is important to understand historic flood events, as these set projected changes in an 

appropriate context.  Knowledge of both historic and potential future extremes is necessary to 

determine changes in flood regimes.  The model was initially run for a variety of scenarios under 

present climatic conditions; this provided a basis for the quantification of impacts of climate change.  

In order to model inundation in response to each flood mechanism individually, as well as in response 

to combined flood mechanisms, it was necessary to determine both average and peak fluvial 

discharges and coastal water levels.   

3.2.1 CG06 western fluvial boundary 

The western boundary of the CG06 model domain commences at lower Leemount, immediately 

downstream of the Shournagh tributary on the River Lee (Appendix A, Figure A.1).  Fluvial inflows to 

the model domain are largely controlled by discharges from the Inniscarra Dam, as well as the 

Shournagh tributary.  Design return periods in hydrology are determined based on an evaluation of 

the costs involved with a flood event of a given return period, and with adapting to manage the same 

flood event (Fortunato & Mazzola 2014).  For urban drainage, these typically range from 50 to 100 

years. This research considered the influence of climate change on a 100-year return period fluvial 

flood event. 

The Office of Public Works (OPW)  Flood Studies Update (FSU) Portal provides improved methods of 

flood estimation in both gauged and ungauged catchments using flood frequency analysis, and 

quantification of the relationships between physical catchment descriptors (PCDs), flood magnitudes 

and hydrograph shape.  This was utilised here to produce a hydrograph representative of a 100-year 

event for the upstream model boundary.  Due to a lack of publically available OPW river gauge records 

at the upstream model boundary the catchment was considered as ungauged and the median annual 

maximum flood (QMED) determined using regression techniques based on the PCDs of the 

contributing catchment area – adjusted using records from a comparable gauged catchment (pivot 

site), chosen based on hydrological similarity.   

In this study, QMED was initially estimated based on the PCDs of the contributing area (QMED 

PCDrural = 164 cubic metres per second m3/s) and adjusted to incorporate the influence of urban 

infrastructure (QMED PCDurban = 167 m3/s).  The site (19031, see Appendix A, Figure A.1) with closest 

hydrological similarity  (1.71) was then used to adjust QMED and a growth factor (1.7) was applied 

based on frequency analysis using pooled records from hydrologically similar catchments.  The growth 

curve was plotted using a generalized extreme value (GEV) distribution, most suited to ungauged 



catchments (Murphy 2014).  This provided an adjusted QMED of 286 m3/s and a flow of 512 m3/s 

associated with a 100-year return period,  comparable to flows predicted by Olbert et al. (2015) and 

to the peak recorded at 19012 during the 2009 flood event (560 m3/s).  In reality, flows are strongly 

dependent on operational procedures at Inniscarra Dam and cannot be accurately projected using 

flood frequency methods.  However, dam operational procedures suggest a maximum discharge of 

around 550 m3/s, (Halcrow 2014), which is again comparable to the projected peak. This derived value 

is, therefore, considered acceptable as a representation of peak flows along the western model 

boundary.  The shape of the hydrograph is determined from PCDs and adjusted based on a 

hydrologically similar pivot site containing a sufficient record of large flood events.   A river flow of 

75 m3/s is considered a reasonable estimate of model inputs from the River Lee during normal 

(baseflow) conditions.  Figure 14 shows the synthetic curve of river flows used as boundary conditions 

for current and future climate scenarios. 

 

Figure 2: (a) 100-year return period synthetic hydrograph; and (b) extracted model inputs for average and peak 

flow conditions, under current and future climate scenarios 

 

 

3.2.2 CG06 eastern coastal boundary  

Published mean spring and neap tide ranges are typically 3.6 m and 2.0 m respectively in Cork Harbour 

(Hewitt & Lees-Spalding 1982).  The average of these values was taken as a representative mean tidal 

range (2.8 m), resulting in a mean high water tide (HWT) of 1.4 m above mean sea level (MSL) (Figure 

3a).  The declination of the Moon and Sun, and the elliptical nature of the Moon’s orbit contribute to 

a cycle of tide-generating forces of varying strength (Koppel 2007).  A maximum high water spring tidal 

range of 4.53 m above chart datum (CD) has been determined for a 1,000 year return period (Olbert 

et al. 2013), from which a maximum HWT of 2.23 m above MSL was estimated (Figure 3b).  

Olbert, et al. (2013) carried out extreme value analysis of surges based on field records and numerical 

model outputs for 48 historical surge events.  In order to consider the worst case scenario, the 

maximum surge residual (0.97 m) associated with the largest available return period (1,000 years) was 

used to represent the impact of surges on tidal signal in this study.  Surge peaks in Cork Harbour are 

associated with the tidal phase between mid-flood and high water (Olbert et al. 2013), with the 

occurrence of the peak surge on rising as opposed to peak tide causing a significant difference in 



inundation extent (Olbert et al. 2015).  For the purpose of incorporating surge impact on coastal water 

levels, the peak surge residual was applied as a constant across the entire tidal signal, as illustrated in 

Figure 3c and d.  This allowed consideration of the worst-case scenario.  When considering fluvial 

mechanisms or MSLR impacts individually, it was assumed the surge residual is equal to zero. 

 

Figure 3: (a) Synthetic mean tidal signals for current, medium range (MRFS) and high-end (HEFS) future 

scenario mean sea level rise; (b) synthetic maximum tidal signal for current, MRFS and HEFS mean sea level 



rise; (c) synthetic mean tidal signal with maximum surge residual for current, MRFS and HEFS surge signals. 

and (d) synthetic maximum tidal signal with maximum surge residual for current, MRFS and HEFS surge 

signals. 

 

 

 Model set-up 

Following identification of average and peak fluvial and coastal model inputs for current conditions, 

the predictions for climate-driven changes in these boundary conditions considered most pertinent 

for a MRFS and HEFS were applied to peak discharges and water levels based on the collated literature 

(Table 1). These are summarised in Table 2. A range of model input files were subsequently generated 

for both present and future climatic conditions (Figure 2b and Figure 3).  The model is driven by these 

boundary conditions and was set-up to compute solutions to the continuity and momentum equations 

across the model domain at 0.3-second timesteps over a 50-hour duration.  Computation time for 

each model run was 13.4 hours. 

4 RESULTS AND DISCUSSION 

The model was validated (Section 4.1) and subsequently used to present a range of flood events, for 

current and potential future climate scenarios (Sections 4.2, 4.3 and 4.4).  A total of 96 flood scenarios 

(eight current and 88 climate-driven future scenarios) were simulated for Cork City, based on 

estimates of current, MRFS and HEFS extreme river flows and sea levels.  These scenarios, and 

associated maximum areal extent of inundation and volume of floodwater, are detailed in Table 3.  

Identified runs consider changes to both individual flood mechanisms and combinations of different 

flood mechanisms.   

 Model Validation 

Olbert, et al. (2017) calibrated and validated the nested CG06 and CG02 model using flood extent 

mapping and water level marks from 38 locations in Cork City, collated by the OPW following the 

November 2009 flood event.  The CG06 model alone was utilised here to simulate the 2009 flood and 

validated against the same observations. The simulation was carried out using boundary conditions 

defined by water levels recorded in the River Lee and Cork Harbour during the flood event (Figure 4). 

A good general spatial match was found between observed flood extent and the CG06 simulation 

(Figure 5).  However, the OPW flood extent polygon is based on a rough field assessment and can be 

used to provide only a rudimentary assessment of model performance.  Additionally, this polygon 

does not extend across the entire CG06 domain, and so comparisons can be made only of simulated 

inundation within the vicinity of available data.  Marginal differences in simulated and observed extent 

are detected where data is available, however, these are considered primarily a result of the poorly 

refined observations rather than inaccuracies within the model.  Notably, CG06 was observed to 

overestimate the extent of flooding in the city centre, with floodwaters extending further east than 

observations.   



Watermarks infer maximum water depth at the time of peak inundation. Time series of water 

elevations were computed at the locations of watermarks to determine maximum simulated water 

levels, and a linear regression (Figure 6) illustrates the relationship between maximum modelled and 

observed water depths.  Agreement is good, with the majority of points lying approximately on the 

45° line and the coefficient of determination (r2) tending towards one. There is, however, a tendency  

towards overestimation of water elevation, correlating with the overestimation of extent.  

Minor deviations in spatial extent and water elevation from observed values are likely a result of the 

coarser resolution of the CG06 model, in comparison to the CG02 model for which roughness 

coefficients were calibrated (Olbert et al. 2017).  The increased propagation of floodwaters into the 

city centre is expected to be a result of a failure of the 6 m bathymetry to fully resolve the dense street 

network, and associated constraints on flows within this region.  Additionally, the coarser 

representation of topography affects the gradient of the water surface, which can influence flow 

dynamics and explain further deviations in depths and propagations patterns.  Some small portion of 

the error (~0.1m RMSE) may also be attributed to errors in LiDAR data, which served to construct the 

model bathymetry (Bates 2010).  Overall, regardless of deviations, the CG06 flood model was found 

capable of reproducing the 2009 flood event and considered suitable to utilise as predictive tool for 

characterising potential future inundation.   

 

 

Figure 4: Model boundary conditions for model validation, defined by (a) River Lee flow data (gauge 19011) 

and (b) tidal water levels (Tivoli tidal gauge) recorded during the November 2009 flood event 

 

 

Figure 5: Comparison of OPW post-event mapping and modelled inundation extent for the November 2009 

flood event 

 



 

Figure 6: Correlation of modelled and observed water elevations at survey locations 

 

 Fluvial driven flooding 

Autonomous modelling of fluvial flooding has shown that fluvial events are the primary contributor to 

extreme flood events under the current climate scenario (Table 3– C5).  The flood wave associated 

with a 100-year return period discharge affects large areas of rural land to the west of the city before 

propagating eastwards into suburban areas and channelling through the city street network, causing 

severe flooding of the western city centre (Figure 7).  Climate-driven increases in fluvial flows 

exacerbate inundation extent, water depths and velocities, with floodwaters extending into the 

eastern reaches of the city centre for MRFS and HEFS river discharges (Figure 7).  Simulation of flooding 

in response to a MRFS increase in the 100-year return period flow (593 m3/s) results in 208 ha of 

inundation (Table 3– M21), a 12% increase over the current scenario.  Simulation of flooding in 

response to a HEFS increase in fluvial flows (728 m3/s) results in 242 ha of inundation (Table 3– H21), 

a 30% increase over the current scenario.  Under this scenario, the majority of streets within the city 

centre are inundated, with only the far eastern reaches of the central island remaining dry. 

The maximum water depths associated with fluvial flooding are detailed in Table 4 and illustrated in 

Appendix A, Figure A. 2; under MRFS and HEFS river discharges water depths increase significantly.  

Floodwaters are deepest in rural areas in the west of the model domain, reaching up to 3.52 m under 

a HEFS.  Under all scenarios the greatest water depths in the city centre are located in the low-lying 

areas  adjacent to  the north channel, exceeding 2 m in places for a HEFS.  Water depths are generally 

much shallower within the street network, generally < 0.5 m under the current scenario.  The 

maximum total velocity from model snapshots was extracted for each cell within the model domain, 

for each simulated scenario (Appendix A, Figure A. 3).  Under all fluvial scenarios this illustrates 

patterns of higher peak velocities immediately adjacent to the river channel and in areas where 

obstacles to flow are minimal, including the rural areas to the west of the city and the plains 

represented by recreational areas in the city centre.  Velocities reduce in the flooded street network 

where complex topography and narrow flow pathways result in greater bottom friction, and at more 

distal locations from the river channels as floodwaters lose momentum, becoming increasingly 

stagnant.  The increased volumes of water in the MRFS and HEFS result in an alteration in the wave 



velocity.  Changes in propagation patterns can result in an increase in velocity in some locations and 

a decrease in others; on average floodplain velocities increase by 0.07 m/s in the MRFS and 0.10 m/s 

in the HEFS, with maximum increases of 0.12 and 0.32 m/s respectively. 

 

Figure 7: Flood extent resulting from current, medium-range (MRFS) and high-end future scenario (HEFS) 100-

year return period fluvial events 

 

 Coastal driven flooding 

Coastal mechanisms are also capable of triggering inundation, shown by simulations incorporating 

MSLR and the exacerbating influence of storm surge residuals on water levels at the downstream 

boundary.  Relative increases in coastal inundation under future climate scenarios, in comparison to 

the current climate, are much greater than those modelled for fluvial events.   

4.3.1 Mean sea level rise 

Simulations suggest that existing defences will be capable of preventing flooding under average tides 

for both a MRFS and HEFS MSLR (Figure 8a), and under spring tidal conditions for a MRFS MSLR; with 

the exception of minor flooding of low-lying land near the river mouth (Figure 8b).  However, 37 ha of 

inundation is simulated for a HEFS MSLR under spring tides (Figure 8b,Table 3– H2).  This is critical as, 

should such sea-level rise occur, coastal inundation would occur on a bi-monthly basis during each 

spring tide, regardless of surge conditions.  Associated flooding is focused in eastern portions of the 

city centre, with waters primarily overtopping the south channel and propagating north.  Water 

depths are generally < 0.5 m in areas of inundation, with discrete areas reaching depths of up to 1 m; 

associated velocities are low (<0.25 m/s).   

4.3.2 Storm surges 

Consideration must also be made of the potential impact of surge residuals on water levels.  When 

applied to average tides for present-day sea levels, neither the current, MRFS or HEFS peak surge 

residuals cause flooding (Figure 9).  However, a combination of MSLR and either current or HEFS surge 

residuals can initiate coastal inundation under average tides (Figure 9a and c).  Associated water 

depths are generally shallow (< 0.5 m) and velocities slow, however, these marginally increase under 

the HEFS surge/HEFS MSLR scenarios (Appendix A, Figure A. 4).  

When applied to spring tides, the current peak surge residual causes notable flooding (38 ha) 

regardless of climate change (Figure 10a, Table 3– C4).  Associated water depths are again generally 

<0.5 m (Appendix A, Figure A. 5a) and velocities <0.25 m/s  (Appendix A, Figure A. 6a), although these 

increase in discrete area to the south of the river.  Under a MRFS and HEFS sea level, the co-occurrence 

of the current peak surge residual with spring tides has the potential to cause significantly greater 

flooding – 168 ha and 182 ha respectively (Figure 10a, Table 3– M5, H5).  Under these scenarios, the 



majority of the city centre becomes inundated, and large areas of flooding occur in the Marina 

industrial area to the south of the river, with significant increases in water depths and velocities 

(Appendix A, Figure A. 5 and Figure A. 6).  

Significant flooding continues under all sea level scenarios for the MRFS reduction in surge height, 

although this results in a marginal decrease in affected area (Figure 10b).  Under a HEFS projection of 

stronger storm surges, inundation extent increases for all sea level scenarios when compared to the 

current surge scenario (Figure 10c), with a maximum inundated area of 191 ha resulting from the co-

occurrence of a HEFS surge event with a HEFS MSLR (Table 3 – H4).  This scenario causes flooding over 

a greater extent than the current 100-year fluvial flood event, impacting the majority of the city centre 

and eastern industrial areas (Figure 10c). Water depths and velocities also increase for each associated 

MSLR scenario (Appendix A, Figure A. 7 and Figure A. 8); with depths of up to 2 m simulated in the city 

centre. 

 

Figure 8: Flood extent resulting from mean sea-level rise under (a) average tides and (b) spring tides 

 

Figure 9: Flood extent resulting from (a) current, (b) medium-range, and (c) high-end surge residuals under 

current and future mean sea levels and average tides 



 

Figure 10: Flood extent resulting from (a) current, (b) medium-range and (c) high-end surge residuals under 

current and future mean sea levels on spring tides  

 

 Combined fluvial and coastal driven flooding 

As well as consideration of autonomous flood drivers, the interaction of sea levels and fluvial flow is 

an important consideration for effective flood prediction and management (Moftakhari et al. 2017).   

4.4.1 Non-linear interaction  

High coastal water levels are observed to exacerbate fluvial flood extent, with the coincidence of a 

peak fluvial event with spring rather than average tides increasing city centre inundation (Figure 11, 

Table 3– C7).  This is expected to be a result of high coastal waters restricting fluvial discharge and 

causing a stacking of water along the riverbanks (Hoitink & Jay 2016).  Similarly, simulated medium-

range and high-end MSLR, as well as the co-occurrence of surge conditions during a fluvial flood event, 

have the ability to increase the extent of inundation associated with peak fluvial discharges, under 

both average and spring tidal conditions (Table 3).  Where coastal water levels sufficient to cause 

inundation independently are combined with peak fluvial flows, flooding becomes exacerbated both 

by coastal inundation and by the influence of coastal waters on fluvial flows.   

Combined fluvial and coastal events are further complicated by the influence of extreme fluvial 

discharges on coastal inundation.  Comparison of inundation extent associated with a HEFS MSL under 

mean fluvial flows (H2) and under current (H12), MRFS (H39) and HEFS (H24) peak fluvial flows 

suggests that coastal inundation is reduced by increased river discharges (Appendix A, Figure A. 9).  

This is expected to be a result of increased volumes and velocities of freshwater inflows restricting the 

propagation of tides upstream, a process  illustrated by Leonardi et al. (2015). 



4.4.2 Worst-case scenario 

Despite a complex relationship between different flood drivers, the most extreme flood events result 

from the combined impact of high river flows and high coastal water levels.  When combined with 

spring tides under a HEFS MSL, the HEFS peak fluvial event results in 265 ha of inundation (Table 3 – 

H24).  The entirety of the city centre becomes inundated and fluvial flooding of the city downtown is 

exacerbated by coastal flooding (Figure 12).  When combined with a HEFS surge event, 387 ha of 

inundation is simulated (Table 3– H26).  River discharges are insufficient to notably reduce tidal 

propagation resulting from the associated extreme sea levels, and extensive coastal inundation occurs 

to the east of the city centre and in urban areas to the south (Figure 12).   

Associated water depths and velocity are illustrated in (Appendix A, Figure A. 10 and Figure A. 11).  

Under this extreme event inundation to the west of the city remains solely fluvial driven and water 

extent, depth and velocity remains comparable to that resulting exclusively from a HEFS fluvial flood 

event.  To the east of the city centre water depths and velocities are generally comparable to those 

resulting exclusively from coastal inundation.  However, the city centre is impacted by both fluvial and 

coastal inundation, resulting in an increase in water depths compared to those experienced under 

autonomous drivers.  Water velocities are primarily fluvial driven; however, high coastal water levels 

have the potential to reduce velocities by reducing the gradient of flow.  A reduction in maximum 

water velocity is observed within the eastern reaches of the Lee channel for the combined future 

event, when compared to the scenario forced exclusively by a HEFS fluvial discharge.  Despite this, 

water velocities in the city centre floodplains are generally unaffected, with the additional overtopping 

of waters forced by coastal mechanisms increasing velocities in the eastern reaches of the city centre. 

 

Figure 11: Flood extent resulting from the current 100-year return period fluvial event for average and spring 

tides 

 

Figure 12: Flood extent resulting from the high-end fluvial flood event on current sea levels, on high-end future 

sea levels, and on high-end sea levels with a high-end surge residual, all on spring tides 

 



5 CONCLUSIONS  

This study aims to understand the conditions under which urban flooding, resulting from various 

drivers, will occur under current and future climatic conditions, with the overall goal of providing a 

methodology for comprehensive forecasting and assessment of flooding under changing climates.  

Cork City is impacted by both fluvial and coastal flood mechanisms, and a combination of thereof, and 

extensive and costly coastal-fluvial flooding of the city in November 2009 prompted the current 

investigation.   This urban area was used to explore climate driven changes in flood mechanisms, 

dynamics and extents.  Current peak river discharges and coastal water levels affecting the city were 

determined and 21st Century climate projections utilised to define potential future discharges and 

water levels.  These were employed as model boundary conditions within the MSN_Flood model in 

order to provide a range of estimates of future inundation.  

The main findings of this research are as follows:  

(i) The capability of MSN_Flood to simulate both water elevations and velocity fields makes it a 

valuable tool for studying coastal flood inundation and for understanding the dynamics of 

flood wave propagation. 

(ii) The computational efficiency of the nested modelling system enables multiple climate change 

scenarios to run in a relatively short timeframe, and so facilitates a methodology for accurately 

stress testing climate change effects on complex coastal-fluvial flooding in urban areas. 

(iii) The range of widely varying inundation patterns generated within this research based on 

different estimates and combinations of current, medium-range and high-end projections of 

extreme river flows and sea level indicate that the most pertinent inferences on potential 

future inundation patterns must be drawn from an ensemble of model simulations.   

(iv) The methodology explored in this research demonstrates the best practice for stress testing 

climate change effects on flooding. Various drivers of flooding can be analysed separately and 

jointly so that their individual and combined impacts under changing climate can be 

determined, and a multivariate climate change analysis allows identification of future flood-

prone areas. 

(v) The potential exposure of communities to flooding is a critical task for long term planning and 

risk assessment.  The methodologies utilised within this research can help establish the most 

effective adaptation plan and as such facilitate decision making in flood defence design and 

flood risk management. 

Due to its robust wetting and drying routine, MSN_Flood is adaptable to any domain, regardless of 

complexity, and to multi-open boundary problems.  As a result, it can be applied to any urban coastal 

floodplain to aid in climate adaption.  Within this research the model was applied to Cork City and 

domain specific findings are as follows: 

(i) The MSN_Flood modelling system has been shown capable of accurately resolving the 

complex hydrodynamics of the domain at scales commensurate with flow features.  

Inundation in both the upstream rural floodplains and in the downstream network of dense 

streets was accurately reproduced by the 6 m urban flood model. 

(ii) Under current conditions the fluvial signal is a primary driver of flooding, with extreme fluvial 

flooding responsible for the greatest inundation (affecting 187 ha).  Storm surges are capable 



of causing up to 38 ha of coastal inundation in the eastern reaches of the city under mean 

fluvial conditions.   

(iii) Climate-driven increases in fluvial flows have the potential to increase the inundated area (up 

to 242 ha) by 30% compared to current fluvial peak conditions, with waters propagating 

further downtown into the city centre. 

(iv) Climate-driven changes in both MSL and surges could result in a staggering 400% increase in 

coastal inundation (up to 191 ha) when compared to current climate (38 ha), resulting in 

inundation over a greater aerial extent than the current extreme fluvial event (187 ha).  

Although, the extreme future fluvial flows will still generate greater extent of flooding (up to 

242 ha), there is a significant shift in contribution towards the coastal mechanism.  

(v) Coastal flooding (unlike fluvial inundation) predominantly affects the eastern reaches of the 

city and the majority of the city centre, where a significant portion of socio-economic wealth 

is accumulated.  Future coastal flooding will prevail in highly urbanised areas and thus have a 

major socio-economic impact.   

(vi) Rising mean sea levels have the potential to overwhelm existing defences and inundate parts 

of the city centre during spring tides, regardless of surge conditions.  Without appropriately 

adapted flood defence systems, coastal inundation could occur on a bi-monthly basis during 

each spring tide. 

(vii) Increased coastal water levels are shown to impact the conveyance of fluvial flows to the 

ocean and extreme fluvial discharges to impact the propagation of coastal waters inland, 

illustrating the requirement for accurate modelling of the dynamics of combined coastal-

fluvial systems. 

(viii) For current climate, the most extreme flood events occur due to a combination of peak river 

flows and high coastal water levels, with 243 ha of inundation resulting from the coincidence 

of the 100-year return river discharge and peak surge residual on spring tides for current 

conditions.   

(ix) Climate-driven increases in both fluvial and coastal mechanisms have the potential to cause 

up to 387 ha of inundation across the model domain for the worst-case scenario coastal-fluvial 

flood event. This is an increase in inundation by 76% compared to the 2009 flood event.  Water 

depths and velocities, exacerbated by both fluvial and coastal mechanisms, create a significant 

threat to the populace across the majority of the city. 

Overall, this research demonstrates that the adopted methodology can be successfully used to 

understand the major effects that climate change may have on future flooding.  
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Table 1: Summary of predictions of impacts on fluvial and coastal flood mechanisms at global scales and local scales relative to Cork City for the 21st Century 

Study 
Region/ 

Catchment 

Projection 

Period 

Future Climate 

Scenario 

FLUVIAL MECHANISMS COASTAL MECHANISMS 

Δ Winter 

Stream 

Flows (%) 

Δ Peak 

Flow 

(%) 

Δ Flood Peak of Given 

Return Period (%) 
Δ MSL 

Δ Land 

Elevation 

Δ M2 tidal 

amplitude 

Δ Max. 

surge 

height 

(%) 5 25 50 100 (m) (mm/year) (m) 

Steele-Dunne, et 

al., 2017 

Blackwater & 

Bandon 
2021-2060 SRES A1B MRFS 

Up to 20% 

increase 
                  

Halcrow, 2009 
Lee & Cork 

Harbour 
2100 Ensemble† 

MRFS   20         0.5 -0.5     

OPW, 2015 HEFS   30         1.0  ‡  -0.5     

Bastola, et al., 

2011b 
Blackwater 2071-2100 Ensemble§ 

Lower 

5% 
    12.7 12.6 13.2 13.8         

Median     16 15.6 15.7 15.8         

Upper 

95% 
    31.3 36.3 39.1 42.1         

IPCC, 2013 
Global Mean 

Sea Level 
2081-2100 

RCP2.6¶  LEFS             0.40 (0.26-0.55)       

RCP4.5 MRFS             0.47 (0.32-0.63)       

RCP6.0 
M-

HRFS 
            0.48 (0.33-0.63)       

RCP8.5 HEFS             0.63 (0.45-0.82)       

Olbert, et al., 

2012 
Irish Sea 2100 

SRES 

A1B◊  
MRFS             0.47       

Jevrejeva, et al., 

2014 

Global Mean 

Sea Level 
2100 RCP8.5 HEFS             1.8       

Shennan, et al., 

2012 
Cork Area n/a n/aΔ               -0.4     

Pickering, et al., 

2012  
Cork Harbour n/a 2 m SLR HEFS                 -1   

Wang, et al., 

2008 
Cork Harbour 2031-2060 SRES A1B MRFS                   -17.6 

† Based on a range of contemporaneous sources as detailed in Halcrow (2009). 

‡  Includes a 0.1 m increase in surge height. 

§ 17 GCMs forced with three SRES emission scenarios (A1B, A2 and B1) from the IPCC Fourth Assessment Report (AR4).  A1B is as described above, A2 is a scenario of a divided world with regionally orientated development and no one 

policy on emissions, B1 scenario represents an integrated and ecologically friendly future with emphasis on environmental sustainability. 

¶  Representative Concentration Pathways (RCPs) represent the four greenhouse gas concentration trajectories adopted by the IPCC for its Fifth Assessment  Report (AR5).  RCP2.6 assumes GHG emissions peak between 2010 and 2020 then 

decline, RCP4.5 assumes emissions peak ~2040 then decline, RCP6.0 assumes emissions peak ~2080 then decline, and RCP8.5 assume emissions continue to rise throughout the 21st Century. 

◊  Special Report on Emissions Scenario (SRES) A1B adopted by the IPCC for its Third Assessment Report (TAR) is characterised by a global balanced emphasis on all energy sources and provides a mid-range future climate scenario (as 

opposed to a fossil intensive scenario or emphasis on non-fossil energy sources). 

Δ Based on estimated Late Holocene land motions, future projections not available. 



Table 2. Model Boundary Conditions 

Mechanism Current  MRFS HEFS 

Fluvial 

Mean flow 75.0 m3/s  
 

Peak flow 512.3 m3/s +15.8% † +42.1% † 

Coastal 

Mean HWT 1.40 m above MSL 

Max. HWT 2.23 m above MSL 

MSL + Subsidence 0.00 m +0.50 m ‡ +0.63 m ‡ 

Peak Surge Residual 0.97 m -17.76% § +15% ¶ 

† Bastola, et al., 2011b  

‡ IPCC, 2013, Olbert, et al., 2012  & Shennan, et al., 2012  

§ Wang, et al., 2008  

¶ Arbitrary  

.  



Table 3: Simulated inundation characteristics for current and future flood scenarios 

Storm 

Surge 

Scenario  

Mean 

Sea level 

Scenario  

Fluvial Discharge Scenario 

Baseflow Only - 75 m3/s Current Peak - 512 m3/s MRFS Peak - 593 m3/s HEFS Peak - 728 m3/s 

ID 
Inundated 

area (ha) 

Volume 

(litres) 
ID 

Inundated 

area (ha) 

Volume 

(litres) 

  
ID 

Inundated 

area (ha) 

Volume 

(litres) 
ID 

Inundated 

area (ha) 

Volume 

(litres) 
  

Average tides 

No surge 

Current - 1.4 m C1 - - C5 187 2,671 M21 208 3,073 H21 242 3,844 

MRFS - 1.9 m M1 - - M11 194 2,740 M23 219 3,163 M35 247 3,924 

HEFS - 2.03 m H1 - - H11 193 2,743 H35 † 215 3,135 H23 244 3,887 

Current  

(0.97 m) 

Current - 2.37 m C2 6.3 21 C6 201 2,806 M22 225 3,257 H22 † 242 3,863 

MRFS - 2.87 m M8 10 79 M18 220 2,965 M30 237 3,359 M36 263 4,149 

HEFS - 3 m H8 25 149 H18 229 3,030 H36 † 238 3,351 H30 † 261 4,064 

MRFS  

(0.80 m) 

Current - 2.2 m M9 2.4 33 M19 196 2,770 M31 222 3,212 H31 244 3,899 

MRFS - 2.7 m M6 5.7 59 M16 217 2,939 M28 230 3,307 M37 259 4,165 

HEFS - 2.83 m H6 8.7 70 H16 217 2,942 H37 236 3,383 H28 261 4,130 

HEFS 

  (1.12 m) 

Current - 2.52 m H9 3.5 45 H19 205 2,847 M33 226 3,276 H33 † 243 3,882 

MRFS - 3.02 m M7 29 163 M17 239 3,124 M29 250 3,483 M38 † 262 7,081 

HEFS - 3.15 m H7 36 209 H17 242 3,156 H38 † 246 3,416 H29 † 270 4,138 

Spring tides 

No surge 

Current - 2.23 m C3 2.8 223 C7 197 2,777 M44 220 3,187 M43 † 241 3,832 

MRFS - 2.73 m M2 5.8 61 M12 208 2,879 M24 236 3,382 M39 255 4,057 

HEFS - 2.86 m H2 37 149 H12 229 3,037 H39 234 3,349 H24 265 4,222 

Current  

(0.97 m) 

Current - 3.2 m C4 37 223 C8 243 3,162 H43 259 3,549 H44 287 3,549 

MRFS - 3.7 m M5 168 2036 M15 323 4,153 M27 337 4,569 M40 356 5,328 

HEFS - 3.83 m H5 182 2318 H15 342 4,719 H40 356 5,163 H27 371 5,842 

MRFS  

(0.80 m) 

Current - 3.03 m M10 29 163 M20 227 3,029 M32 251 3,525 H32 284 4,247 

MRFS - 3.53 m M3 146 1643 M13 295 3,666 M25 313 4,136 M41 † 324 4,675 

HEFS - 3.66 m H3 147 1274 H13 318 4,035 H41 † 325 4,332 H25 † 344 5,028 

HEFS  

 (1.12 m) 

Current - 3.35 m H10 92 570 H20 261 3,284 M34 279 3,728 H34 † 293 4,312 

MRFS - 3.85 m M4 182 2344 M14 352 4,817 M26 † 355 5,169 M42 † 377 5,985 

HEFS - 3.98 m H4 191 2652 H14 356 5,343 H42 † 364 5,652 H26 387 6,448 

† Model became unstable with 30 second timestep, reduced to 15 seconds 



Table 4: Water depths in model domain for current and future fluvial flood scenarios 

 Current MRFS HEFS 

Maximum depth: total inundated area 3.24 m 3.35 m 3.52 m 

Maximum depth: city centre 1.66 m 1.89 m 2.32 m 

Depth range in majority of inundated streets: west of 

Grattan Street 
<0.5 m 0.5-1.0 m 1.0-1.5 m 

Depth range in majority of inundated streets: east of 

Grattan Street 
0 m <0.5 m < 1.0 m 
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Figure A. 1: Contributing catchment to the CG06 western boundary and (inset) extent of model bathymetry 

 



 

Figure A. 2: Maximum water depths under (a) current, (b) medium-range, and (c) high-end fluvial flood 

scenarios 

 

 

Figure A. 3: Maximum water velocities under (a) current, (b) medium-range, and (c) high-end fluvial flood 

scenarios 

 



 

Figure A. 4: Floodwater (a) depths and (b) velocities resulting from a high-end surge residuals under high-end 

mean sea levels on average tides (H7) 

 

 

Figure A. 5: Maximum water depths under current surge conditions for (a) current, (b) medium-range, and (c) 

high-end sea levels  

 



 

Figure A. 6: Maximum water velocities under current surge conditions for (a) current, (b) medium-range, and 

(c) high-end sea levels 

 

 

Figure A. 7: Maximum water depths under high-end surge conditions for (a) current, (b) medium-range, and (c) 

high-end sea levels  

 



 

Figure A. 8: Maximum water velocities under high-end surge conditions for (a) current, (b) medium-range, and 

(c) high-end sea levels  

 

 

Figure A. 9: Maximum water velocities under high-end future sea levels for (a) mean fluvial conditions, and (b) 

current, (c) medium-range, and (d) high-end fluvial flood scenarios 

 



 

Figure A. 10: Maximum water depths under combined high-end fluvial discharges and coastal water levels 

 

 

Figure A. 11: Maximum water velocities under combined high-end fluvial discharges and coastal water levels 
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Figure A. 12: Contributing catchment to the CG06 western boundary and (inset) extent of model bathymetry 

 

Figure A. 13: Maximum water depths under (a) current, (b) medium-range, and (c) high-end fluvial flood 

scenarios 

 

Figure A. 14: Maximum water velocities under (a) current, (b) medium-range, and (c) high-end fluvial flood 

scenarios 

 

Figure A. 15: Floodwater (a) depths and (b) velocities resulting from a high-end surge residuals under high-end 

mean sea levels on average tides (H7) 

 

Figure A. 16: Maximum water depths under current surge conditions for (a) current, (b) medium-range, and (c) 

high-end sea levels  

 

Figure A. 17: Maximum water velocities under current surge conditions for (a) current, (b) medium-range, and 

(c) high-end sea levels 

 



Figure A. 18: Maximum water depths under high-end surge conditions for (a) current, (b) medium-range, and 

(c) high-end sea levels  

 

Figure A. 19: Maximum water velocities under high-end surge conditions for (a) current, (b) medium-range, and 

(c) high-end sea levels  

 

Figure A. 20: Maximum water velocities under high-end future sea levels for (a) mean fluvial conditions, and 

(b) current, (c) medium-range, and (d) high-end fluvial flood scenarios 

 

Figure A. 21: Maximum water depths under combined high-end fluvial discharges and coastal water levels 

 

Figure A. 22: Maximum water velocities under combined high-end fluvial discharges and coastal water levels 


