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Introduction

The papers presented in these proceedings reflect the collective efforts of the international
community engaged in advancing the science and practice of flood management. The 10th
International Conference on Flood Management, held in London from May 20-22, 2026,
continues a distinguished series of conferences that, since 2000, have provided a unique

global platform for addressing one of the most pressing natural hazards affecting society.

Floods remain the most frequent and devastating natural disasters worldwide, with
increasing impacts driven by climate change, rapid urbanization, land-use transformation,
and socio-economic development. Addressing these challenges requires integrated,
multidisciplinary approaches that combine advances in hydrology, engineering,
environmental science, data analytics, policy, and community engagement. The ICFM series
has consistently fostered such collaboration, bringing together researchers, practitioners,

policymakers, and stakeholders to exchange knowledge and develop innovative solutions.

The theme of ICFM10, “Adapting to Global Change: Innovative Approaches to Flood
Management and Resilience,” highlights the urgent need to transition from traditional flood
control toward adaptive, risk-informed, and resilience-based strategies. Contributions in
this volume address a wide range of topics, including flood hazard and risk assessment,
forecasting and early warning systems, nature-based solutions, infrastructure resilience,

climate change impacts, governance, and community-based adaptation.

These proceedings demonstrate the growing role of emerging technologies—such as high-
resolution modeling, remote sensing, artificial intelligence, and impact-based forecasting—
in improving our ability to anticipate and manage flood risks. At the same time, they
emphasize that effective flood management mustintegrate technical innovation with social,
institutional, and policy dimensions, recognizing the importance of stakeholder

participation and local context.
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The editors hope that this volume will serve as a valuable resource for researchers,
practitioners, and decision-makers worldwide. By capturing the latest developments and
lessons learned, it contributes to the ongoing effort to reduce flood risk, enhance resilience,

and support sustainable development in an increasingly uncertain and changing world.

The editors would like to express their sincere appreciation to all authors for their valuable
contributions to this volume and to the reviewers for their careful evaluations and dedicated
efforts in maintaining the quality of the proceedings. We also extend our gratitude to the
members of the Local Organizing Committee and the International Scientific Committee for
their guidance and commitment in organizing the conference and preparing these
proceedings. Special thanks are due to all administrative assistants and technical staff

whose support made this work possible.

On behalf of the International Conference on Flood Management (ICFM),
Slobodan P. Simonovic

Chairperson, ICFM Ad Hoc Committee

London, Ontario, Canada

May 2026
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Chapter 1- Global change and emerging flood risks

1.1 Changing flood regimes and extremes under climate change
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Historical attribution and future projections of extreme flooding in the
transboundary Saint John River Basin

Rajesh R. Shrestha, Alex J. Cannon, Carter Conboy
Climate Research Division, Environment and Climate Change Canada, Victoria, BC, Canada
E-mail: rajesh.shrestha@ec.gc.ca, alex.cannon@ec.gc.ca, carter.conboy@ec.gc.ca

ABSTRACT

The transboundary Saint John River Basin, which covers parts of the provinces of Quebec and New
Brunswick in Canada and the state of Maine in the United States, experienced extreme flooding in 2008,
2018, and 2019, with the record-breaking 2018 flood event causing estimated damages of about $75
million in Canada. In this study, we employ a large-scale hydrologic modelling system to characterize
these flood events in the context of historical, recent and future climates. Specifically, by conditioning the
model on dominant hydroclimatic drivers, we identify anomalously high winter snowpack and spring
precipitation as the main drivers of these floods. Furthermore, we show that the events would be even
more severe when the two extreme drivers—namely, high winter snowpack and spring precipitation—co-
occur. Additionally, by driving the model with an ensemble of statistically downscaled global climate
models, we find a small decrease in the intensity of extreme events (e.g. 10—100-year return period)
between the historical period (1955-1974) and the recent period (2001-2020). However, projections for
the near-future period (2031-2050) suggest an intensification of extreme flooding beyond the most severe
historical flood event. Future intensification of flooding occurs despite the projected decline in snowpack,
suggesting an increasingly influential role of extreme spring precipitation in driving these floods. Overall,
these results underscore the need for adaptation planning to address current and future flood hazards in
the region.

KEYWORDS: extreme value analysis, future projections, hydroclimatic drivers, hydrological
modelling, Saint John River Basin.

1 INTRODUCTION

The transboundary Saint John River, which flows through the provinces of Quebec and New
Brunswick in Canada and the state of Maine in the United States within a drainage area of about 55,000
km? (Figure 1), is one of the most flood prone rivers in the region. Three large flood events occurred in
the basin in 2008, 2018, and 2019, causing extensive property damage and economic losses (Newton and
Burrell 2016; Rickard et al. 2025). Specifically, the 2008 flood event was the worst spring flooding in the
preceding 35 years in New Brunswick, affecting about 1600 properties and causing damages exceeding
Can$23 million (Newton and Burrell 2016; NBGELG 2025). Although the floodwater level in the 2018
event was lower than that of the 2008 event, estimated damages (about Can$75 million) in New
Brunswick in 2018 were higher than in 2008 (NBGELG 2025; Rickard et al. 2025). The damages from
the 2019 event were lower despite having the peak flow similar to 2018, which was attributed to better
flood preparedness (NBGELG 2025). The flood events also caused disruptions to hydropower production
from the Saint John River’s seven run-of-the-river hydroelectric dams, with floodwater overwhelming the
dams’ capacity and freely flowing through the spillway, causing substantial financial losses for New
Brunswick Power (Web-1). The economic losses and impacts on the communities underscore the need for
a better understanding of current and future hazards in the basin.
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Figure 1. Location map of the Saint John River basin, including the hydrometric stations A used for model
calibration.

Floods in the Eastern Maritime region of Canada—where the Saint John River basin is located—
primarily occur between March and May, generated by snowmelt, heavy spring precipitation, rain-on-
snow events, and augmented by river ice-jamming (Buttle et al. 2016; Newton et al. 2024). Rickard et al.
(2025) characterized the main drivers of the three flood events in terms of positive anomalies in winter
and spring total precipitation and snow water equivalent (SWE), combined with spring rain-on-snow
events. Furthermore, ongoing hydroclimatic changes, especially increasing trends in mean, minimum and
maximum air temperature, together with some increases in precipitation, are affecting the magnitude and
timing of spring high flows in the region (Caissie and El-Jabi 2024). Additionally, projected increases in
precipitation and temperature in the basin can be expected to impact future flood flows and associated
risks (El-Jabi et al. 2016; Yousfi et al. 2025).

In this study, we assess current and future flood hazards in the Saint John River basin by using a
large-scale hydrological modelling system, the Community Water Model (CWatM) (Burek et al. 2020).
Specifically, we drive CWatM with a combination of initial conditions and hydroclimatic drivers
conditioned on recent flood events to characterize these events and assess the potential for more extreme
events. Furthermore, we drive CWatM with an ensemble of statistically-downscaled Global Climate
Models (GCMs) from the Coupled Model Intercomparison Project Phase 6 (Eyring et al. 2016) to assess
changes in extreme flows from historical to recent and future climates.

2 METHODS

2.1 Hydrologic Modelling

We set up the CWatM hydrological model (Burek et al. 2020) to simulate historical and future flood
response in the Saint John River basin. CWatM is a large-scale, semi-distributed hydrological model

developed for global- to regional-scale applications, and the model has been used in previous assessments
of historical and future floods (Boulange et al. 2021; Shrestha et al. 2025; Zhao et al. 2025). The model



includes a representation of cold-region processes, including snow accumulation and melt, as well as soil
water movement through frozen soil. In this study, we used CWatM version 1.081 with the radiation-
restricted degree-day factor snowmelt routine (Erlandsen et al. 2021), which has been modified to account
for snow albedo decay (Shrestha et al. 2025).

We employed CWatM at a 5-arcmin resolution, with sub-grid variability in snow and land cover,
using static geospatial data provided by the model developers (Web-2). We divided the CWatM setup for
the Saint John River basin into upstream and downstream subbasins with outlets at the Grand Falls and
Mactaquac hydrometric stations, respectively (Figure 1). We calibrated CWatM parameters for the
upstream subbasin by sub-dividing it further into six sub-subbasins, and the downstream subbasin by
subdividing it into two sub-subbasins and using flows at the Grand Falls station as inflow. We used flows
from each of the six stations in the upstream basin and two stations in the downstream basin as objective
functions for calibrating CWatM in a multi-objective framework using the non-dominated sorting genetic
algorithm (NSGA-II) (Deb et al. 2002) as implemented in the Python DEAP package (Fortin et al. 2012).
Calibration and validation periods consisted of the years 2007-2019 and 1995-2006, respectively.

2.2 Climate Data and Downscaling

We used daily maximum, minimum and mean temperature, total precipitation, downward
longwave and shortwave radiation, relative humidity, surface pressure and wind speed from the Canadian
Surface Reanalysis (CaSR) version 3.2 (Gasset et al. 2021) as forcing data to calibrate CWatM, and as
target data for statistical downscaling. CaSR is a dynamically downscaled observational product based on
the Regional Deterministic Reforecast System (RDRS). Gridded precipitation in CaSR is from an offline
precipitation analysis using forecast values from RDRS as the background field. CaSR v3.2 has a spatial
resolution of ~10 km, spans the period 1980-2024, and covers the entire North American domain. A key
advantage of using CaSR for the transboundary Saint John basin is its spatial consistency, i.e. the dataset
is not affected by discontinuity at the border.

We used six ensemble members from four CMIP6 GCMs that participated in the High Resolution
Model Intercomparison Project (HighResMIP) (Haarsma et al. 2016). The HighResMIP GCMs were
selected because of higher spatial resolution (at least 50 km in the atmosphere and 0.25° in the ocean),
which reduces the scale of spatial disaggregation between the GCM and target CaSR dataset during
downscaling. The selected GCMs span the historical period of 1950-2014 and the future period of 2015-
2050 under the Shared Socioeconomic Pathways (SSP) 5-8.5 scenario.

We employed the n-dimensional probability density function transform and multivariate bias
correction method (MBCn) (Cannon 2018) to spatially disaggregate and bias-correct GCM outputs to the
resolution of the CaSR dataset. This method preserves the multivariate dependence of the target
observational data, which is an important consideration for multivariate climate and hydrological
extremes. The downscaling was done at the daily time step and includes all variables required for running
CWatM, namely: maximum, minimum and mean temperature, total precipitation, downward longwave
and shortwave radiation, relative humidity, surface pressure and wind speed.

We forced CWatM with the statistically downscaled GCM outputs and assessed the effect of long-
term climate change on extreme flood events. We considered three periods: the historical period of 1955-
1974, the recent period of 2001-2020, and the near-future period of 2031-2050 under the SSP5-8.5
scenario, which approximately correspond to 0.25 °C, 1.0 °C, and 2.0 °C of warming, respectively, since
the preindustrial period of 1850-1900 (Forster et al. 2023).

2.3  Analyses

To assess the drivers of the flood events of 2008 and 2018, we ran conditional CWatM simulations
by combining: i) April 1 initial condition of the flood year with April-August meteorological forcing from
2001-2020, and ii) April 1 initial condition from 2001-2020 with April-August meteorological forcing



from the flood year, excluding the drivers of the remaining flood events in all cases. For example, to
assess the role of snowpack on 2008 flooding, we combined April 1 initial condition from 2008 with the
2001-2007, 2009-2017, and 2020 April-August meteorological drivers. Similarly, to assess the role of
spring conditions on the 2008 flood, we combined the 2008 April-August meteorological drivers with
April 1 initial condition from 2001-2007, 2009-2017 and 2020.

We analyzed extreme value statistics of annual maximum flows for each of the 20-year historical,
recent and future periods, by assuming stationarity over each period, but non-stationarity across the three
periods. Specifically, for each 20-year period, we combined all annual maximum flow values from the
six-member GCM ensemble driven CWatM simulations and fitted the Generalized Extreme Value (GEV)
distribution for the combined sample size of 120. The GEV distributions were fitted using the L-moments
parameter estimation (Hosking 1990) (Hosking and Wallis, 1993), as implemented in the R extRemes
package (Gilleland 2024).

3 RESULTS

3.1 CWatM calibration/validation

In this paper, we focus on the results for the Saint John River at Grand Falls station. The
performance of the calibrated CWatM model generally indicates a good ability to represent the dynamics
of streamflow hydrograph, with the Kling—Gupta efficiency (KGE) of 0.85 and 0.80 for the calibration
and validation periods, respectively. However, the model had difficulty in replicating the peak flow
magnitudes of some flood events, e.g. the 2019 event (Figure 2a). These discrepancies arise from a
number of sources of uncertainties, including: i) forcing data, e.g. representativeness of precipitation and
temperature in the CaSR reanalysis data; ii) observed streamflow data, e.g. estimated flows based on
water levels, especially when affected by river ice; and iii) model structure, i.e. representation of
underlying physical processes in the CWatM model. Nevertheless, the comparison of the quantiles of the
observed versus simulated annual peak flows indicates a reasonable ability of the model to reproduce the
distribution of extremes (Figure 2b), except for the maximum of all events.
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Figure 2: Observed vs. CWatM simulated discharge at the Saint John River at Grand Falls station: a)
calibration (2007-2019) and validation (1995-2006) results; b) quantile—quantile plot of the distribution of
observed vs. simulated annual peak flows over both calibration and validation period.
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3.2 Effects of the drivers on the 2008 and 2018 flood events

The 2008 and 2018 flood events occurred between April 23 and May 12 (Rickard et al. 2025), and
based on CWatM simulations, 2008 and 2018 April 1 SWE values are about 86% and 30% above 2001-
2020 mean value, with the 2008 April 1 SWE value being highest over the entire period. April
precipitation values were more variable, with the 2008 and 2018 values at about 8% and 35% of the 2001-
2020 means, respectively.

The combined simulations i) and ii), corresponding to the drivers of the 2008 flood, revealed
contrasting responses (Figure 3). Specifically, the simulations i) conditioned on the 2008 April 1 initial
condition, show a substantial shift in the distribution of maximum flows, with the maximum of
maximums about 29% higher, and 5 of 17 simulated flows higher than the 2008 event. This illustrates the
potential for larger floods when the 2008 snowpack co-occurs with higher spring precipitation than in
2008. Furthermore, the large shift in the distribution of flows between 2001-2020 and simulations i),
illustrate the dominant effect of the anomalously large snowpack on the 2008 flood event. The
simulations ii), conditioned on the 2008 April-August meteorological drivers, resulted in a lower
maximum of maximums and smaller shift in the distribution. This suggests limited effect of the spring
meteorological conditions on the 2008 flood event.

The simulations i) and ii), corresponding to the 2018 flood event, both show maximum of
maximums approximately equal to the 2018 event. Hence, the combinations of drivers of the 2018 flood
event with 2001-2020 hydroclimatic conditions, excluding those from the 2008 and 2019 events, do not
lead to a larger flood than in 2018. However, the differences in shifts in the distribution of maximum
flows in the two sets of simulations indicate their differing influences on the 2018 flood event.
Specifically, the smaller shift in simulations i) suggests smaller effect of the April 1 snowpack, while the
larger shift in simulations ii) suggests larger effect of the spring meteorological drivers.
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Figure 3: 2001-2020 simulated discharge together with simulations conditioned on: i) April 1 initial
condition and, ii) April-August meteorological drivers corresponding to a) 2008 flood event and b) 2018
flood event. Boxplots depict interquartile ranges and whiskers depict maximum and minimum. The
simulations i) and ii) for a) excludes the forcings from the 2018 and 2019 events and simulations 1) and ii)
for b) excludes forcings from the 2008 and 2019 events.
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3.3 Comparison with historical and future simulations

The comparison of simulated April 1 SWE over the historical (1955-1974), recent (2001-2020) and
near-future (2031-2050) periods generally shows successive declines over the three periods, indicating the
influence of warming temperatures on snowpack storage in the basin. The decreases in snowpack occur
despite increases in precipitation between each period, suggesting a warmer temperature-driven increase
in the rainfall fraction of total precipitation. In general, maximum flows increase progressively from
historical to recent to near-future periods. However, the maximum of the six-member ensemble for the
recent period is lower than that of the historical period, indicating the variability across the ensembles
used.
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Figure 4: Comparison of simulated a) April 1 SWE and b) maximum flow over the historical (1955-
1974), recent (2001-2020) and near-future (2031-2050) periods. The ranges show maximum, median and
minimum values obtained from the 20-year means of each of the 6-member GCM driven CWatM
simulations.
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Figure 5. Flood frequency curves obtained by fitting the GEV distribution on the annual maximum flows.
All GCM ensemble members are combined for the GEV fitting, and the dashed lines show the 95%
confidence intervals of the fitted distribution. The years on the right axis indicate flows for two highest-
recorded historical flood events.

We also analyzed the changes in flood frequencies across the three periods by fitting the GEV

distribution to the annual maximum flows from all GCM ensemble members combined (Figure 5). The
comparison of results between the historical and recent periods shows similar flows for floods of smaller

12



return periods (e.g. 1.5- and 2-year flood events). However, the curves diverge at higher return periods,
which is consistent with the lower maximum for the recent period when the 20-year means of the GCM-
driven simulations are compared (Figure 4). The projected flows for the 2031-2050 near-future period are
higher than both the historical and recent periods at all return periods. Consequently, the return period of
the 2018 flood event decreases from about 101-year to 31-year between the recent and near-future
periods, respectively. Likewise, the return period of the 2008 flood event decreases from about 354-year
to 72-year between the two periods, respectively. Hence, the model simulations suggest an intensification
of extreme flooding in the near-future period, with flood events beyond the highest historical flood event
of 2008 becoming increasingly common. Furthermore, future intensification of flooding occurs despite
the projected decline in snowpack, suggesting an increasingly influential role of extreme spring
precipitation in driving these floods.

4 CONCLUSION

This study provides an evaluation of historical, recent and future changes in flood hazard in the
Saint John River basin in the context of the 2008, 2018 and 2019 flood events. We employ a large-scale
hydrologic modelling system CWatM to characterize these flood events. Our evaluation identified the
anomalously high snowpack as the main drivers of the 2008 flood event, and both high winter snowpack
and spring precipitation as the drivers of the 2018 event. Furthermore, the results show the potential for
flood events larger than the observed, under the compounding influence of high snowpack (such as in
2008), and high spring precipitation. Our evaluation also showed a general decrease in snowpack depth
but an increase in maximum flows progressively from historical (1955-1974) to recent (2001-2020) to
near-future (2031-2050) periods. In terms of the return periods of extreme maximum flow, the projections
show small increases between the historical and recent periods, but larger decreases between the recent
and future periods. This suggests future intensification of extreme flooding beyond the most severe
historical flood events. Overall, these results underscore the need for an adaptation planning against
current and future flood hazards in the region.
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ABSTRACT

There is a significant lack of research regarding the coastal flood resilience of nuclear
decommissioning sites, an issue that necessitates continuous assessment. As climate change associated sea
level rise (SLR) projections are fuelling concerns about the long-term safe management of radiological
inventory, and efficient progression of decommissioning, emphasised by the growing number of facilities
entering decommissioning phases globally. A significant collection of literature was reviewed to
collectively inform the reframing of resilience, which also aims to guide the development of coastal flood
resilience index assessments through identification of indicators. Within this paper, resilience was reframed
as the ability of the decommissioning site to maintain continuous essential operations, respond effectively,
incorporate adaptations, and retain essential objectives. This approach presented decommissioning sites as
systems, highlighting elements within dimensions that strongly influence resilience capabilities, further
informed by the widely recognised framework (seismic resilience) that identifies key qualities required for
sufficient resilience within a system. Focus on requirements of maintaining continuous essential operations
was underpinned by the need to represent operational degradation and responses required to understand
when resilience is being lost, and when it is no longer resilient, represented through thresholds. Overall, the
synthesis of these elements into a reconceptualised resilience ability applicable for decommissioning
contexts is significantly beneficial. As it provides a foundation not only for future research towards
resilience in decommissioning sites, but for practical application, particularly in aiding index-based
assessments with indicator identification within nuclear decommissioning sites for coastal flood and general
natural hazard resilience.

1 INTRODUCTION:

Flooding is understood as the UK’s most frequent and detrimental natural hazard, with coastal
flooding ranked as the second highest risk for causing civil emergency, posing increasing risk for the UKs
coastal zones (Hendry et al 2019), a significant issue that has impacted the UK previously. Such as the 1953
‘North Sea Flood’ storm surge that impacted the UKs east coast, causing approximately £1.2bn in damage
(current value) and 307 deaths (Haigh et al 2017). In December 2013, the UK was hit by Storm Xaver,
where extreme storm conditions generated comparable water levels to 1953 measurements, impacting
coastlines on the Southwest of England and West of Wales (Kendon and McCarthy 2015). Future climate
change induced SLR projections and associated increases in the frequency and severity of storms linked to
amplification of extreme water levels are fuelling concerns for the UKs coastal zones (Perks et al 2023).
As these zones are home to 9 operational reactors at 4 sites (Heysham 1 and 2, Sizewell B, Hartlepool, and
Torness), with new reactors proposed across coastal positions, and Hinkley Point C (Somerset coast) and
Sizewell C (Suffolk) under construction (Web 1). Yet there are 17 former sites that have ceased operations
and are undergoing decommissioning by the Nuclear Decommissioning Authority (NDA), with most on
the coastline and projected to take decades to complete due to engineering challenges associated with ageing
assets and radiological inventory (Foster et al 2021). Consequentially, their coastal positions will further
risk safety, security, and existing challenges.

There is significant focus on improving the natural hazard resilience for current and planned nuclear
plants globally (Portugal-Perreira et al 2024), but a significant gap regarding the assessment of hazard
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resilience at decommissioning sites. It is imperative to tackle this, not only for the UK but globally, as
nuclear reactor fleets are continuously aging and reaching the end of their lifespans, soon coming offline
and entering decommissioning phases at an increasing rate (Wimmers and Von Hirschhausen 2023). This
trend will result in an increasing number of coastal nuclear decommissioning sites that must be equipped
with the tools and knowledge to assess coastal flood resilience.

A commonly utilised technique to assess resilience are index-based tools, consisting of the
identification of a context’s elements and combination into a comprehensive index to quantify resilience,
requiring indicator determination to represent these elements (Marzi et al 2019). Indicators are understood
as ‘inherent characteristics that quantitatively estimates the condition of a system; they usually focus on
minor, feasible, palpable and telling piece of a system’ (Balica et al 2012). But a lack of past frameworks
or research to assist index-based assessments for coastal flood resilience is absent. Hence, to support
determination of potential indicators, this paper undertook the challenge of reframing resilience to aid
guidance, repurposing previous definitions and approaches to resilience in literature to achieve this.

2 METHODOLOGY:

The requirement of reframing resilience for nuclear decommissioning sites requires the gathering of
existing relevant research, encompassing the need for a literature review. This paper could not use a
‘systematic’ approach for this paper due to the lack of literature surrounding the topic when the search string
‘Nuclear Decommissioning’ AND ‘Coastal Flooding’ AND ‘Resilience’ produced minimal results with no
eligibility. This paper utilised a ‘rarrative review’, a more useful approach for researching topics with a
lack of an extensive literature base, providing a comprehensive overview (Greenhalgh et al 2018). The
narrative review provided an overview of links between associated resilience literature to synthesise
knowledge across an array of research areas, providing a comprehensive understanding. This allowed a
broad exploration of literature resulting from the combination of string searches that were utilised to infer
applicable elements that can be utilised in conjunction to understand how resilience can be reframed for
nuclear decommissioning sites. The array of existing literature was continuously refined and analysed that
allowed categorisation into 4 stages in the discussion of findings, aiding reframing resilience for application
into nuclear decommissioning sites, aiding guidance of index-based assessments.

3 DISCUSSION OF FINDINGS

Stage 3.1. Preliminary Review — Foundational resilience concepts relevant to nuclear
decommissioning contexts:

There are many resilience definitions in literature, but the prominent theme remains the ability to
withstand external disturbances and recover effectively (Haque and Doberstein 2021). But resilience is not
an all-encompassing concept, and its effective application requires consideration of multiple context
dependant factors (Jones 2019). Lack of relevant resilience research for decommissioning sites required an
understanding of previous resilience approaches, to bolster how it can be reframed and effectively assist in
indicator identification guidance. The most relevant identified resilience perspectives included engineering,
ecological, social-ecological, adaptive capacity, and system resilience, presented below:

Engineering resilience entails the ability of a system to return to a singular equilibrium following
disturbance, judging resilience capabilities by the speed of return to a singular stable state (Li et al 2020).
The requirement to incorporate an ability of adaptation and preparedness implementation to reduce the
likelihood of future failure is heavily present (Zevenbergen et al 2020). This perspective initially seems too
simplistic for a heavily complex decommissioning site, but the aspect regarding recovery speed (i.e.
operational restoration) was deemed highly applicable.

Ecological resilience was pioneered by Holling (1973), focusing on the ability of ecosystems to
withstand disturbance without changing self-organised structures and processes, where a system can exist
in multiple stable states if essential structures are retained and resilience sufficient (Dakos and Kéfi 2022).
Focus is on elements required to continuously support essential key processes, significant to consider in
indicator identification guidance due to influence upon a system. However, despite relevant components,
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further review had to be undertaken to understand how related knowledge can be translated to aid reframing
of resilience in decommissioning sites, leading to the social-ecological perspective.

The social-ecological resilience approach builds upon ecological and engineering perspectives
to recognise resilience as a system’s capacity to absorb disturbance, reorganise, and retain essential
processes, recognising the interactions between human/engineered systems (e.g. decommissioning site) and
natural systems (coastal zones) (Chaffin and Scown 2018). Focus on the need to re-organise to improve
resilience links heavily to engineering and ecological approaches, reinforcing the importance of adaptation
and reorganisation. Furthermore, this concept highlights the influence of the ‘socia/’ dimension, underlining
how social factors can influence resilience and adaptation ability through organisation, reflected across and
supported by social, governance, or institutional domains (Hahn and Nykvist 2017), important to consider
as the ability to incorporate adaptations in a system underpins the sufficiency of continuous resilience.

The consistent mention of systems within these resilience perspectives is significant to consider, as
it illustrates a decommissioning site as composed of a range of elements responsible for the continuity of
essential operations (Mentges et al 2023). Resilience within systems is understood as the ability to withstand
disturbance, recover, and adapt, underpinned by the capability to maintain vital functions, where
understanding internal actions are crucial to comprehend resilience (Hosseini et al 2016). Thus,
decommissioning sites could be perceived as systems, encompassing a significant array of internal
interconnected and interacting components responsible for continuous essential operations, influenced by
internal actions. Therefore, approaching decommissioning sites as systems could reduce the complexity of
understanding what elements are responsible for resilience and operating capabilities, simplifying
identification of elements that can be translated to indicators for index-based resilience assessments.
Preliminary Review findings summary:

When applicable aspects identified were combined, resilience for a decommissioning site is reframed
as the ability to maintain continuous essential operations, respond effectively and efficiently, continuously
incorporate adaptations, and retain original objectives. Further review simplified this approach by
portraying nuclear decommissioning sites as engineered/human systems with an array of interacting
elements responsible for the systems resilience capabilities, where the interaction with the natural system
(coastal zone) must be recognised. Furthermore, this section presented the significance of considering the
engineering, natural, and social aspects due to understood influence upon resilience capabilities, reflected
within the organisational, environmental, and human dimensions. These findings provide guidance on what
areas should be considered within indicator identification, signifying the importance of focusing on
elements that influence the presented resilience capabilities and dimensions (organisation, environmental,
human) that underpin its effectiveness. But these findings that have aided reframing resilience had to be
deemed practical for real-life examples and synergise with literature regarding resilience in nuclear
contexts, to reinforce applicability.

Stage 3.2. Applicability of preliminary review findings within nuclear context literature:

This section refines the preliminary review’s findings through application of the reframed resilience
capability to real-life examples, aiming to reinforce applicability. These examples revolve around the 2011
tsunami that impacted the Northeastern coast of Japan, specifically, the Fukushima Daiichi Plant, Tokai
No.2, Onagawa, and Fukushima Daini plants. In 2011, Fukushima Daiichi was subject to the 2011
earthquake and induced tsunami, interrupting operations, causing failure in reactor cooling processes and
triggering a chain reaction resulting in eventual explosions within reactor buildings and release of
significant radiological material (Hasegawa et al 2014). Impacts were significant, resulting in the
widespread contamination of the surrounding area that caused mass evacuations, leading to the plant’s
shutdown and decommissioning (Ono 2021). This practical example was found to link heavily to
preliminary review findings, as the plant was unable to maintain continuous essential operations,
respond effectively to operational loss, and essential objectives were lost. The other 3 plants were also
impacted and operations interrupted, but these plants were able to maintain continuous essential
operations to respond effectively and safely reach reactor shutdown (Ibrion et al 2020), reinforcing
preliminary review findings. But only Onagawa unit 2 (a reactor within the site) is in active operation since
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restart in 2024, and the rest are either undergoing decommissioning or awaiting restart (Web 2), reinforcing
the requirement of retaining essential objectives to remain sufficiently resilient.

Maintaining continuous operation as a key resilience capability is furthered by the requirement of
safe long-term management of radiological inventory to prevent consequence (Jenkins et al 2020). Focus
can be directed to elements that influence safe-management, aiding identification of associated elements
translation to indicators for index-based assessments. These concerns can be further fuelled by challenges
associated with decommissioning sites, regarding engineering complexities management alongside
radioactive inventory and secondary waste generated by decommissioning (Ngulimi 2025; Foster et al
2021). But despite this prominent concern, another significant consideration revolves around the ensuring
of continuously efficient decommissioning progression (Wimmers and von Hirschhausen 2023), both this
concern and inventory management identified the influence of organisation from the preliminary review.

Within Fukushima Daiichi, the Tokyo Electrical Power Company Holdings (TEPCO) and nuclear
regulators organisational ineptitude hindered the ability to effectively respond and prepare, a result of
inadequate emergency response training and lack of safeguards being implemented (Murata 2021).
Technical issues also stemmed from organisational ineptitude, like locating many emergency generators
underground resulting in their flooding and failure (Hollnagel and Fujita 2013). A relevant dimension as
the technical dimension encompasses engineered components contributing to overall resilience capacity
dependent on condition, a relevant concern in decommissioning sites due to deteriorating conditions. The
influence of both the organisational and technical dimension is furthered by the example of the
Kashiwazaki-Kariwa Nuclear Power Plant (KKNNP), Niigata Prefecture, Japan. Although only partially
operating at the time, the Daiichi disaster sparked concerns, leading to reactors being shut down following
the accident and the implementation of safety features within shutdown reactors, whereas unit 6 has been
restarted with aims to return to operation in March 2026 (Web 3). Since previous damage from seismic
events (2007), there has been positive organisational influence from TEPCO learning from the previous
Fukushima Daiichi disaster, as enhanced safety measures have been mandated, leading to rigorous
inspection and implementation of upgrades as of 2024 (Yamamoto and Yamamoto 2024). TEPCO
implemented increasing safety investigations and upgrades like flood barriers to safeguard against tsunamis,
whilst improving preparedness through response plans, training, and backup power systems (Web 3),
highlighting positive organisational influence on resilience, alongside socio-economic and technical
examples that can be taken to bolster resilience at nuclear sites.

This stage provides further evidence to the influence of dimensions and elements within, and when
utilised in conjunction with previous findings, it provides further information regarding responsible
components within a decommissioning site to further aid resilience indicator identification. However,
further clarification to effectively guide indicator identification and reduce the complexity of reframing
resilience ability was required, where further review found a plethora of aspects that could result in more
specified and applicable aspects that must be considered (stage 3.3)

Stage 3.3: Further understanding the applicability of findings and influence on resilience capabilities:

Requirement of decommissioning sites to ensure safe long-term management of radiological
inventories and efficient decommissioning progression led to evolution from systems to ‘high risk’ systems,
an aspect linked to the critical infrastructure systems (CI). Like decommissioning sites, CI’s require
continuous operation to support economic growth, governmental functions, and essential tasks (Ouyang
2014), as failure generates serious consequences (like Fukushima Daiichi) (Comes and Van de Walle 2014).
Focus on continuous operation is prominent, and further research within CI literature heavily cited the
framework of Bruneau et al (2003), a highly regarded, and relevant framework paper. Bruneau et al’s (2003)
framework provides further understanding to disaster resilience, highlighting four properties, understood
as qualities a system must possess to be resilient. Understood as robustness (strength of a system to endure
disruption without functional degradation), rapidity (capacity or speed to recover and restore function if it
falters), resourcefulness (ability to effectively apply resources to meet priorities), redundancy (extent to
which systems components are substitutable).

Further highlighted are the idea of 4 dimensions, highlighting domains where resilience properties
can be applied or expressed within a system, adding to the preliminary review’s findings regarding
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dimensions. Within the framework they are understood as technical (covers an engineered system
components ability to maintain acceptable essential operations during disturbance), social (represents
human aspects and measures in place to less the extent of consequences for communities), economic
(encompass financial aspects and the capacity to reduce economic losses), and organisational (capacity of
managing organisations to take actions to enhance resilience properties effectiveness). These dimensions
are evidently present and influential in real life examples, like the Fukushima Daiichi (2011) disaster, as
resilience properties were impacted by organisational ineptitude, contributing to issues in the technical
dimension, and inhibiting resilience capabilities of the site. In contrast, the influence of organisational
dimension can have positive impacts on resilience, evident at the improved resilience capabilities of the
KKNNP, improving the technical dimension. But dimensions have varying degrees of importance,
dependent on the context they are applied to (Annarelli et al 2020), and based on previous findings, the
technical and organisational dimensions are seemingly more important than social and economic
dimensions within decommissioning sites. As the technical dimension can be linked to engineering
domains, including infrastructure and technology responsible for continuous operations, and links to
engineering concerns of ageing/deteriorating assets in decommissioning sites. Whereas the significance of
the organisational dimension is supported by ineptitude at Fukushima Daiichi dampening resilience, whilst
fostering resilience improvements at KKNNP. Evidently, the organisational dimension can be seen as the
most influential upon resilience nuclear decommissioning sites, followed by the technical dimension,
influencing resilience properties, and thus capabilities.

When applied to aid the guidance of indicator identification for index-based resilience assessments,
the resilience properties provide further understanding of the influence of elements, as they can be
recognised based on contribution to redundancy, robustness, resourcefulness, and rapidity. This is the same
for the dimensions, presenting areas influencing resilience where elements are expressed, further reducing
complexity and grouping them on a basic level to further aid potential indicator identification. But
continued focus has been on retaining essential operations, resulting from the system composed of
dimensions and components. This led to stage 3.4, as focus on operations highlights the need to understand
when a decommissioning site is no longer resilient, and to understand periods of operational loss that require
differing responses before critical loss, as highlighted in stage 3.2’s examples.

Stage 3.4: Understanding operational degradation, response, and point of failure:

Focus on reframing resilience capability within decommissioning sites centres upon maintaining
essential operations. Failure will result in consequence, thus operational loss and response required must
be appropriately understood to effectively supplement practical application for guiding identification of
indicators within index-based resilience assessments to reduce its complexity.

To represent operational loss effectively, the concept of thresholds is utilised, commonly present in
resilience literature, and understood as the point a system can no longer withstand disturbance, transforming
to an unrecognisable state (Forzieri et al 2022). Prominent aspects that must be understood for sufficient
application revolve around the point disturbance can no longer be withstood, recovery, and state of the
system post threshold crossing (Dakos et al 2015). Suggesting that threshold application can highlight
resilience levels required for differing coastal flood scenarios, signifying its performance against hazard
and the importance of adaptation incorporation to improve resilience. This is an imperative aspect to
incorporate, due to climate change and associated increasing risk of coastal flood hazards (Portugal-Pereira
et al 2024), necessitating a need for higher resilience to lower the possibility of threshold crossing during
coastal flood hazards. However, focus on response effectiveness to restore operations signifies a single
threshold representation does not accommodate the importance of restoration through rapidity of response,
a key capability in reframing resilience within this paper. This led to considering multiple thresholds for
appropriate representation of progressive periods of functional loss. As this bettered understanding of
response requirements to highlight resilience at each threshold needed for operational restoration before
critical failure is reached within a system (Liu et al 2019), significantly relevant for this paper’s focus on
coastal flood hazard resilience, and its reframing for decommissioning sites.

Incorporation of multiple thresholds highlights the sufficiency of resilience within a
decommissioning site based upon how quickly thresholds are crossed and effectiveness of restoration. This
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would aid indicator identification by magnifying focus to elements that influence operational degradation
and thus response, signifying early warning signs, and suggesting improvements within the organisational
and technical dimension. It is integral to map the potential stages of operational degradation across
thresholds in coastal flood scenarios at nuclear decommissioning sites, highlighting response required and
overall sufficiency of resilience, which can be translated into possible indicators.

4 COMPREHENSIVE SUMMARY:
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Figure 1, comprehensive illustrated representation of the reframed resilience ability.

Within figure 1 resilience capability is reframed as the ability to withstand initial disturbance, and
failing that, maintain continuous essential operations, respond effectively, incorporate adaptations to
improve preparedness, and retain original essential objectives. The capabilities to express this ability are
dependent on the state of the system and resilience qualities/properties it possesses across elements, which
are located within multiple dimensions that collectively shape the operational performance; organizational
dimension is the most influential upon these properties. These ‘systems’ (decommissioning sites) interact
with the surrounding environment and if a coastal flood disturbance occurs it could interrupt essential
operations. Operational loss or degradation will be represented through thresholds when applied to a site
(figure 1), and dependent on the severity of the coastal flood disturbance, will result in the crossing of
further thresholds and advancing operational degradation, requiring higher levels of response before a
critical threshold (consequence) is reached. When this comprehensive reframed ability (figure 1) is applied
within a nuclear decommissioning site, it will heavily aid the guidance of indicator selection for index-
based resilience assessments, by reducing the complexity that exists within these vastly engineered sites.
This will signify locations within a decommissioning site where indicators can be identified when this
reframed resilience ability is applied. Providing a foundation of relevant knowledge for further reframing
of resilience for nuclear decommissioning contexts to guide indicator selection in index-based coastal flood
resilience assessments for decommissioning sites.

5 CONCLUSION:

To appropriately reframe resilience ability for nuclear decommissioning sites, concerns were
understood through requirements of maintaining the long-term safety of radiological inventory and
continuously progressing decommissioning operations without delay, underpinned by the capacity to
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maintain continuous levels of operation and respond to disturbances. Collectively the repurposed aspects
when encompassed into application at nuclear decommissioning sites highlight a range of dimensions,
elements, and components that contribute towards resilience as the ability to maintain continuous essential
operations, respond effectively, adapt, and retain original objectives. This will provide a beneficial structure
within indicator identification and evaluation due to the structure it provides to seek out indicators across
these areas, effectively establishing how resilience can be approached and how this influences the types of
indicators that should be utilised to represent this. Further research should be undertaken to build on this
foundation, encompassing further levels of research to understand in-depth how resilience can be more
effectively approached to guide possible indicator identification for index-based resilience assessments
with nuclear decommissioning sites. This could lead to the eventual practical execution of these findings
which will ultimately assess the resilience of nuclear decommissioning sites to understand its current level
and how that may cope with coastal flooding disturbances within the future.
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ABSTRACT

In 2024 an update to Australia’s national guidance on climate change and flooding was released to
include the latest temperature projections from [IPCC 6 and the latest research on how warming will affect
flood producing rainfall and runoff generation. This update supersedes interim advice from 2015 that was
included in 2016 version of Australian rainfall and runoff. In 2015 climate change was seen as a future
problem with climate change results generally being treated as a sensitivity assessment and not be

ing actively factored in planning levels and decision making. The new update dramatically
increases impact of climate change and shows that the warming since 1990 has already significantly
increased flood levels.

This has created an immediate need to factor climate change into current and future planning
decisions. The implications of new guidance was not explored prior to its release. This paper outlines
extensive testing that was carried out on the Eastern Australian states. The recommended guidelines were
tested on 500 New South Wales, Queensland, and Victorian catchments representing rural and urban
catchments. For each available catchment the rating curve was used to determine the impact level as well
as flow. This allowed the impact of climate change on flood planning level to be assessed. A Climate
Change Calculator has been developed which allows practitioners to easily understand how climate risk
will change over time over the design life of a structure or with emissions pathway. The calculator allows
users to upload design event flood level grids and interpolate design event grids factored by climate
change reducing the need for model runs and allowing floodplain managers to effectively determine
changes in flood risk. The development of this tool and demonstration of its application using a case
study in Singleton NSW is presented.

KEYWORDS: flood, climate change, Australia, impacts, design floods, ARR, flood planning level
1 INTRODUCTION

Australian Rainfall and Runoff (ARR), the national design flood guideline in Australia (Ball et al, 2019)
introduced Interim Climate Change rainfall adjustment factors based in temperature scaling of 5% per
degree of warming for three representative concentration pathways (RCP). Results were available for
RCP4.5, RCP6 and RCP8.5 but the RCP6 results were qualified due to the limited number of model
results. Different Australian climate zones were used with different climate change temperature increases.
Using the ARR 2019 rainfall adjustments, the estimated increases for year 2090 ranged from 7.2% -
10.8% for RCP4.5 and for 15.4% - 22.8% for RCP8.5. These results were based on the 5th IPCC (2013).
While it was acknowledged climate change would also affect rainfall temporal patterns, antecedent
conditions and baseflow regimes, no adjustment was proposed for these design inputs.

With the release of IPCC synthesis report (2023) the climate guidance within ARR (2024) was updated
based on a climate science review (Wasko et al. 2023). The scaling of rainfall was based on a higher
increase in temperature due to climate change and higher scaling factors (8% for 24 hours and 15% for 1-
hour storms). The resultant rainfall increases are dramatically higher compared to the guideline they are
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replacing and are constant across the country. Loss adjustments, which vary by region, were also
provided.

This paper explores how the update to Australia’s national climate change guidance for design flood
estimation changes the frequency of flood producing rainfall. Using 343 test catchments and a series of
tools developed to specifically aid the understanding of the impact of climate change on flooding this
paper shows how the impacts of climate change can be assessed. These tools also allow floodplain
managers to rapidly assess the impact of climate change, interpolate flood levels and determine
vulnerable areas. More importantly, they allow floodplain managers to adjust policy and direct resources
prior to undertaking detailed modelled.

2 DATA
2.1 Test catchments

A total of 343 catchments along the east coast of Australia were considered suitable for the study
(WMAwater, 2019; Babister and Babister 2022, WMAwater 2021). A subset of 155 with high quality
rating curve information and a long term at site record (WMAwater (2019)) were used for detailed
assessment. Figure 1 shows the location of catchments included in the study, the catchment area to the
gauge (yellow areas) and the distribution of catchment areas (right). The catchments ranged in size from 2
to 16000 km?, with the majority falling between 50 and 500 km?. Synthetic urban catchments were
developed at 10 major cities with catchment areas 1, 5 and 10km? and varying levels of imperviousness.
These additional urban catchments allow the impact of climate change in each major urban centre to be
assessed. The locations of the urban catchments are show as red dots
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Figure 1: The location of study catchments (left) and histogram of study area (right)
2.2 Case Study- Singleton

Singleton was chosen as a case study due its population at risk due to a changing climate. Singleton
is a town located on the Hunter River in New South Wales Australia. The population of the town is
17,500. Design flood level information (BMT WBM, 2023) in the form of an ascii grid for a range of
Annual Exceedance Probability (AEP) shows that in a 1% AEP 2970 buildings are flooded.

3 METHODOLOGY
3.1 Impacts of climate change guidelines on flood planning levels

A hydrologic model was developed of each catchment (Section 2.1) using Watershed Bounded
Network Model (WBNM). This is a widely used rainfall runoff model in Australia. The design inputs
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(IFD, spatial and temporal patterns, losses) were applied as per ARR guidelines. The hydrologic models
were run for the historic baseline conditions (1960-1990 baseline IFD, 2016 IFD (Bureau of Meteorology,
2016)) for durations from 1 Hour to 72 Hours and all ensemble temporal patterns. The standard design
flood estimation process was used to produce historic baseline conditions flows. The same process was
conducted for the climate change scenarios with the rainfall increases and loss adjustments made as per
the ARR Climate change chapter. The critical duration was assumed not to change with climate change.
For each scenario the peak flow for the climate change scenario was compared to the peak flow for the
historic climate and the ratio of peak flow in climate scenario to historic peak flow calculated. For 155
catchments in New South Wales reliable rating curves were available that went past the 1% AEP level.
For each scenario the peak flow was converted to a level using a rating curve. The change in level for the
climate change scenario compared to the historic climate was then calculated.

3.2 Climate change calculator

Detailed hydrologic and hydraulic modelling of the catchment in order to estimate the shift in flood
probability due to climate change provides a more robust estimate of the likely change.. Hydrologic and
hydraulic modelling involves scaling of the rainfall, sampling other design inputs, identifying critical
duration (through ensemble modelling). This amount of investment required for detailed modelling would
preclude any routine estimation and would limit development of a tool that can quickly estimate the shift
in flood probability due to climate change for any location in the country.

This limitation could be overcome by assuming that:

- a good approximation of critical duration can be estimated using the catchment area and 24
hr 1% AEP IFD (Babister et al, 2024a); and,

- using two design rainfall events with similar rainfall excess pattern and depth would result in
the same peak flow.

That means a design rainfall with climate change scaling applied (to IFD, pre-burst, and losses),
would produce the same flow as a historical climate design event with the same excess rainfall (Retallick
et al, 2024b).

Using these assumptions the Climate Change Calculator was developed to estimate shifts in flood
probability at any location in Australia using the available standard design rainfall inputs, and available
at: ccc.wmawater.com.au. The Calculator is described in Babister et al (2024b), Babister et al (2024a),
and Retallick et al (2024b). The tool can provide insights on how risk exposure over the life of the project
changes. Knowing that exposure might change over time can potentially lead to more informed decision
making. Current practice seems to relegate climate change assessment to sensitivity assessment that is
often not factored into decision making (Retallick et al, 2024b). With climate change a present problem,
this needs to change. The focus has often been too much on modelling and mapping a full range of design
events under climate change and not enough on considering the current and future risk into decision
making.

The climate change calculator includes a hydraulic interpolation function. Using ground elevation d
from a hydraulic model, an upper water level grid and a lower water level grid with known AEPs, the user
can choose a particular design event AEP between the upper and lower grid and estimate the flood extent
using the hydraulic interpolator. During the interpolation, the lower design event grid is stretched, using
the model terrain grid to match the extent of the upper grid. An interpolation is then applied to create the
climate change design event grid within the stretched extent. The interpolated water levels lower than
ground elevation grid levels are removed.

The method has been verified against calibrated hydraulic model design event results for a number
of catchments using a leave one out analysis. For example, the 1% AEP design flood extent was
interpolated (using the 5% AEP and 1 in 200 AEP) and compared to the existing flood extent. This
analysis was conducted for all available AEPs (except for the rarest and most frequent AEP). Comparing
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the interpolated extents to the existing design flood extents provided an indication of interpolation
accuracy. The method was found to be suitable for purpose.

3.3 Comparison of the climate change calculator with traditional rainfall runoff modelling

In order to ensure the robustness of the assumptions of the climate change calculator, outputs were
compared to the AEP shifts calculated by traditional rainfall runoff modelling. Traditional rainfall runoff
modelling was undertaken for the rural test catchments described in Section 3.1 using WBNM. Design
inputs, such as temporal patterns, areal reduction factors, and losses were downloaded from the ARR data
hub. Design rainfalls were sourced from the Bureau of Meteorology. The climate change rainfall and loss
factors from ARR V4.2 (Ball et al, 2019) were also applied. The AEP of the historical 1% AEP in the
future was calculated for each climate change scenario. The historical 1 in X AEP event equivalent to the
future 1% AEP event was also calculated.

4
4.1

RESULTS AND DISCUSSION
Impacts of climate change guidelines on flood planning levels

An assessment of the ratio of the flow for the historic climate and selected future climate change
scenario found that design flows increased across all rural catchments with climate change. The ratio of
climate change peak flows to historical flows did not vary significantly with catchment size, peak flow or
catchment location (Figure 2). A small increase in flow ratio occurred in smaller catchments compared to
large catchments, likely due to the higher climate change factors for smaller catchments. The average
flow ratio for SSP3 2050 was 1.21. An increase in the 1% AEP flood level due to climate change can be
used as a surrogate for the likely changes in flood planning levels used by local governments due to
climate change. Figure 3 shows the 1% AEP increases in flood level compared to the historic climate. The
increase in level is largely linear with some catchments showing a slight upwards curvature. Therefore, it
can be concluded that a reasonable estimate of smaller increases in climate change and in flood level can
be obtained by simply ratioing the 4.1 degree SSP5-2090 case.
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Figure 2: Outflow ratio for future climate scenarios sorted by SSP and catchment area.

Mean ratio lines are added for the 2030, 2050 and 2090 time horizons.
4.2 Comparison of climate change calculator to traditional rainfall runoff modelling

Validation of the climate change calculator to traditional rainfall runoff method was undertaken for
all test catchments. Figure 4 (left) shows the comparison of AEP estimates for the 1% AEP under various
future climate scenarios for both methods for a catchment with an area of 325.6km>. The calculator
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produces similar answers to the rainfall runoff method. Figure 4 (right) shows what historical 1 in X AEP
event that a Future 1% AEP is equivalent to for the same catchment. The climate change calculator
slightly underestimates the AEP of events for higher temperature increases.
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Figure 3: Normalised Increase in 1% AEP flood levels at NSW gauges with high quality rating curves

4.3 Case Study —Singleton

The application of the tool is demonstrated for the Hunter River catchment at Singleton. Figure 5
shows the input data and the processed catchment area . After locating the point, the catchment boundary
is processed using the snap option (Figure 5). After submitting the query, a summary of the input,
catchmelrul;t map and several outputs are generated as follows.

----- Tool Output
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Figure 4: Comparison of annual exceedance probability (AEP) shifts between the climate change
calculator (tool output) and traditional rainfall runoff method (left) and 1 in X AEP historical event that a
future 1% AEP is equivalent to for various SSP scenarios (right)

Figure 6 shows outputs of the calculator relating to how the probability of a historical 1 in 100 AEP
(BOM 2016 IFD) will be change with climate change in the future and vice versa. For example, for the
Singleton, the catchment average 1 in 100 AEP rainfall will be equivalent to 1 in 65 AEP in 2025 (the
current condition) under SSP1 scenario. Similarly, a 1 in 100 AEP in 2025 SSP1 scenario is equivalent to
1 in 140 AEP under historic climate. The “Mean over design exposure” is estimated by taking the
geometric mean of the probability mass function over the design life (specified by the user). Other outputs
include a graph of design rainfall under the different climate change scenarios and timeframes.

27



Climate Change Calculator M

Initial Loss (mm)*
4456

Continuing Loss (mm/hr)*
123

Critical Duration*

Urbanisation (%)*
0

Design Life*
70

Start Year*
2026

End Year*
2095

Guideline*

ARR V4.2 IFD and loss adjustment -

Baseline Year

Historic (BoM IFDs) -

AEP (%)*
1% -

Submit Catchment

Longitude
151173
Latitude

-32.558

Download

Catchment

GeolSON

Catchment Area (km?)

16146.38
Snap to nearest river

Snap

Exact

Search for a location...

Extract Catchment

Figure 5: Extraction details of catchment and advanced parameters preparing for submitting the

query
¥ S5P1 55P2 S5P3 55P5
2025 65 65 65 63
2030 62 62 61 59
2050 56 52 48 43
2090 55 38 26 19
Mean over design life 57 47 40 33
+ S$5P1 55P2 S5P3 S5P5
2025 140 140 140 143
2030 145 146 147 151
2050 159 173 182 199
2090 161 224 332 475
Mean over Design Life 151 168 186 210

Figure 6: Changes in historical 1% AEP probability due to climate change and proxy events for future 1%
AEP

Figure 7 shows the probability of a 1% AEP design event occurring exactly X many times (where
X is zero, one, two, ...) over the exposure period under historical and climate change conditions. Each
section indicates the probability of a certain number of occurrences. In the case of Singleton there is a
decrease in the likelihood of no 1% AEP flooding with climate change over a 70-year period. The
probability of having no 1% AEP floods (zero occurrence) drops from around 50% under the historic
climate to about 28.98% in SSP1. The chance of multiple exceedances increases in future scenarios. The
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probability of one or more 1% AEP flood occurrence is 100% - 28.98% = 71.02 % under SSP1 shown by

the lines on the secondary y axis.

The climate change calculator indicates that for Singleton under SSP2 scenario the 1 in 100 AEP
design rainfall exceedance probability in year 2030 and 2050 is equivalent to 1 in 146 AEP and 1 in 173
AEP design rainfall based on historical series. Under SSP3 2050 the 1 in 100 AEP is equivalent to in 1 in
182 AEP. The flood study for the catchment includes the flood level grids for 1 in 100 and 1 in 200 AEP.
Therefore, the climate change calculator was used to map SSP2 2030, 2050 and SSP3 2050 1 in 100 AEP
flood level maps using the hydraulic interpolation. Figure 8 shows the change in flood extent for the SSP3
2050 as well as the 1 in 100 AEP flood extents used as an input in the hydraulic interpolation tool. The
number of impacted buildings increases by 58% to 4708 in SSP2 2030, to 5212 in SSP 2 2050 and 5267

in SSP 3 2050.
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Figure 7: Expected exceedances over life time under various climate change scenarios compared to

historical conditions
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Figure 8: Singleton flood extents - current 1% AEP and interpolated 1% AEP SSP 3 2050
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5 CONCLUSION

Australian Climate change guidelines provide factors for rainfall increases and losses under various
climate scenarios. While the industry is keen to adopt the guidelines, no formal guidance has been
provided by government agencies on which scenarios to adopt. The climate change calculator was
developed to avoid unnecessary simulations and model runs. The new guidelines were tested on 500
catchments. The climate changes adjustments for current day warming (1 Degree) were found to increase
the peak flow in the test catchments by approximately 10% compared to the baseline IFD. While there
was a large variability in the magnitude of water level responded to temperature increase, the increase per
degree of warming is generally linear. The climate change calculator allows practitioners, engineers,
floodplain managers, planners and the general public to easily understand the change in climate risk. The
tool has been compared against traditional rainfall runoff methods to ensure the estimates are robust. The
hydraulic interpolation function available in the climate change calculator will reduce the need for costly
two-dimensional model runs and allow floodplain managers to easily determine the change in flood risk
in their catchment. The calculator can be used to estimate the number of buildings at risk of flooding
under each future climate scenario. The interpolated grids identify the areas with the highest vulnerability
to increases in flood levels due to climate change and can inform resource allocation.
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ABSTRACT

Climate change poses great risks to flood safety in river deltas. However, the exact development of
climate change and the effect on flood levels is deeply uncertain. In this paper we show the spatial extent
and the contribution of various uncertainties (i.e. sea level rise, changing discharges and lake set-up) on
system deficiencies in an interconnected river delta. System deficiencies are defined as unaccepted high-
water levels. We do this by application of scenario discovery combined with a delta scale one-
dimensional hydrodynamic model. Comparison of water levels with surrounding embankment heights
show the spatial distribution of system deficiencies, which strongly differ across different river branches
and largely depend on local river geometry. Scenario discovery furthermore provides insights in the
spatial distribution of which boundary conditions drive the found deficiencies.

KEYWORDS: Scenario Discovery; Deep Uncertainty; Climate Change; River Delta;
Interconnectivity

1 INTRODUCTION

There is consensus in scientific literature that climate change will increase the risk of flooding all
around the world (te Linde et al., 2010; Haasnoot and Middelkoop, 2012). Flooding is mentioned to be
the most devastating natural disaster for human societies. In the case of river deltas, the flood risk is
shown to originate from both sea level rise, as well as increased river discharges due to climate change
(Ericson et al., 2006; Klijn et al., 2015).

As deltas are often densely populated, reducing flood risk is of utmost importance. However, to
reduce the flood risk, it requires thorough insight in the precise kind and extent of future problems (Klijn
et al., 2015). In the light of climate change, this precision is rather difficult to achieve, as future
developments of the worldwide climate are deeply uncertain (Lempert et al, 2006). Deep uncertainty is
characterized by Lempert et al. (2006) as the conditions where the analysist cannot agree upon the
probability distributions to represent uncertainty about key parameters in the models.

To incorporate such future uncertainty in policymaking, policymakers must get insights in the
impact of the uncertainty on relevant policy domains. One of the possible methods to quantify the effect
of deep uncertainty is through scenario discovery (Bryant and Lempert, 2010). Scenario discovery
facilitates understanding the impact of future uncertainty by concisely summarizing a wide range of future
states of the world in a way that helps decision makers more clearly understand the strengths and
weaknesses of candidate strategies. Another approach when confronted by deep uncertainty, is to consider
a large variety of scenarios, without assigning probabilities to them (Kwakkel et al., 2010). In such case
one deviates from the possibilistic approach to a possibilistic approach. This possibilistic approach proves
to counter one of the main limitations of the regular scenario approach, where scenario development
processes tend to overlook discontinuities and surprising developments (Postma and Liebl, 2005;
Kwakkel and Cunningham, 2016). For example, extreme conditions at the border of a considered domain
not necessarily describe all extreme conditions inside the river delta.

The possibilistic approach is especially beneficial in complex interconnected river systems, where
the interaction between confluencing and bifurcating rivers and canals may enhance or reduce effects of
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boundary conditions (Welsch et al., under review). As studies regarding climate change in river deltas
often only focus on either a single changing boundary (e.g. sea level rise) or on a part of the delta in
isolation, the impact of discontinuities and combined effects might quickly be overlooked in a traditional
scenario approach.

In this paper we make a first attempt to understand the impact of future developments affecting
flood risk in an interconnected river delta. For this, we apply the scenario discovery methodology to
determine which scenarios provide future vulnerabilities within the Dutch river delta. We define these
future vulnerabilities as ‘system deficiencies’: scenarios in which the river system does not meet the
desired criteria. We seek the answer to the following questions: (1) at which locations within the Dutch
river delta are system deficiencies occurring due to uncertain future changes in hydrodynamics? and (2)
which changing boundary conditions have most effect on the occurrence of these deficiencies?

1.1 Study area

In this study we focus on the rivers in the Dutch River Delta. This delta consists of the rivers Rhine
and Meuse, Lake IJssel and a multitude of canals. The Rhine is the largest river and enters the
Netherlands at Lobith, after which it bifurcates into the Waal and Pannerdensch Kanaal. The latter
bifurcates again into the Nederrijn and the [Jssel. The Waal and Nederrijn (which downstream becomes
the Lek) both discharge in the North Sea. The 1Jssel culminates in Lake [Jssel.

The river Waal receives the largest amount of discharge, roughly 2/3 of what is entering the
Netherlands. The Nederrijn and [Jssel split the remaining discharge in 2/3 and 1/3 respectively. This
discharge distribution is set by law, as the flood safety standards are based on this distribution.

As flood protection measure, the Waal is confined at both sides by high dikes. The same holds for
the IJssel, as almost the whole length of the river is embanked. Along the Nederrijn the embankments are
mostly solely on the southern side, as the north side of the river is confined by higher terrain. The Lek is
embanked on both sides again.

The Meuse enters the Netherlands at Borgharen. Shortly after entering the Netherlands, it splits into a
free-flowing section and a shipping canal. Further downstream, both confluence again, after which the
river enters the impounded section. In its final stretches, it becomes free flowing.
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Figure 1. Rivers in the Dutch river delta and the embankments surrounding them.
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2 METHOD

In line with the scenario discovery approach, first a large set of possible future scenarios is
generated. Second, the scenarios are converted to water levels in the Dutch river delta using a 1D
hydrodynamic model. Third, using the hydrodynamic conditions, the scenarios are filtered based on the
occurrences of system deficiencies. Fourth, on the subset of scenarios where deficiencies occur, we apply
a statistical data mining algorithm to find boundary conditions which produce clusters of scenarios
leading to system deficiencies.

2.1 Scenarios

To draft a range of future conditions, we define a multitude of future scenarios. One scenario is
defined by a unique combination of conditions at the four considered boundaries of our study area. E.g. a
discharge for the Rhine and the Meuse, a given sea level and a storm surge set-up on Lake IJssel.

The scenarios are generated by sampling 2048 scenarios using a Sobol sampling scheme, assuming
a uniform distribution for each sampled parameter. This uniform distribution is chosen, based on the
comparisons and suggestions by Reis and Shortridge (2020) who assessed the impact of distribution
choice for climate change under deep uncertainty. Since we adopted a possibilistic approach, all boundary
conditions are assumed to vary independently from each other. An overview of boundary conditions is
shown in Table 1.

The upstream river discharge boundary conditions are specified through two separate discharge
hydrographs at the upstream model boundaries. These hydrographs are based on the Dutch standard
discharge waves for the Rhine and Meuse (Hegnauer et al., 2023) (Figure 2a). We uniformly varied the
peak discharge between the T100 and T10.000 return period for each river, where we accounted for the
95% uncertainty interval. The standard discharge hydrograph is scaled for each scenario based on the
sampled peak discharge. For the Rhine this yields a discharge range of 11.167 m*/s — 16.961 m?/s and for
the Meuse 2.430 — 5.120 m*/s. We did not consider any cross-correlation between both river discharges
when setting up scenarios. Additionally, on both the Rhine and Meuse, lateral inflows are neglected in
this study since it is uncertain how they relate to the major rivers’ discharges.

The downstream sea level is defined by an M2 water level tide, with a period of 12.25 hours and an
amplitude of 100 cm, representative for the tidal amplitude at the river mouth. Since the three sea
boundaries are in proximity to each other, we did not account for phase difference between the
boundaries. To represent sea level rise, we superimpose the water level time series with a constant value.
We thus consider climate change to only affect the base level (i.e. time-averaged water level). Changes in
tidal periods and amplitudes are excluded. The range of sea level rise considered in this study is 0 — 5 m
to capture future developments. A sea level increase of 5.15m is simultaneously the current T10.000
storm surge level at the river mouth.

The downstream boundary condition at Lake [Jssel is defined as a stage-discharge relation (Figure
2b) where the stages are increased with a set-up based on the scenario. In case of prolonged periods of
rain and/or strong winds, the water level in Lake [Jssel rises at the mouth of the Ijssel. Additionally, the
lake level might be increased in the future. This inclination in water level is represented in the scenarios
by addition of a set-up on the stage-discharge relation. The set-up considered in this research is 0 — 2 m.

2.2 Hydrodynamic modelling

To translate the scenarios to water levels, we use a 1D hydrodynamic model, as developed by
Welsch et al. (in press). To model the complete discharge hydrograph, we modelled 15 days before and
after the peak discharge. To limit numerical effects, we included a spin-up period of 10 days, where the
discharge is constant, equal to the discharge of the first day. We continued the simulation for ten days
after the final step in the hydrograph (keeping the last river discharge constant), to let the complete
discharge wave pass. In total this thus yielded a simulation time of 50 days.
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Table 1. Overview of bounds used to uniformly sample boundary conditions.
Unit Lower bound Upper bound

Rhine discharge m/s 11.167 16.961
Meuse discharge m¥%s  2.430 5.120
Sea level (rise) m 0 5
Set-up Lake [Jssel m 0 2
15000 (a) 1.00; (b)
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Figure 2. The reference boundary conditions in the model. (a) discharge hydrograph of the Rhine
(blue) and the Meuse (red) and (b) the stage-discharge relation of the IJssel (river mouth).

2.3 System deficiencies

When defining our system deficiencies, we must determine in which cases the river system exceeds
acceptable limits. As the focus of this study is on river flood modelling, we take the flood risk as
indicator. Although flood risk assessment in the Netherlands is a complex method based on statistics,
return periods and failure rates (Jongejan and Maaskant, 2015), we adopt a simpler approach as the scope
of this research is to demonstrate application of scenario discovery in flood risk management. In this
research, we consider the flood risk unacceptable in case the water level exceeds a certain threshold. This
level is based on the minimum levee height along the river minus a safety margin. This safety margin
consists of (a) a possible water level error due to modelling uncertainties (30 cm), and (b) a margin for
wave run-up (20 cm). In summary, a system deficiency occurs if the water level along the river axis +50
cm exceeds the minimum crest height of the levee-transects in 500 m in up- and downstream direction.

2.4  Analysis

To find the combinations of boundary conditions which produce the most system deficiencies we
apply the Patient Rule Induced Method (PRIM), first introduced by Friedman and Fisher (1999). The
algorithm identifies subspaces (i.e. clusters) in the hyperspace spanned by the considered variables, which
in this study are the boundary conditions. The subspaces are determined by hyperrectangular cubes with
an upper- and lower bound for each variable which contributes to the bottlenecks. The PRIM algorithm
uses a patient hill climbing optimization algorithm. In this study, we made use of the Exploratory
Modelling Workbench (Kwakkel, 2017) to carry out the PRIM analysis.

In the analysis we first filtered the scenarios where deficiencies occur, as only these scenarios are
of interest to us (see for example Figure 3a-b). Then, we let the PRIM algorithm find a box based on its
internal optimization procedures by evaluating the peeling trajectory (e.g. Figure 3c). A balance must be
found between the density (how many points within the box are of interest) and the coverage (how many
of the total cases of interest are within the box) of the resulting box. This trade-off is characterized by a
pareto-front: if one of them increases, the other one must decrease. For this analysis, the choice is made to
select the box with the highest density, with the constraint that the marginal increase in density should be
greater than the decrease in coverage (red circle in Figure 3c¢) along this peeling trajectory.
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Figure 3. (a-b) Examples of scatter plots of Rhine discharge and sea level rise for two locations. The red
dots represent a system deficiency. The boxes are drawn for a coverage of 1 (all deficiencies within the
box). (a) shows a clear influence of only the Rhine discharge, while (b) shows dependence of both the
Rhine discharge and the sea level. (c) An example peeling trajectory which displays the trade-off between
coverage and density. The red circle shows the selected iteration based on the criteria in this study.

3 RESULTS

3.1 Spatial occurrence of system deficiencies

From the analysis (Figure 4) it becomes clear that system deficiencies occur along all rivers for the
analysed scenarios. For each of the four major rivers, the spatial pattern differs. Most strikingly is the
Meuse, where system deficiencies occur along the complete river stretch. The relative number of
scenarios leading to deficiencies on this river is also very high, with the intensity centred in the northern
part of the Meuse section. Partly, this might be an artefact of our analysis. This part of the Meuse
naturally contains relatively few embankments as the river is constrained by higher grounds. However, at
some places minor embankments are present to protect local areas (within the floodplains). As we do not
consider natural elevation to be able to lead to deficiencies, only the local embankments are considered.
Besides artefacts, the striking results can be explained by the design characteristics of the embankments.
The embankments are designed based amongst others on a certain design discharge, based on a set return
period. In this study, we vary the Meuse discharge between return periods of 100-10.000 years, while the
current design discharge on the Meuse is in the lower regions of this range. It is thus to be expected that
deficiencies occur for discharges which exceed the current design standard. Along the river Waal, system
deficiencies also occur throughout the complete river stretch. Compared to the Meuse, the relative number
of system deficiencies is much lower, but nevertheless still around 20-40%.

The patterns along the Nederrijn/Lek and IJssel differ in the sense that deficiencies occur locally.
On the Nederrijn/Lek, the deficiencies mainly occur downstream. On the Nederrijn/Lek, the low
percentage of scenarios leading to deficiencies is partly explained by the fact that this river stretch is only
embanked at the south side of the river. In the north, the river is contained by natural higher grounds,
which are not considered in this study. Thus, only a limited length of embankments is considered in this
region of the analysis. On the IJssel, three very distinct clusters arise. Closer analysis shows that the
deficiencies at these locations occur due to water level increase due to the local geometry of the river. The
embankments do not show sudden descrease in height at these locations. At the first location, shortly after
the bifurcation, the river has series of sharp bends, leading to water level set-up. At the middle and
northernmost location, the water level set-up is due to a local narrowing of the river. The found
deficiencies along the IJssel are thus not due to local decrease of levee heights.

The overall outcomes show that the scenario discovery approach provides insights in the spatial
distributions of system deficiencies occurring on a large delta scale.
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Figure 4. Outcomes of the scenario discovery: (a) fraction of scenarios leading to a system deficiency, (b)
main contributors to the system deficiencies based on the PRIM algorithm.

3.2 Contributors to the system deficiencies

Application of the PRIM algorithm provides insight in the boundary conditions which contribute to
the system deficiencies. Parameters which can be restricted to describe a cluster of system deficiencies in
the overall outcome hyperspace are of importance. We apply this algorithm spatially as we carry out the
analysis for each river kilometre independently of the others.

Outcomes show the spatial extent of the influence of boundary conditions on the occurrence of
system deficiencies. In general, the arising pattern is in line with common expectations based on open
channel hydraulics. In the upstream sections of the rivers, the deficiencies are determined by the upstream
river discharge. At the downstream end, the occurrence of deficiencies is driven by the downstream sea
level. In between both regions, there is a stretch where the deficiencies are driven both by the upstream as
well as the downstream conditions. PRIM allows to spatially map out these different regions, showing
explicitly where the upstream dominated zone ends and the downstream boundaries also determine the
occurrence of deficiencies. However, there seems no mutual effect of both the Rhine and Meuse
discharge in the downstream stretches of the Waal and Meuse. Possibly, the timing of both discharge
wave is of importance here as well, which is not varied in the current study.

Another interesting observation is the difference in length of river stretch which is impacted by the
sea when comparing the Nederrijn/Lek and Waal. In the flood scenarios considered, the deficiencies
along the Waal are almost everywhere driven by, at least, the upstream discharge. Simultaneously, in the
Nederrijn/Lek, a considerable stretch of river is mainly driven by the downstream sea level. For a physical
explanation of this difference, open channel hydraulics again can provide answers. Due to the upstream
bifurcations, the discharge on the Waal is trice the discharge of the Nederrijn/Lek (2/3 and 2/9 of the
discharge at Lobith respectively. This larger discharge makes that the effect of the downstream boundary
decreases. The PRIM analysis shows the spatial impact of this physical knowledge.

On all rivers, some isolated cases can be found as well. On the Waal for example, there are some
locations where the sea level does seem to contribute to system deficiencies, while up- and downstream
the deficiencies are mainly determined by the upstream Rhine discharge. Closer inspection shows the
occurrence of these locations are of physical origin, due to the local geometry of the river.

One of the requirements for successful application of PRIM is that the hyperspace contains
sufficient scenarios of interest. Along the rivers where only a small percentage of scenarios lead to system
deficiencies, carrying out the analysis is thus not possible. Therefore, not for all considered locations
outcomes are shown in Figure 4b. The locations along the river where no results are presented, contain
too little number of scenarios of interest. This is in line with the lowest class shown in Figure 4a.
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The opposite is also the case: the PRIM analysis shows the main drivers of the system deficiencies.
As the algorithm is based on high-dimensional bump hunting, there must be made a trade-off between the
coverage and density. Since we base this trade-off to favour a point somewhere along this trade-off, rather
than always choosing a coverage of 1; scenarios leading to system deficiencies are excluded from the
final boxes contained by the restricting boundary conditions. In other words, the presented outcomes in
Figure 4b do not imply that the shown boundary conditions are the only drivers for system deficiencies at
that specific location, but only the dominant drivers are shown.

4 DISCUSSION

Model wise, some remarks can be made to the presented works. As stated in the methods sections,
lateral flows into the river systems are omitted. During peak flow situations, the impact of the additional
discharges adds to the water levels, depending on the timing and the amount. Currently, little is known
about the future developments of these lateral flows in relation to the discharge in the main river, making
it difficult to assess the impact of omitting the laterals in this study. Based on analysis of a recent flood in
the Meuse, the effect of the regional water system can be large. However, this was the case in an area
with large gradients in elevation, which is not the case in most parts in the considered river delta.

As elucidated in section 1.1, the Dutch river delta is a complex network which can be operated to
some extent through a collection of water management constructions. The hydrodynamic model operates
these constructions based on the default operational rules. However, in the Netherlands, during impending
floods, crisis teams at different levels of government assemble to act based on flood risks and (short-term)
forecasts. Decisions taken by these crisis teams might deviate from default operations and are thus not
incorporated in the presented results.

As stated in section 2.2, an oversimplification of the flood risk approach in the Netherlands has
been made to illustrate the application of scenario discovery in an interconnected river delta case. In
practice, flood risk design is a complex approach based on probabilities and assessment of different
failure modes. The presented outcomes are thus also to be seen in that light: the presented system
deficiencies do not represent dike overtopping locations or possible dike failures under future conditions.
It does show the locations where the flood standards do not meet the requirements set in this study and
shows its ability to relate these deficiencies to boundary conditions. For real-world applications, this
definition of system deficiencies is advised to specify to better reflect design standards.

A general downside of the PRIM algorithm is that it uses a ‘patient’ hill climbing optimization
procedure. Therefore, PRIM might only find a local optimum, while this is not the global optimum. To
overcome this, different additional analysis techniques have been proposed (e.g. quasi p-values (Bryant
and Lempert, 2010) or introducing machine learning (Kwakkel and Cunningham, 2016). Although we
agree with this limitation in PRIM, we do not expect it to have major influence on the outcomes, as we do
not expect multiple isolated local clusters in the outcomes. In general, increasing the considered boundary
conditions leads to increased water levels. It is not expected that a further increase lowers the water levels
again. Thus, this limitation is less of a concern in the presented outcomes.

The PRIM approach does add some room for interpretation for the researcher: as it is up to the user
of the methodology to make the trade-off between coverage and density. In this research, a balance was
strived for. However, for specific cases, the analyst, or the policy maker, might be interested in another
balance: e.g. a coverage of 1 could be desired if no system deficiencies are allowed.

5 CONCLUSION

We assessed the occurrence of system deficiencies within an interconnected river delta by
combining scenario discovery with a one-dimensional hydrodynamic model. We showed that on some
rivers the deficiencies occur along the complete river stretch, while on other rivers the deficiencies occur
only locally (driven by the river’s geometry). The most deficiencies occur along the complete Meuse. On
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the IJssel, the deficiencies occur in clusters, due to local river geometry. On the Waal and Lek, the
deficiencies also occur along the whole river.

Additionally, the presented methodology shows the spatial influence of the uncertain boundary
conditions. Overall, most part of the considered river delta is mainly driven by the upstream river’s
discharge. Downstream it is an interplay between the discharge and the sea level rise. Surprisingly, the
interaction between the Rhine and Meuse is not dominant in system deficiency occurrence.

The overall outcomes of this study show that the methodology has the potential of providing the
basis for a structural stress testing procedure to prepare future deltas for the vulnerabilities against the
effects of climate change.
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ABSTRACT

Climate change is affecting flood events in complicated ways. In cold regions, the frequency of
different flood drivers has shifted causing important changes in flood distributions that lead to challenges
for flood frequency analysis (FFA). An assumption in FFA is that the flood series consists of independent
events that are identically distributed. This assumption is unlikely to hold if there are i): changes
occurring in the magnitude of flood events; ii) a mixture of flood generating processes; or iii) changes
with time in the mixture of flood processes. A particular concern for FFA is when events that are large in
magnitude occur outside the most common streamflow peak season. Such events can be characterized as
Rogue events that are distinct from the commonly observed flood generating process in a watershed.

Significant changes in flood type fraction were found such that nival events decreased in frequency
while mixed and pluvial events increased. These changes indicate a shift from nival events towards more
pluvial dominated systems in other seasons. Flood frequency analysis using a combined distribution
approach with the three flood types resulted in larger magnitude design flow estimates in comparison with
the results from considering the data to be from a single population. The characteristics of Rogue events
were explored using single dimension detection for magnitude and timing outliers, and multi-dimensional
detection of magnitude/timing density outliers. The methods identify large events that are outliers in
several distinct ways and are therefore considered Rogue events. The prevalence of Rogue events is
explored by applying the methodology to more than 2100 hydrometric stations from Canada and the
United States. The spatial and temporal distributions of these events are compared and the implications of
the Rogue events for FFA are investigated.

KEYWORDS: cold regions hydrology; regime shifts; flood frequency analysis; rogue events

1 INTRODUCTION

Climate change is affecting flood events but the relationship between floods and climate change is
complex. Recent research has demonstrated that the frequency of different flood drivers has shifted
potentially causing changes in flood distributions (Mallakpour and Villarini 2015, Burn and Whitfield
2016). These shifts create challenges for FFA.

Changes in flood events have important ramifications for FFA, which forms the basis for the design
and operation of flood protection systems and related infrastructure. An assumption in FFA is that the
available flood series consists of independent events that are identically distributed (the IID assumption).
The IID assumption is unlikely to hold if there are 1): changes occurring in the magnitude of flood events
as a function of a covariate, such as time; ii) a mixture of flood generating processes (e.g., Barth et al.
2017); or iii) changes with time in the mixture of flood processes (Burn and Whitfield 2023).
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A variety of processes control the time of occurrence, duration, extent, and severity of river floods
(Whitfield 2012) and the flood generating processes may change or shift over time. While no unified
definition of causative mechanisms of flood events exists, Burn and Whitfield (2018) suggest viewing
hydrologic regime as a nival-pluvial continuum with sites potentially moving over time from a purely
nival regime towards a greater influence of pluvial events. Flood generating processes vary by region,
season, and event severity. Changes in flood seasonality are most pronounced where snow accumulation
and melt are the important flood generating processes (Koplin et al. 2014).

For the northern mid-latitude of North America, Burn and Whitfield (2023) showed changes in
flood regime over time at 46 sites over an 80-year period. Strongly nival and pluvial watersheds show no
changes, but stations with flood mixtures show an increasing influence of pluvial events. Tramblay et al.
(2023) showed that changes in the flood generation mechanism, rather than trends, were occurring in the
Mediterranean area based on annual peak flows from three rainfall types. In the UK, the duration and
intensity of dry and wet spells increased with climate change, flash floods became less likely, but the
probability of rain driven (pluvial) floods intensified (Rahmani and Fattahi 2023).

A method is presented (Burn and Whitfield, 2025) that uses circular statistics to cluster flood
events and the clusters that are formed are linked to streamflow regime and climatology allowing
separation of nival, mixed, and pluvial Peaks over Threshold (POT) events providing increased resolution
of flood generating processes. The separation of event types allows the determination of changes in the
frequency of event types over time and with temperature, precipitation, and climate indices.

Recently, emphasis has shifted to “strange” and “extreme” floods (Bertola et al. 2024). These
extreme events often are not generated by the most commonly observed generating processes but rather
may occur as a result of atmospheric rivers (Barth et al. 2017), hurricanes, or other large-scale processes
(Whitfield and Pomeroy, 2016). The second part of this study presents a methodology to identify Rogue
flood of record (FoR) events that are large in magnitude and occur outside the most common flood season
or are simply different from the majority of observations. To identify Rogue R3-FoR events, the proposed
method combines detection of [1] magnitude outliers, such as the flood-of-record, with [2] timing
outliers, and [3] density outliers. Other “Interesting FoR” (R2-FoR) are detected when only two of the
three conditions apply, specifically magnitude and timing or magnitude and density. While there is
widespread familiarity with outliers in a single dimension, outliers in direction and multidimensions can
be detected. These events are particularly interesting because they are outside the commonly observed
generating process in a watershed, i.e., they are completely different to the ‘regular’ flood-generating
mechanism, and may violate the IID assumption. An example would be a nival catchment where the
annual peak is usually from snowmelt in spring/summer, but large events that occur in fall or winter are
generated by an alternate process such as a hurricane or an atmospheric river. The proposed methodology
is applied to more than 2100 reference and natural hydrometric stations across North America. The
identified events are considered spatially and temporally to demonstrate that these are not random in
space or time. This work is a step towards providing practitioners an approach that can be used to
estimate appropriate design floods for cases where there are mixed flood generating processes, changes in
the mixture of flood processes, or unusual flood events in the flood record.

2 METHODOLOGY
2.1 Changes in Flood Processes

All streamflow data used in the analysis were from gauging stations that are part of a Reference
Hydrologic Network (RHN). Stations were selected from cold-region locations in Canada and the United
States where nival or a mix of nival and pluvial flood events could be anticipated based on the location
and the elevation of the gauging station. All stations were required to have an essentially complete data
record for the 70-year period from 1951 to 2020. An essentially complete record was considered to entail
no more than three missing years in a row, and no more than seven missing years in total where data for a
year are considered to be missing if there are any days in the year with no data. A total of 202 stations
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were analyzed with 49 stations from Canada and 153 from the United States. POT data were used in this
research, rather than annual maximum data, since POT data will generally result in more flood events
than annual maximum data and have been reported to be superior to annual maximum data for flood
frequency analysis (Pan et al. 2022).

The first step is to assign a flood process to each over threshold event. The approach is based on
clustering of the event dates and builds on the approach of Burn and Whitfield (2023). There is a strong
link between the time of the year of flood events and the flood generating process for a flood event
(Bloschl et al. 2017). The date of the maximum flow for the POT events for a site are grouped into
clusters using circular clustering; circular clustering is described in Whitfield (2018). The clustering was
conducted using partitioning around mediods (pam), with the implementation of the pam algorithm
through the R package “cluster” (Maechler et al. 2019). Five clusters were used in the subsequent analysis
as a consensus preferred number of clusters based on six clustering indices. See Burn and Whitfield
(2025) for further details. The POT events in five clusters were regrouped into three flood types (nival,
mixed, and pluvial) using median daily streamflow and monthly climatology. Nival events are associated
with the spring freshet, pluvial events arise from rainfall and mixed events result from rainfall on a
snowpack, or rain on snow (ROS), that did not occur during the freshet season. Three flood types are
considered herein to increase the total number of events of each flood type and decrease the uncertainty in
estimates of flood quantiles. The process of identifying a flood type for the events in each cluster used
polar plots (Pewsey et al. 2014) to which information regarding the flood regime for each station was
added. The polar plots, and ancillary information that included median daily flows as well as monthly
climatology, were used to identify flood types for events. Monthly climatological variables used were
temperature, precipitation depth and snow depth for the location of the gauging station, based on the 1961
— 1990 climate normal.

Changes in the fraction of flood events of a given type were evaluated using logistic regression
(Frei and Schér 2001), with a correction for overdispersion. Logistic regression is used when the
independent variable in a regression relationship is binary. The variable of interest is the fraction of flood
events so the independent variable for this analysis is the count of flood events of the flood type of
interest (e.g., nival) and the combined count of the other two flood types (e.g., mixed and pluvial). The
model estimates the probability of an event of the flood type of interest as a function of a predictor
variable. For each site, logistic regression was applied considering each flood type (nival, mixed, and
pluvial) as the flood type of interest. Predictor variables considered were: time (year); mean annual
temperature; mean annual precipitation; and four climate indices. Further details on the implementation of
logistic regression can be found in Burn and Whitfield (2025).

The final step in the methodology was an application of FFA based on a combined, or mixed,
distribution approach for sites with two or three identified flood types following the approach used by
Waylen and Woo (1982). The combined distribution can be defined as:

Fe(x) = Fy(x) X Fy(x) X Fp(x) (M

where Fc(x) is the combined distribution, subscripts N, M and P refer to the distribution fit to the nival,
mixed and pluvial events, respectively, and x is the over threshold event. The Generalized Pareto
Distribution (GDP) was used to fit a distribution to the nival, mixed and pluvial POT data using L-
Moments. If a site does not have events of a given flood type, the corresponding term in Equation (1) is
not included. The results from the combined distribution approach were compared to results from fitting
a distribution to the entire dataset considered as a single population. A minimum data set size of 20 over
threshold events for a flood type was selected as it was thought that 20 represents a reasonable balance
between the number of sites for which analysis can be conducted and the uncertainty associated with the
design flood estimates.
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2.2 Rogue Flood Events

Rogue flood events were identified from daily streamflow data for sites with more than 50 years of
data resulting in 2123 hydrometric stations in Canada and the US. For each site, the annual maximum
daily discharge and the date on which it occurred were extracted for the daily flow record. Any year with
only a partial record was removed.

Methods for outlier detection were used to identify different aspects of FoR extreme events. There
are many different methods to determine outliers. Recently, data mining has produced several tests that
can detect outliers with other attributes than available with a single variable. The exploration of outliers
sought to find methods that were available and practical to implement. To describe these, it is useful to
separate into three categories: magnitude, timing, and multidimensional density (timing and magnitude).
Three methods were retained to identify N-FoR, R3-FoR or R2-FoR for the analysis presented here.
These methods were focused on identifying three types of FoR outliers: [1] magnitude, [2] timing, and [3]
combined magnitude and timing. The combination of these three provides the information to determine if
a flood-of-record is ‘normal’ (N-FoR) implying similar to most floods at the site, but the largest, an R2-
FoR, which is similar to ‘normal’ but not part of the distribution of ‘normal’ events, or, an R3-FoR, which
is a flood event that is not ‘normal’ but larger, with different timing, and not part of the distribution of
normal events. Further details on the methods used to identify outliers can be found in Whitfield and Burn
(2026).

3 RESULTS

3.1 Changes in Flood Processes

The change in the fraction of events of a given flood type with time (year) are summarized in Table
1. The results indicate that, for some categories, there are substantively more changes than would be
expected to occur by chance. Noteworthy is the decrease in the fraction of nival events with time. There
is also an increase in the fraction of pluvial events. The decrease in the fraction of nival events and
increase in the fraction of pluvial events suggests that a shift from nival towards pluvial events is a strong
climate change signal for this data set. Mixed events are experiencing fewer changes over time. Fewer
changes in the fraction of mixed events likely reflects the occurrence of more mixed events based on a
shift from nival events balanced by fewer mixed events as mixed events shift to a pluvial flood response.
Similar results were obtained for annual temperature or annual precipitation as the explanatory variable.

Table 1. Percent stations with changes in flood processes with time using logistic regression.

Significance Level Nival Mixed Pluvial
Increase 5% 1.8% 5.0% 14.9%
Increase 10% 3.0% 8.3% 20.0%
Decrease 10% 21.5% 7.5% 1.7%
Decrease 5% 16.1% 4.2% 0.6%

The results from the combined frequency analysis approach are displayed in the form of boxplots
of design flow ratios that are calculated as the design flow from the combined frequency analysis
approach divided by the design flow from considering the entire data set as a single population. Figure 1
presents results for sites with three flood types. Sites were only included in the analysis if there was a
minimum number of events for a flood type. For thresholds of 15, 20 and 25, the numbers of sites for 3
flood types were 74, 59 and 30, as shown on Figure 1.

The boxplots in Figure 1 are arranged by increasing return period values on the horizontal axis with
three boxplots for each return period showing results, from left to right, for 15, 20 and 25 as the threshold
for the minimum number of events for a flood type. The data points are superimposed on the boxplots in
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3 columns with the left column (black upward triangles) for sites where the combined estimate is above
the 95% confidence limit for the entire dataset estimate while the middle (grey circles) and right (black
downward triangles) columns indicate sites that are, respectively, within and below the 95% confidence
limits.

Values greater than one on the graphs indicate that the combined estimate (EQ 1) is larger than the
single dataset estimate. It can be observed that the median design flow ratio is in the range of around 1.2
to 1.3 for all results presented indicating that a larger combined estimate is the norm. Increasing the
minimum record length results in a narrower spread of the results. While the median design flow ratio is
often slightly lower for the 15-event minimum record length, there is no systematic pattern in median
design flow ratio as a function of the minimum record length in that the values for 20 and 25 record
length minimum are generally quite similar. There is a preponderance of combined estimates of design
flow that are above the 95% confidence limit of the single dataset estimate (black upward triangles) with
this being more prevalent for shorter return periods. There are no combined estimates that are below the
95% confidence limit for the single dataset estimate.

3 Flood Types
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Figure 1: Boxplots of design flow ratio for sites with three flood types. The solid line inside the box
indicates the median value and the box encompasses the 25th to the 75th percentile. The whiskers extend
1.5 times the interquartile range from the box. Points plotted as upwards black triangles, grey circles and
downward black triangles indicate observed values that are above, within, and below the 95% confidence
limits, respectively.
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3.2 Rogue Flood Events

R3-FoR events, which are larger, with different timing, and not part of the distribution of normal
events, are relatively rare, only about 10 % of the total number of cases (205/2123). R2-FoR events are
more common as the selection is less stringent, constituting about 39 % (823) of the cases and N-FoR
events represent 51 % (1095/2123).

The distribution of the flood-of-record events over time is shown in Figure 2. There are fewer FoR
events in the early part of this plot because there were fewer stations in operation before 1960. There is no
obvious trend in any of the N-FoR, R2-FoR, nor R3-FoR events, but a few years stick out as having more
R3-FoR events such as 1937, 1954, and 2010 (Figure 2).
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Figure 2: Histogram of flood-of-record (N-FoR), R2-FoR, R3-FoR events by year for the 2123 study
stations. Also shown is the number of stations with data for each calendar year (dashed line)

4 DISCUSSION

The observed changes in the fraction of flood types have implications for FFA particularly since a
comparison of design flow estimates in this work revealed that using the combined distribution approach
generally resulted in higher estimates than those obtained from considering the entire data set as one
population. The median increases in design flow estimates, for different return periods, were in the range
of 20 to 30% (Figure 1). Large flood events are often not simply the largest of a common type of flood
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event in a watershed (Bertola et al. 2024). Large flood events often originate from different processes
than most of the observed floods for the basin having separate and distinct flood generation mechanisms
such as hurricanes, atmospheric rivers and mesoscale events (Whitfield and Pomeroy 2016). Many sites
have a limited number of floods from the subpopulation that generated the flood of record, which results
in large uncertainty associated with estimates of design flows calculated using the combined distribution
approach. A small number of events of the flood type responsible for the flood of record, as well as other
large flood events, creates challenges for water professionals who must estimate design flow values for
the design of critical infrastructure. Recent studies have considered extreme floods but have not
addressed the issue of timing. We approach the study of large floods in this study by explicitly addressing
the nature of the flood-of-record with respect to magnitude and timing. We adopt methods that identify
outliers in large floods based on magnitude, timing, and magnitude with timing using three separate
outlier detection methods.

Identifying Floods-of-Record that are not the result of the dominate flood generating process in a
basin has several consequences. Most importantly, such events mean that the assumptions of FFA may be
violated, but, unlike low outliers, these events cannot be censored.

5 CONCLUSION

This research emphasizes the importance of considering multiple flood types in flood frequency
analysis. Flood frequency analysis using a combined distribution approach with three flood types resulted
in larger magnitude design flow estimates with a median increase of 20 — 30 % in comparison with the
results from considering the data set to be from a single population. Flood frequency analysis also needs
to consider changes in the mix of flood types by adopting a broader definition of nonstationarity that
considers more than just flood magnitudes. Challenges exist for designing flood protection works, and
other critical infrastructure, due to short record lengths for less frequently occurring flood types, which
may include the flood of record for a site. While there are no trends over time in the occurrence of Rogue
events, they are expected to increase in a warming world where runoff events are becoming more
common throughout the year. This too has important implications for flood frequency analysis.
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ABSTRACT

Floods and droughts can adversely impact ecosystems and communities and are projected to
intensify under climate change. The Nicola River watershed in British Columbia has experienced historic
and recent hydrologic extremes, notably in November 2021. However, the limited understanding of the
local weather and climatic drivers of past events has hindered understanding the future of the region.

Floods and droughts have occurred since time immemorial. However, western science is limited by
written observations of weather and hydrometrics. To address this issue, we connected with local
Indigenous communities to listen to and learn community stories to extend the spatial and temporal extent
of the observation record.

These stories fed into quantitative analyses, for which we first developed a conceptual model
comprising several drivers and modulators of floods and droughts. Drivers are the weather and climate
processes that trigger floods or droughts (e.g., heavy rainfall). Modulators are the local watershed
characteristics that can affect or amplify these conditions (e.g., watershed physical characteristics, land
use changes, etc.). Then, we identified the main drivers using statistical methods. Results suggest the
Nicola River watershed encompasses various hydrologic regimes.

We used the findings of this statistical analysis in a climate change assessment to evaluate
projected changes for different drivers at 1.5°C and 4°C global warming levels. The main drivers of
hydrologic extremes relate to snow and temperature processes. Rainfall is another important driver
depending on the hydrologic regime. These main drivers could undergo considerable changes in a
warming world. Our findings can support decision makers to better understand risks from floods and
droughts under the changing climate to inform adaptation actions.

KEYWORDS: Flood, Drought, Hazard drivers and modulators, Correlation analysis, Climate
change, Traditional Knowledge, Place-based knowledge

1 INTRODUCTION

Floods and droughts profoundly impact sectors such as water, ecosystems, and infrastructure.
These events arise from complex interactions between hydrology, meteorology, and land surface features.
Floods are often triggered by heavy rainfall, snowmelt, and/or high antecedent soil moisture, while
droughts are linked to prolonged periods of low precipitation (Rezvani et al., 2023).

Flooding is Canada's most costly natural hazard. The Nicola River Watershed (NRW) in British
Columbia is particularly susceptible to both floods and droughts. This area is home to the Scw éxmx
(People of the Creeks). Historically, the watershed has experienced freshet, as well as flooding in fall, and
winter. A recent, devastating flood followed an atmospheric river in November 2021 (City of Merritt,
2024). The region is also prone to drought, such as the event in 2019 caused by low snowpack and a dry
summer (McCleary, 2019).

A limited understanding of the local drivers of past events hinders preparation for future extremes.
Climate change is expected to intensify the hydrologic cycle, making this understanding crucial. To
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address this, we examine the drivers and modulators of these events (Jiang et al., 2024). Drivers are the
weather and climate processes that trigger floods or droughts. Modulators are the local watershed
characteristics that can affect or amplify these conditions (e.g., watershed physical characteristics, land
use changes, etc.).

Conventional quantitative analyses are limited by short observational records, typically 50-70
years. This makes evaluating rare, extreme events difficult. Furthermore, sparse data collection fails to
capture the physical and environmental diversity across the NRW. To address these limitations, we
incorporate place-based knowledge, from Indigenous communities. These narratives extend the historical
record and provide a nuanced, hyper-local understanding of past events.

This project integrates place-based knowledge with quantitative methods. Our objective is to
identify the dominant drivers of floods and droughts in the NRW. We then use these findings to assess
how climate change may influence future conditions in the watershed. This combined approach provides
a more comprehensive understanding of hydroclimatic extremes.

The structure of this paper is as follows: Section 2 introduces the study area and the datasets used,
followed by a summary of the methods and limitations in Section 3. Results are presented and discussed
in Section 4, and the study conclusions and recommendations are provided in Section 5.

2 STUDY AREA AND DATA
2.1 Study Area

The Nicola River watershed covers approximately 7,183 km? on the southwestern edge of BC’s
Interior Plateau (Figure 1). Its landscape includes rolling hills, pine forests, the Cascade Mountains, and
four large lakes. The area is composed primarily of forest (75%) and grassland (11%) (Agriculture and
Agri-food Canada, 2023).

The climate is arid, a result of the watershed’s high altitude and its position in a rain shadow (Nicola
WUMP Multi-Stakeholder Committee & Compass Resource Management, 2010). This leads to hot
summers and cold winters. Average mean temperatures range from -3.9°C in January to 18.9°C in July.
April is the driest month (15 mm), while December is the wettest (38 mm).

Streams in the watershed exhibit nival and mixed hydrological regimes (Figure 1). Nival regimes
have low winter flows followed by a high spring freshet. In contrast, mixed regimes experience spring
freshet in addition to high flows from fall and winter rainfall (Figure 2).

2.2 Data

We obtained historical data for precipitation, air temperature, Snow Water Equivalent (SWE),
streamflow, land cover, land use, and land disturbance (wildfire) from various government agencies
(Figure 1). The datasets varied in temporal coverage and completeness. We conducted a quality
assessment, retaining stations with at least 30 years of complete records over the 1969-2010 period.
Years with fewer than 10 missing days were considered complete. Due to data gaps, records from two
climate stations outside the watershed were also included (Kamloops and Kelowna as shown in Figure 1).

Future hydroclimatic projections were obtained from the Pacific Climate Impacts Consortium
(PCIC). This dataset included an ensemble of six downscaled and bias-adjusted (using the Bias
Correction/Constructed Analogues and Quantile mapping technique) Global Climate Models (GCMs)
from the 5th Phase of the Coupled Model Intercomparison Project (CMIPS5). Each GCM was paired with
two radiative forcing scenarios: RCP4.5 and RCP8.5. We also used hydrologic simulations from the
Variable Infiltration Capacity (VIC) model, which was forced with the GCM ensemble to project future
SWE, and streamflow.
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Figure 2: Example hydrographs of the creeks and rivers with mixed (left) and nival (right)
hydrologic regimes in the Nicola River watershed (1969-2010).
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3 METHODOLOGY
3.1 Identifying the Main Drivers of High and Low Flows

To identify the drivers of high and low flows, we conducted a correlation analysis similar to Curry
and Zwiers (2018). This analysis assessed the relationship between seasonal high and low flow events and
a set of hydroclimatic indices.

First, we defined seasonal flow events. Due to the watershed's seasonal hydrologic variability, we
extracted the single highest and lowest streamflow for two six-month periods each water year: the cold
season (October—March) and the warm season (April-September). This approach separates events
generated by different processes, such as spring freshet and fall rainfall. These seasonal maxima and
minima are distinct from hydrological floods or droughts, which are defined by sustained periods above
or below a threshold.

Next, we defined several climatic indices to represent the hydroclimatic processes relevant to flood
and drought generation (Table 1). The selection of these indices was informed by previous research and
our understanding of the local hydroclimate.

Finally, we paired the seasonal high and low flows with each climatic index and used the
nonparametric Spearman rank correlation to assess the relationship. The correlation coefficient indicates
the strength and direction of this relationship. We tested these correlations for statistical significance at
the 5% level, and only significant results are presented.

We classify the strength of correlations based on the coefficient value. Coefficients between 0 and
+0.2 are considered very weak. Values ranging from 0.2 to £0.4 are classified as weak. Correlations are
moderate for values between +0.4 and £0.6. They are considered strong between +£0.6 and +0.8. Finally,
values from 0.8 to 1.0 indicate a very strong correlation.

Table 1: Climatic indices used to assess the importance of different driver groups on high and low
flows in the Nicola River watershed.

Index Description Reference
Seasonal average | Average of maximum daily temperatures over | Dierauer et al. (2018)
temperature the season (warm or cold)

Total rainfall from X days before the seasonal | Curry & Zwiers (2018)

Peald/Low Flow peak/low flow to Y days after seasonal peak/low

(PLF) rainfall flow (see descriptions below)

Curry & Zwiers (2018);
Annual  maximum Annual maximum SWE Dibike et al. (2021); Jenicek et
snow al. (2016)

3.2 Future Projections

We selected monthly values of air temperature, precipitation, and snowpack for analysis. This
choice was informed by the correlation analysis that identified the key drivers of high and low flows in
the watershed.

We report projected changes for these indicators at two Global Warming Levels (GWLs) of +1.5°C
and +4°C, relative to the preindustrial era. We also use a 31-year baseline period of 1970-2000 as a
reference for comparing past and future conditions. To ensure a consistent assessment, each GWL is
defined for every model in our ensemble. A GWL is the centre of the first 31-year period during which
the global mean temperature exceeds the target warming level. The timing for reaching each GWL varies
between climate models and emission scenarios and is based on the ranges reported in Rezvani et al.
(2023).
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3.3 Traditional and Place-Based Knowledge

In this project, we applied the concept of knowledge weaving to combine the various knowledge
systems (Henri et al., 2021; Indigenous Climate Hub, 2024). This approach has been applied to previous
work of a similar nature in Syilx Territory (Ebbwater Consulting Inc. and Okanagan Nation Alliance,
2019). This integration ensures that management decisions are environmentally sustainable, culturally
relevant, and socially acceptable to local communities (Berkes, 2017; Nicola Watershed Governance
Partnership & POLIS Water Sustainability Project, 2024; Robinson et al., 2019).

3.4 Limitations

The datasets used and the methodology applied have several limitations. The climate and
hydrologic models used (GCMs and VIC) are incomplete representations of reality and have known
uncertainties. For example, our analysis indicates the VIC model tends to underestimate the magnitude of
high flow events. Therefore, projections should be interpreted in terms of their direction and relative
change rather than their absolute values. Furthermore, the daily timestep of the model does not fully
capture sub-daily processes, meaning changes to instantaneous peak flows are likely greater than what is
reported here.

The statistical methodology also has constraints. The correlation analysis used seasonal high and
low flow values, which are not necessarily synonymous with hydrological flood or drought events. This
approach was necessary to overcome methodological limitations but means the identified links are
associative, not necessarily causative.

4 RESULTS AND DISCUSSION
4.1 Results

Figure 3 shows the correlation of the seasonal high/low flows in the NRW with annual maximum
SWE, average of maximum temperature, and PLF rain.

The analysis shows that warm season high flows are strongly correlated with the annual maximum
SWE. A moderate positive correlation also exists between SWE and warm season low flows (Figure 3).
These findings mean a larger snowpack is associated with larger streamflows in the warm season. In
contrast, SWE is negatively correlated with both high and low flows in the cold season. This may be
because higher SWE indicates more water being stored as snow, resulting in less runoff during winter.

Warmer seasonal temperatures are negatively correlated with both high and low flows in the warm
season (Figure 3). This means that warmer temperatures are associated with smaller streamflows during
this period. The relationship is particularly strong for warm season low flows and is statistically
significant at all assessed locations.

The results show a moderate positive correlation between short-term rainfall and cold season high
flows in rivers with mixed regimes (Figure 3). This suggests that rainfall is a driver for high flows during
this period. We also found a positive correlation between rainfall and cold season low flows. This
indicates that larger rain events can lead to higher baseflows in winter.

The main drivers identified in the correlation analysis are projected to change in a warming climate
(Figure 4).

Projections indicate seasonal changes in precipitation. Spring, fall, and winter are projected to
become wetter, while summers are projected to be drier (Figure 4). Further, the precipitation regime is
likely to shift from snowfall to rainfall, particularly between September and May (Figure 4).

Progressive decreases in SWE are projected across the watershed. This is due to reduced snowfall
and increased snowmelt (Figure 4). The timing of peak SWE is projected to shift one month earlier, from
March to February. Similarly, peak snowmelt is expected to shift from April to March. Consequently,
snow-free periods may become longer by approximately one month.
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These projected changes could impact the hydrologic regime (Figure 5). The annual peak flow,
which occurs in May-June in the base period, is expected to shift to April-May, aligning with earlier
snowmelt. The magnitude of this peak is projected to increase at the higher warming level (+4°C).
Furthermore, extreme flows are projected to increase, with substantial changes in the fall (Figure 5). For
example, at the +4°C warming level, the most extreme fall daily flow could increase from approximately
50 m3/s to 190 m?/s. This could indicate a greater likelihood of rain-on-snow events.
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Figure 3: Correlation between snowpack (left), air temperature (middle), and rainfall (right) and
seasonal high- and low-flow events (1969-2010). Squares are colored according to the correlation
coefficient, with grey squares indicating correlations that are not statistically significant at the 5% level
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Figure 5: Projected daily hydrographs under warming scenarios at the Nicola River near Spencer
Bridge hydrometric station based on daily simulations of the Variable Infiltration Capacity hydrologic
model. For each day of the year, the multi-model ensemble’s median and 80% confidence interval are

presented.

Data gathering from place-based knowledge holders generally reflected the findings of the
quantitative analysis. However, the qualitative research identified additional strong drivers of flood and
drought, for which there was not adequate observed data to show a statistically significant correlation.
Specifically, qualitative research identified the importance of land cover and land disturbance from
anthropogenic activities (recreation, mining, etc.) and natural events (wildfire and mountain pine beetle
infestations) as key drivers of change in hydrologic extremes.

4.2 Discussion

Our analysis shows that warmer summer temperatures are strongly correlated with lower summer
flows. This suggests that cooler summers result in less evapotranspiration, which helps sustain
streamflow. Precipitation patterns are also key drivers, with cold season rainfall linked to high flows and
higher low flows. However, the strongest relationship identified is between annual maximum SWE and
warm season flows. A larger snowpack results in both larger high flows during the spring freshet and
more sustained low flows throughout the summer. Qualitative results, which are not repeatable with
quantitative datasets due to sparse availability, highlight the importance of land disturbance as a key
driver of meteorologic extremes.

Looking forward, climate projections indicate considerable changes for these drivers. Air
temperature is projected to increase in all seasons, with the watershed warming at a higher rate than the
global average. This warming will alter precipitation patterns, making fall, winter, and spring wetter while
summers become drier. Further, a shift from snowfall to rainfall is also projected. This combination of
wetter winters and existing snowpack increases the potential for rain-on-snow events, which can generate
large floods. Despite increased winter precipitation, overall SWE is projected to decrease, especially at
lower elevations.

These projected changes to temperature, precipitation, and snowpack will alter future streamflow
patterns. The spring freshet peak is projected to shift approximately one month earlier. Increased fall
rainfall will likely increase fall flows, shifting the river’s hydrologic regime from nivo-pluvial to pluvio-
nival. While the overall reduction in snowpack means that flood potential from snowmelt alone is likely
to decrease in an average year, the risk of extreme floods will increase. The shift to rainfall, especially
during years with high snowpack, heightens the risk of severe floods from rain-on-snow events.
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Recognizing that climate change is largely outside the control of the communities in the NRW, the
research identifies the importance of watershed stewardship to heal the land, and limit future land
disturbance as a key tool to mitigate meteorologic extremes in the area.

5 CONCLUSION

The Nicola River watershed is vulnerable to floods and droughts. These hazards are expected to
intensify with climate change. However, a limited understanding of the local drivers of past events
hinders future preparedness. Therefore, this project used a two-pronged approach by weaving place-based
knowledge with quantitative analyses to understand the historic, present, and future drivers of these
hydroclimatic extremes. Our goal was to provide a local-level understanding of what climate change will
mean for the region.

The technical analysis identified snowpack, temperature, and rainfall as the dominant local drivers
of seasonal flows. The strongest relationship observed was between the annual maximum snowpack and
warm season high and low flows. These key drivers are projected to undergo changes in a warming
climate. Projections indicate a shift from snow to rain, a reduced overall snowpack, an earlier spring
freshet, and more frequent rainfall-induced flooding in fall and winter. The qualitative analysis identified
the importance of land cover and land disturbance as a key driver of meteorological extremes. Long-term
watershed stewardship is identified as a pathway to mitigate this driver.

While the analyses are subject to data and methodological limitations, these findings provide a
foundational understanding of future hydroclimatic conditions in the Nicola River watershed. The insights
provide a basis for decisions that will support climate adaptation. Further work is required to build upon
this analysis and continue to enhance the understanding of floods and droughts in the watershed.
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ABSTRACT

This paper synthesizes the national assessment of the impacts of up to 3 m sea level rise (SLR) on
flood protection and freshwater availability in the Netherlands. Using exploratory, model-based analyses
across coastal dunes, hard flood defenses along river-lake systems, and the Rhine—Meuse Estuary, the
study finds that current flood safety levels can be technically and financially maintained up to 3 m SLR,
though spatial and resource constraints intensify. Furthermore the supply of sand for coastal nourishments
will be challenging due to other functions in potential sand winning areas in the North Sea (wind energy,
shipping) and explosive remnants of war.

Freshwater systems are more vulnerable: salt intrusion and increased flushing demands grow
sharply and ultimately exceed available river flows under severe drought and high SLR.

Key implications thus concern sand supply and logistics, reinforcement footprints in dense urban
settings, barrier operation strategies, and trade-offs between salinity tolerance and water demand. To keep
the flood protection and freshwaters systems up to standard, current safety activities can be prolonged but
freshwater is more vulnerable.

KEYWORDS: climate adaptation; sea level rise; flood safety; freshwater

1 INTRODUCTION

The Netherlands is a low-lying, densely populated, heavily urbanized and cultivated delta of the
Rhine, Meuse, Scheldt and Ems rivers. About 26% lies below mean sea level and ~60% is flood-prone. It
is strongly exposed to the influences of the adjacent North Sea. Apart from flood risk and coastal erosion,
the Netherlands is exposed to saltwater intrusion and salinization of its surface waters and groundwater.
Due to salinization, around half of the country is dependent on freshwater supplied by the Rhine and
Meuse distributed through the highly managed surface water system.

Climate observations show accelerating global and regional sea levels, with national scenarios
exploring outcomes up to multiple meters by 2200 [1,2,3]. Projections of SLR derived by the Royal
Dutch Meteorological Institute [3] showed an SLR of up to approximately 3 m in 2200 (83rd percentile of
ensemble model results for the SSP5-8.5 emission scenario).

The Netherlands has developed and implemented a set of thorough strategies to manage flood risks
and optimize freshwater supply [4—6]. The current strategies already consider an SLR of 0.85 in 2100 [7],
and the recent insights raise the question of whether and how long these strategies for flood protection
and freshwater can remain effective against extreme SLR.

While earlier methods have demonstrated their value in making complex issues with high degrees
of uncertainty accessible to policy makers, model-based quantitative assessments of the impact of extreme
SLR on flood protection and freshwater availability are not yet available for the Netherlands. The Dutch
government hence initiated the national Sea Level Rise Knowledge Programme [8].
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In earlier work bij Friocourt et al [43], a quantitative, model-based approach was applied to assess
the impact of extreme SLR (up to 3 meters) on national strategies for flood protection and freshwater
supply. The study demonstrated that current safety levels can be technically and financially maintained up
to 3 meters of SLR, but spatial and logistical constraints—such as sand supply for coastal reinforcement
and the operation of flood barriers—become increasingly critical. Moreover, the vulnerability of
freshwater systems intensifies due to saltwater intrusion and rising flushing demands, especially during
drought conditions. This work builds upon earlier publications [43] and provides additional insights and
reflections on the measures which can be taken to extend the longevity of the national strategies.

This paper presents a part of the results of the Knowledge programme, trough the methodology
and outcomes of the quantitative assessments of the impact of extreme SLR on the current flood
protection and freshwater availability. Furthermore, we present an outlook for freshwater management
and flood protection in possible adjustment to the system to keep up with the challenges SLR raises.

The work presented here is structured as follows: First, we provide an overview of the current
strategies and consequential systems for flood protection and freshwater availability. We then describe
our modeling approach for flood protection (both coastal sand nourishment requirements and structural
safety) and freshwater availability (salinization of both groundwater and surface water), followed by the
main outcomes of the assessments for current and future measures.

2 NATIONAL CLIMATE APPROACH

2.1. The Netherlands and the Dutch Delta Programme

Both flood safety and water availability are increasingly under pressure due to climate change. In
2010, the Netherlands, therefore, implemented a national policy program for adaptation to climate
change: the Delta Programme [9,10]. It focuses on the themes of flood protection, freshwater availability,
and spatial planning and works towards a climate-resilient design of urban and rural areas across the
Netherlands through a so-called Adaptive Delta Management (ADM) approach [11]. This approach
combines short-term plans with long-term delta strategies, as well as a monitoring and evaluation process.
Every six years, decisions are reviewed and, if needed, updated. The Sea Level Rise Knowledge
Programme [16], contributes to the update of 2026.

2.2. Flood Protection Strategy and System

The Dutch flood protection strategy is risk-based, considering both the probability of flood hazard
and vulnerability (casualties and economic damage) [6]. The strategy focusses mainly on the first line of
defense: preventing floods. The system consists of a network of primary flood defenses (over 3,600 km)
with over 400 km2 of dunes, structural elements and about 25 barriers and dams. The required level of
safety that primary flood defenses should provide is expressed as the probability of flooding per year for
each segment of the enclosure.

A large part of the coastline is protected through natural dunes. Erosion in the coastal profile is
compensated by regular sand nourishments on the shoreface and the beach. This aims to keep the coast
line in its place and is intended to maintain the required safety level and leverage the natural, short- and
long-term sediment transport dynamics cross-shore and alongshore in the beach zone and related aeolian
sand transport in the dune zone [13]. This dynamic management is the preferred method for coastal
protection in the Netherlands, with hard flood defenses (dikes and dams) and foreshore protection only in
locations where nourishments or other sand-based solutions are technically or economically not feasible.
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2.3. Freshwater Strategy and System

The Dutch freshwater strategy relies on managing and directing freshwater in the surface water
system towards dedicated lakes, canals and river branches where important freshwater intakes are located.
Apart from the main surface waters, reclaimed land (so-called polders) situated below sea level is prone
to seepage of brackish groundwater. These polders are flushed with freshwater sourced from the main
rivers [14]. The combined efforts to keep reservoirs fresh and up to required water levels and to flush
saline groundwater seepage in polders put a considerable claim on freshwater resources, particularly
during periods of low river flows and high evaporation. The volumetric water claim is expected to grow
due to SLR. The overall freshwater policy ambition is to balance the overall water supply and demand
such that actual water shortages only occur once per 20 years [15].

It is noted that, irrespective of climate change, low river discharges already lead to salt intrusion via
the open river mouths of the Rhine—Meuse system [16]. Climate change is putting this freshwater
management strategy further under pressure. Rising global temperatures lead to increased variability in
seasonal precipitation and droughts, resulting in increasing summer water demand and periods of low
river flows [12,18,19].

3 METHODS
3.1 The Modeling approach

In our modeling approach, we primarily focused on SLR but also considered other components of
climate change, such as changes in temperature, precipitation and changing river flows. Timelines of SLR
were used to allow a combination with other developments which influence flood protection and
freshwater availability including developments in river flow and land subsidence [51]. More detail on all
model input and assumptions can be found in the technical background reports [31-35].

3.2 Assessment of Flood Protection System Under SLR
3.2.1 Sand Nourishments to Maintain ‘Soft’ Flood Defenses

Required sand nourishment volumes to accommodate for SLR were modeled applying sediment
budget analysis based on observational data [45]. The uncertainty in the sediment demand was assessed
by taking into account multiple possible future areas (m?) of nourishment sediment dispersal [46].

322 Assessing the Flood Safety of ‘Hard’ Flood Defenses

The modeling strategy was based on standardized methods for assessing primary flood defenses
[7], the system for flood defenses. It involves comparing hydraulic loads (the forces exerted by water on
flood defenses) with a failure model of the flood defense. The failure model includes the dike profile
(including the immediate foreshore) besides revetments, inner dike materials, soil properties and the
effect of water pressure in the dike. The hydraulic loads are modelled with a combination of
hydrodynamic models and wave models for up to thousands of various circumstances. This study focused
on three primary failure processes for flood defenses: dike height (overtopping and overflow), slope
stability and piping. All failure processes are modelled with fragility curves.

The flood safety assessment followes a probabilistic approach using water level and wave load as
the main stochastic variables. The total resulting hydraulic loads were simulated using several
hydrodynamic models, including SOBEK3 [20] for rivers, IMPLIC [21] for the Eastern Scheldt and
WAQUA for the Western Scheldt and Wadden Sea [43]. Waves were computed using the analytic 1-d
model Bretschneider [22] for rivers or the spectral phase-averaged wave model SWAN [23,24]. These
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models use statistics derived from previous frequency analyses on historical records of measured seawater
levels, wind and river discharges as input [25]. Wind—water level correlation was added [26,27]. The
statistical analysis described seawater levels, river discharges and wind spanning from short return
periods (T = 2 years) to extreme return periods (T = 100,000 years) and beyond through extrapolation.

The model output includes physical parameters required for water levels and waves for all locations
stored in a database of physical stochastic variables, which is input to the probabilistic modeling tool
Hydra-NL [28,29]. Hydra-NL computes the probability of occurrence of the various combinations, with
the exception of hydraulic loads to the dunes that were calculated using the Riskeer software, version
22.1.2 [47]. The stochastic variables considered vary per water system. Revetments were added as a cost
factor for the total cost. For storm surge barriers and hard structures, a pragmatic approach based on
height was employed, assuming that these structures will be replaced once before 2200, and the total cost
for this was included.

The spatial and financial impact of strengthening flood safety structures has been further assessed
with the cost model OKADER [30]. In places where available space was limited and a ‘traditional’ dike
reinforcement was not possible, we assumed that either hard vertical structures will be constructed
assuming a lifetime of 100 years, or buildings will be demolished to create space for dike reinforcement.
In the latter case, the financial analyses included the cost of depreciation of existing houses.

To assess the impact of potential future measures, some adjustments to the system were analysed
additionally.

3.3 Assessment of Freshwater Availability Under SLR

Due to the considerable differences between salinization processes in different Dutch local water
systems, a combination of models was used to assess the impacts of SLR on freshwater resources: a
nationwide groundwater flow model, different surface water models and a nationwide water balance
model.

SLR impacts on groundwater were simulated with a high-resolution groundwater flow and salt
transport model [14,36]. The model comprises a variable-density groundwater flow and salt transport. The
impact of SLR is superimposed over ongoing groundwater salinization. The groundwater model was used
to simulate the increase in saline seepage (or salt load) to the surface water systems in reclaimed land.

The surface water bodies of the Rhine—Meuse Estuary (RME) are characterized by a high salinity
gradient that required a detailed 3D hydrodynamic model setup in the D-Hydro software release 2022.01
[37] including the tidal cycle. Critical for freshwater availability and salinization are long-term periods of
drought with low river flows. The simulations were performed with river flows of 2000 m3/s
(representative of summer average flows), 1000 m3/s (representative of current dry summers) and 500
m3/s (representative of low flows under future climate).

The other main freshwater systems in the Netherlands (Amsterdam-Rijn-Canal, Lake IJssel, and
Lake Volkerak-Zoom) are closed off from the sea by dams that limit salinization. Salt intrusion, however,
still occurs via groundwater and more importantly, through shipping locks. This type of saltwater
intrusion is characterized by a semi-stationary horizontal salt gradient, which is largely controlled by river
water inflow, water demand and saltwater leakage at the locks. The canal system has been approached by
a quasi-stationary 3D hydrodynamic model, to account for the vertical stratification effects and geometric
complexities. The lake systems have been approached by simpler 1-dimensional box models merely based
on an advection—dispersion equation, building upon the concepts developed by Nolte et al. [38] and Bonte
and Zwolsman [50].
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4 RESULTS
4.1 Flood Protection
4.1.1 Sand Nourishments of ‘Soft’ Flood Defenses

The model results show that it is technically feasible to maintain the current shoreline for the
majority of the coastline and maintain the current level of flood hazard protection (expressed as a
probability of flooding or dike failure), even with extreme levels of SLR of up to 3 m. Additional
strengthening is, however, required in built-up areas and cities situated in the dune area where
constructions prevent the growth of dunes.

The sand balance simulations show that cumulative nourishment volumes will increase with a
factor of 1.5 to 3 for a 1 m SLR, and with a factor of 3 to 6 for an SLR of 5 m, compared to a scenario
with no SLR (Figure 1). These estimates have a considerable degree of uncertainty, which is related to the
evolution of natural morphological processes in the North Sea due to SLR, in particular the development
of the active coastal zone, and policy choices on nourishments. When compared to the sediment available
for extraction in the North Sea, it was found that the current legislation and regulations will result in a
shortage of sediment. Especially near the Wadden Islands and the estuarine coast of Zeeland, more
sediment will be needed than what is currently available. Therefore, regulations regarding spatial
reservations, unexploded ammunitions and mining depths should be changed to keep the feasibility of the
nourishment strategy of the Netherlands.

Additionally, sand nourishments leverage the natural geomorphological coastal processes that

allow very local sand nourishments to be subsequently distributed along the coastline by natural processes
[39].
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Figure 1. Sand nourishment volumes required under different levels of SLR. Grey bar indicates
uncertainty range. Black line indicates expected sand nourishment volume.

4.1.2 Flood Safety of ‘Hard’ Flood Defenses

The simulations show that the required heightening and strengthening of dikes vary considerably
(Figure 2). For an SLR of 3 m, dike segments that require heightening exceeding 5 m are found in the
north of the Netherlands, decreasing to values between 1 and 4 m in the middle and south of the country,
and gradually decreasing further inward along the Rhine and Meuse. Dike heightening exceeds the degree
of SLR in areas where wave run-up is significant and wave growth is depth-limited, such as the northern
Wadden Sea and the Western Scheldt. For instance, model results indicate that an increase of 7 m may be
necessary in some places in the north of the country for an SLR of 3 m, of which about 5 m can be
attributed to SLR, the remainder being due to the increased wave load (higher water heights mean that
higher waves arrive at the dike; they are no longer attenuated by the foreshore).
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Further inland along the Rhine and Meuse rivers, the influence of SLR gradually diminishes.
However, the strengthening of the dikes remains necessary because of other effects such as soil
subsidence and changes in peak river discharges. In these areas, the required increase in dike height is
always smaller than SLR. Former sea dikes can cope with some level of SLR before they need to be
strengthened again for higher SLR, since they were first robustly reinforced (1960—1980) before being
(partially) closed off.

(a) Required dike heightening (b) Required dike heightening
for 1 m SLR in 2100 for 3 m SLR in 2200
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Figure 2. Required dike heightening for SLR of 1 m (left) and 3 m (right). These scenarios include
dike heightening due to increasing river flows and land subsidence (modified from Zethof and Stijnen

[35]).

As the sea level rises, the closure frequency of storm barriers increases if their closure level
remains fixed. Eventually, the closure level can be reached at almost each high water, thereby making the
concept of a barrier irrelevant. Storm barriers are designed to close only for very heavy storms (which
occur rarely), to accommodate for other usages (shipping for the Europoort barriers, nature for the Eastern
Scheldt barrier). For example, the closure frequency for the Europoort barrier is currently statistically
once in 18 years and increases to every tidal cycle at 3 m SLR. In order to keep the closure frequency low
enough, the closure level needs to increase with SLR. If the Europoort barrier closure level increases by
1.25 m under 2 m SLR, the closure frequency will become once per year. In that case, storm barriers still
effectively close for extreme water levels corresponding to legal dike norms. However, the rising of the
closure levels renders outer embankments more flood-prone.

Additional measures on top of current flood protection measures were analysed. The additional
measures were found to be effective in bringing down the hydraulic loads, but were not found to be cost
effective.

Although flood protection can be maintained at current safety levels through dike heightening,
piping and stability berms, and strengthening of revetments, the implications for land use are considerable
due to the space required for dike reinforcements. The footprint (width) of a dike increases by up to 90 m
per meter of dike heightening, which can be difficult to achieve in densely built-up areas. Additionally,
built-up areas located between dikes and open water (on relatively high areas of the floodplain) will be
subject to more frequent flooding and increasing water depth. The cost analyses showed that the total
cumulative nominal cost for 1 and 3 m SLR to maintain flood protection at the current safety level is
around 1.5-2 times the current yearly cost for the dike enforcement program, compared to a baseline
safety level in 2050. The total nominal annual costs are around EUR 0.3 and 0.5 billion per year, which is
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in the same order of magnitude as the currently estimated annual budget for flood protection for the
period 2023-2050, thereby showing that maintaining adequate flood protection is financially achievable.
Not included are costs for regional water systems that have tot adept tot the changes in the main water
system, and the costs caused by increased flooding of areas on the water side of the dikes.

4.2  Freshwater Availability

Many parts of the western half of the country already experience salinization of soil and
groundwater due to the seepage of brackish groundwater. This seepage is a result of the geologic past and
human intervention such as land reclamation [40]. The modeling results show that seepage rates are
expected to increase with SLR. The increasing seepage results in increasing salt loads from groundwater
to surface water in a zone of up to 20 km from the coastline and rising river branches. Behind the
coastline, the current salt loads vary geographically between 100 and 10,000 kg/ha/year. Nationwide, the
total load increases with 50% at 1m SLR and up to 250% for 3 m SLR. Salinization of surface water is
mitigated by flushing with freshwater sourced from the rivers Rhine and Meuse. The required flushing
volume in polder areas varies considerably geographically. The total flushing water demand, however,
increases at a higher rate than the salt load itself: about 4.5-fold by 1 m SLR, about 14-fold by 3 m SLR.

In the open Rhine—Meuse Estuary, SLR leads to a change in the balance between sea-level-induced
pressure and river-discharge-driven counterpressure on the salt gradient. This causes a shift in the salt-
intrusion length, i.e., the position of the transition zone between freshwater and saltwater. The increase in
intrusion length per meter SLR varies between 2 to 5 km along the range of typical dry-season river-
discharge values: the lower the discharge, the stronger the shift per meter SLR. The intrusion length is
non-linearly dependent on variation in river discharge. Conversely, compensating the increase in intrusion
length due to a 1 m increase in SLR by means of additional discharge would require about 50 m?/s to
about 200 m®/s additional river discharge for extremely low flow and intermediate dry-season flow
conditions, respectively. SLR essentially aggravates the sensitivity of the system to low discharge
conditions, in line with sensitivity relations such as those presented by Wegman et al. 2024, Ralston [41]
and data and model analyses reported by Dijkstra et al. [42]and Van den Brink et al. [16].

The modeling for the lakes and canals (the strategic freshwater reservoirs) indicates that salt
intrusion through shipping locks is the largest salinization pressure, in contrast to the contribution of
groundwater seepage. This salt pressure may be reduced through specific measures at locks [17].

As salt intrusion increases, the required flushing increases substantially, putting an additional
demand on freshwater resources. With all these factors combined, continuing the current practice under
SLR would result in a significant increase in the quantity of freshwater required for the flushing of polder
areas and other water systems and mitigating saltwater intrusion in rivers. As climate change is expected
to also result in warmer and drier summers with increased evaporation and lower freshwater inflow, it is
quite evident that the amount of freshwater required for flushing will be increasingly unavailable during
dry summers. The pressure on the national water balance due to flushing may in theory be alleviated by
accepting higher chloride levels. This would, however, potentially impact agricultural productivity,
drinking water production and freshwater ecosystems.

5 DISCUSSION

The study addresses whether strategies for flood defense and freshwater availability remain
applicable under up to 3 m sea level rise over several centuries, despite deep uncertainty and evolving
land use. Using exploratory modeling grounded in physical laws, validated operational and new models,
and extensive expert involvement, including reviews by over 300 specialists and independent committees,
the approach aimed to ensure robustness and mitigate bias. While results suggest technical feasibility at
national scale, uncertainties persist regarding local dike stability, storm surge barrier strength, and societal
acceptability, alongside ecological and resource considerations. Reviews by Dutch expert networks
[39,48,49] confirm reliability but highlight limitations, emphasizing that long-term strategy depends on
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more than technical measures. The findings provide quantitative input for adaptive planning within the
Dutch Delta Programme’s iterative cycle, acknowledging that refinements and broader climate pressures
will shape future decisions.

6 CONCLUSION

This first nationwide quantitative assessment shows that sea level rise (SLR) will require
significant reinforcement of flood defenses across the Netherlands, with dike height increases at least
equal to SLR. No hydraulic tipping points were found up to 3 m, though spatial constraints, sand supply,
and resource availability pose major challenges. Freshwater systems are more vulnerable: while increased
flushing can initially counter salinization, beyond 2-3 m SLR river flows become insufficient to keep
polders and surface waters fresh. The findings inform near-term decisions on dike upgrades and water
diversions and feed into long-term adaptation pathways under Adaptive Delta Management. Future work
will address technical, ecological, and socioeconomic aspects, including additional storage, new storm
surge barriers, and land-use shifts toward salinity tolerance to extend strategy longevity and identify low-
regret measures under deep uncertainty.
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ABSTRACT

Climate change poses a significant threat to communities at both regional and global scales, with
adaptation being particularly urgent for small- and medium-sized communities. However, a persistent
knowledge gap limits their capacity to adapt effectively. The lack of accessible, tailored climate
information and services further increases vulnerability. This study therefore aims to address this gap by
developing effective science communication strategies using a co-design approach, with a focus on the
regional scale through the implementation of Regional Climate Information Platforms. The selected case
study area, Oberland (Upper Bavaria, Germany), is characterized by complex terrain encompassing
Alpine and Pre-Alpine regions, where three distinct climate zones occur in close proximity. This diverse
topography presents specific challenges, as climate change impacts may vary spatially, particularly with
regard to hydro-meteorological extremes. In addition, the region is highly dependent on tourism,
rendering it economically sensitive to changing climate conditions and increasing extreme events such as
heavy precipitation, flooding, summer heatwaves, and decreasing snowfall affecting tourism-related
activities. The study follows a comprehensive workflow, beginning with the identification of stakeholder
needs and followed by the analysis of relevant climate information. The resulting climate information on
hydro-meteorological extremes will provide essential input for stakeholders and decision-makers. These
results will be visualized as maps and integrated into the digital decision support system Platform
Oberland within the KARE (Klimawandelanpassung auf regionaler Ebene) project. Beyond its scientific
objectives, the study emphasizes stakeholder interaction and co-design to ensure the relevance and
usability of the generated information. Furthermore, it aims to identify best-practice approaches for
translating scientific workflows and results into actionable climate adaptation measures for small- and
medium-sized communities. The case study may serve as a regional model for effective science
communication and adaptation strategies addressing hydro-meteorological extremes.

KEYWORDS: Climate information, science communication, co-design, floods, extreme heat

1 INTRODUCTION

In recent decades, there has been a significant advancement in scientific understanding of climate
change and its regional impacts, in parallel with technological and computational developments (Pan et
al., 2022), (Karetnikov and Ruth, 2014), (IPCC, 2023). Despite the increasing body of knowledge, a
persistent gap remains between climate research and its effective application in policy and decision
making, particularly among small and medium-sized communities (Selseng and Gjertsen, 2024),
(Flinfgeld et al., 2023), (Ricciardi et al., 2023), (Buschmann et al., 2022), (Fila et al., 2024). Key barriers
include the disconnect between researchers and policymakers (Thompson et al., 2017), (Briley et al.,
2015), the limited accessibility and relevance of climate information, institutional and financial
constraints (Fila et al., 2024), and the lack of participatory processes that involve local stakeholders in the
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design and implementation of adaptation measures (Ricciardi et al., 2023), (Jones et al., 2017),
(Thompson et al., 2017). Although small and medium-sized municipalities are not less affected by climate
change, they are underrepresented in research, in contrast to larger cities and metropolitan areas (Ricciardi
et al., 2023). In particular, the gap between the production of climate information and how it is used in the
real world is a major challenge in developing resilient and inclusive climate adaptation strategies (Mabon,
2020), (Lemos and Rood, 2010). Local and regional stakeholders often find it difficult to incorporate
scientific climate information into their planning and decision-making processes. This difficulty arises
from several interrelated factors. Firstly, climate information is often presented in formats that are too
technical or abstract for non-experts to interpret and apply directly (Mabon, 2020), (Briley et al., 2015).
The use of specialized indices, probabilistic language, and complex visualizations can lead to confusion
or underestimate of climate risks. Secondly, the relevance of the information is not always clear as
scientific studies often focus on broad or global scales, whereas local stakeholders require insights that are
tailored to their specific context (Briley et al., 2015), (Roberts et al., 2018). Third, the channels through
which climate knowledge is communicated may not align with local actors’ information seeking
behaviours (Thompson et al., 2017), (Briley et al., 2015), further reducing the likelihood that available
information will influence local decision-making (Jones et al., 2017), (Lemos and Rood, 2010). These
challenges have highlighted the need for easy-to-use and decision-relevant climate information, which
could also help bridging the gap between scientific production and practical application.

In order to enhance access to climate data and support adaptation planning, a number national and
regional institutions in Germany have developed climate information platforms and services. At the
national level, institutions such as the Deutscher Wetterdienst (DWD, 2025a), the Climate Service Center
Germany (GERICS, 2025) and the German Environment Agency (UBA, 2025a) provide essential climate
datasets, projections, and adaptation tools. These services are underpinned by high-resolution
observational data and downscaled climate projections derived from international ensembles such as
EURO-CORDEX (UBA, 2025b). The Climate Data Center (CDC) of DWD (DWD, 2025b), for instance,
supplies gridded climate variables, while GERICS supports decision-making in sectors such as urban
planning through tailored regional scenarios and vulnerability assessments (GERICS, 2025a; 2025b). At
federal state level, Bavaria has developed its own specialised services to address the impacts of climate
change at a more localised level. The Bavarian Climate Information System (BAYKIS), which is operated
by the Bayerisches Landesamt fiir Umwelt (LfU), provides downscaled climate projections and impact
indicators via a central platform (LFU, 2025). These datasets are statistically refined using outputs from
the EURO-CORDEX regional climate model, DWD observations and LfU post-processing techniques.
The LfU’s portal also disseminates complementary tools, such as municipal climate checks and
adaptation guidelines, facilitating the integration of climate considerations into local and regional
governance structures (LFU, 2025). In addition to these services, several regional initiatives based on
different research projects provide place-based climate information tailored to urban and sub-regional
contexts for different federal states in Germany (i.e. KIiVO Portal Hessen, Klimaatlas BW, Umweltatlas
Berlin, etc.) (UBA, 2025c; LUBW, 2025, Landes Berlin, 2025). ReKIS (Regionales
Klimainformationssystem), for example, is a regional climate information platform providing climate
information to the eastern German states of Saxony, Saxony-Anhalt and Thuringia (REKIS, 2025). It
provides high-resolution climate data and projections related to extreme weather events and long-term
trends, as well as indicators. Similarly, The NRW Climate Atlas (Klimaatlas Nordrhein-Westfalen)
provides regional climate change projections with a focus on temperature, precipitation, and extreme
events across North Rhine-Westphalia Landesamt fiir Natur, Umwelt und Klima Nordrhein-Westfalen
(LANUK, 2025).

Despite the wide range of climate information platforms and services available in Germany, they
remain limited in their practical applicability for small and medium-sized communities. The multitude of
providers, diverse data formats and differing methodological assumptions and time periods often cause
confusion which pose challenges for non-specialist users in local administrations. Furthermore, while
many existing services rely on downscaled regional climate projections with different ensembles, these
are often insufficiently detailed to capture local extreme events and locally relevant impacts, which are
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critical for municipal-level adaptation planning. Therefore, this study aims to address these limitations
using NUKLEUS - Nutzbare lokale Klimainformationen fiir Deutschland, high-resolution, user-oriented
climate information specifically tailored to the needs collected during the transfer meetings of medium-
and small-sized communities. By bridging the gap between national and regional climate services and
local decision-making requirements, the study aims to make climate data easily understandable, more
usable, and relevant to effective, place-based adaptation planning.

2 STUDY AREA, DATA & METHODS

2.1 Study Area

The study area, Oberland, is located in the southern German province of Upper Bavaria, which is
characterised by the presence of three distinct climate zones within the Alpine foreland. The area is
renowned for its high level of tourism (for example, ski tourism) and is economically dependent on
tourism due to its scenic landscape. Moreover, the region is considered to be one of the most
economically dynamic areas in the country. However, the region is also known for its frequency of
extreme convective precipitation events, which have been responsible for numerous floods in the past.
Climate predictions indicate a continuation of the observed trend of rising event frequency, suggesting
that the impacts of climate change are already evident and are expected to intensify further in the region.

2.2 Data

The NUKLEUS dataset is a comprehensive, high-resolution ensemble of regional climate model
simulations developed within the "NUKLEUS - Nutzbare Lokale Klimainformationen fiir Deutschland"
project, a cross-cutting activity of the RegIKlim research initiative. The core objective of NUKLEUS is to
generate, evaluate, and provision spatially and temporally refined climate information tailored to regional
climate impact assessments, adaptation planning, and climate service applications for Germany. The
dataset under consideration comprises dynamically downscaled climate projections derived from multiple
combinations of global climate models (GCMs) and regional climate models (RCMs). Initially, three
CMIP6 GCMs (e.g., EC-EARTH3-Veg, MIROC6, MPI-ESM1-2-HR) are downscaled to an intermediate
European grid (EUR-11, ~12 km), and subsequently to a convection-permitting scale (~3 km; CEU-3)
over Germany via RCMs including COSMO-CLM, ICON-CLM, and REMO. The simulation types
include evaluation runs against ERAS5 reanalysis, historical runs, and future transient scenario projections
under standardized SSP forcing pathways (NUKLEUS, 2025).

For the analysis of this study, [CON-CLM, EC-EARTH3-Veg, CEU-3 simulations were used due
to the availability of three different future transient scenario projections under standardized SSP forcing
pathways (SSP2-4.5, SSP3-7.0, SSP8-5.5) under two different global warming levels (GWL) (GWL2K,
GWL 3K).

2.3 Method

Global warming, driven primarily by anthropogenic greenhouse gas emissions, exerts profound
influences on regional climate dynamics through changes in key meteorological and hydrological
variables. To assess these impacts and evaluate the associated risks to small- and medium-sized
communities that are often characterized by limited adaptive capacity, resource constraints, and strong
dependence on local ecosystems, it is essential to examine variations in air temperature, precipitation, and
snow depth, which serve as fundamental indicators of regional climate change. Air temperature is a
primary metric due to its direct link to the enhanced greenhouse effect, whereby increased atmospheric
concentrations of greenhouse gases trap outgoing longwave radiation and raise surface temperatures. At
the regional scale, this manifests as amplified warming trends, including more frequent and intense
heatwaves. For small- and medium-sized communities, which often lack robust cooling infrastructure or
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diversified economic structures, such warming poses significant risks, including increased heat-related
mortality, reduced agricultural productivity through altered growing seasons, and higher energy demand
for cooling. Precipitation represents another critical climate variable, as global warming intensifies the
hydrological cycle. Warmer air masses can hold more moisture, leading to shifts toward more extreme
precipitation regimes—characterized by heavier rainfall events in some regions and prolonged droughts in
others. These changes affect water availability, flood frequency, and soil moisture, with cascading
impacts on food security, infrastructure resilience, and public health. Small- and medium-sized
communities are particularly vulnerable due to their reliance on rain-fed agriculture and local water
resources. For example, increased flood frequency can overwhelm drainage systems and cause urban
flooding, while drought conditions may lead to water scarcity that directly constrains agricultural and
domestic water use. Snow depth, particularly in the Alpin region, provides insights into cryospheric
responses to warming, including accelerated snowmelt and reduced accumulation. Global warming
diminishes snowpack through elevated freezing levels and earlier spring thaw, altering seasonal
hydrology and water storage. In addition, reduced snow cover affects winter economies (e.g., tourism)
and ecosystems, potentially triggering feedback loops such as albedo reduction that further amplify
regional warming.

Apart from the changes in the average annual temperature, precipitation, and winter average snow
depth, we focus on the occurrence of extreme events, including yearly extreme heat days, heatwaves,
heavy rain days, and snow days. Extreme heat days are defined as those days with daily maximum
temperature exceeding 30°C. A heatwave event is defined as at least consecutive 3 days with daily mean
temperature exceeding 95% of the historical reference temperature derived using CEU-3 output. Heavy
rain days and snow days are defined as those days with precipitation exceeding 30 mm and with snow
depth exceeding 1 cm, respectively.

The indicators and the final output formats were determined based on the results of a mini survey
titled 'Climate Information Requests and Data Formats' that was conducted with all stakeholders in the
project area during a project meeting on 20 June 2024. The research questions were then determined in
line with this using a co-design approach.

3 RESULTS

The future climate projections for the Oberland region were evaluated under multiple SSP
(SSP245, SSP370, and SSP585) and at two GWLs, +2K and +3K relative to pre-industrial conditions.
Accordingly, annual mean temperature shows a linear and consistent increase across all SSP scenarios as
the level of global warming increases; for example, in the SSP245 scenario, increases at low warming
levels remain around +1.4°C (+3K), while in the SSP585 scenario, this increase exceeds +4 °C at high
warming levels (+3K) (Table 1). Maximum temperatures and hot extremes respond more strongly than
the average; increases in the number of hot days reach 12 days average in the high emissions scenario. In
contrast, with the increase in minimum temperatures, cold extremes are decreasing significantly; for
example, the number of cold days or cold nights decreases by a few days per year even at low warming
levels, and by more than 20 days at high warming levels (SSP585, +3K) (Table 1).

The precipitation analysis based on NUKLEUS projections for Oberland shows that, annual total
precipitation increases in relative terms across all SSPs and warming levels. We can see the strongest
relative increase for SSP370 reaching up to %10.5 (+2K) and %5.5 (+3K), but with a large inter-model
spread (up to %40, +3K) (Table 1). When we look at the seasonal precipitation changes, we can see that
spring and autumn mean precipitation have a constant increase up to %25 (SSP245, +3K), where the
change in autumn has high variability. The results for winter and summer precipitation values give more
mixed responses and highly uncertain. Mean precipitation in winter decreases under SSP245 (%12.6,
+2K), where it has near neutral changes for SSP370, and has a consistent decrease under SSP585. For
summer, mean changes are comparatively small or negative for SSP245 and SSP585, where they are
positive for SSP370 scenario (Table 1). Large min-max ranges (up to %70) shows high uncertainty and
indicate strong model disagreement.
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Table 1. Changes of climate indicators in Oberland region based on NUKLEUS data (ICON-CLM, EC-EARTH3-Veg, CEU-3)

Historical SSP245 SSP370 SSP585
GWL-2K GWL-3K GWL-2K GWL-3K GWL-2K GWL-3K

Mean Mean Min Max | Mean  Min Max | Mean  Min Max | Mean  Min Max | Mean  Min Max | Mean  Min Max
Annual Mean Temperature (°C) 6.82 1.93 0.9 302 | 285 1.39 4.02 177 0.26 3.74 | 307 0.63 458 | 1.9 0.64 3 3.41 197 4.95
Winter (DJF) Mean Temperature (°C) -1.41 242 0.79 538 | 277 -0.39 4.81 1.89 -1.5 42 3.07 0.76 5.46 24 0.24 4.47 3.6 0.95 6.18
Spring (MAM) Mean Temperature (°C) 6.26 1.12 -246 323 | 1.73 -1.24 3.56 114 311 4.3 243 122 453 | 133 -073 375 | 262 -027 563
Summer (UA) Mean Temperature (°C) 14.83 2.39 0.34 478 | 3.84 1.9 6.03 222 005 486 | 3.87 1.61 6.03 1.9 0.37 404 | 393 11 7.07
Autumn (SON) Mean Temperature (°C) 7.44 1.79 0.34 478 | 3.05 1.9 6.03 184 005 486 | 292 1.61 6.03 | 211 0.37 4.04 35 11 7.07
Number of Summer Days (Tmax>25°C) per Year 16.03 1547 -0.03 4097 | 2917  4.97 6597 | 1543 -403 4797 | 2887 197 6597 | 1167 -6.03 3897 | 319 897 7797
Number of Heat Days (Tmax > 30 °C) per Year 1.03 3.6 -16.03 6.97 | 103 -1403 1897 | 403 -16.03 897 93 -1503 1097 | 33 -16.03 -203 | 121 -1503 29.97
Number of Tropical Nights (Tmin >20°C) per Year 0 0.1 -16.03 -14.03| 1.13 -16.03 -7.03 04 -16.03 -1203| 12 -16.03 -903 | 013 -16.03 -14.03| 2.07 -16.03 -4.03
Number of Heatwaves per Year 7.73 -08 -1303 -003 | -0.77 -13.03 -503 | -0.07 -11.03 -503 | -1.13 -1303 -6.03 | -09 -1203 -203 | -043 -1203 -1.03
Number of Cold Days per Year 20.67 2253 997 4997 | 4037 1997 7697 | 2207 297 5297 | 4097 1697 8597 | 1833 097 4597 | 426 1897 84.97
Number of Heating Days (Tmean >15°C) per Year 309.1 -32.1 22897 287.97|-50.87 22397 26597 | -29.7 230.97 287.97| -534 20597 27297| -294 23197 299.97|-54.97 193.97 271.97
Number of Frost Days (Tmin <0°C) per Year 12417 -27.7 4597 116.97|-40.67 31.97 9497 | -266 4797 12297|-46.87 29.97 12297| -296 3497 10097|-5267 17.97 90.97
Number of Ice Days (Tmax <0°C) per Year 35.97 -16.63 -1503 3097 | -199 -1503 2597 |-1217 -9.03 4597 | -203 -13.03 1697 | -16.67 -12.03 24.97 |-24.37 -13.03 19.97
Annual Total Precipitation 1511.96mm| 4.62% -22.99% 25.80%| 6.55% -30.88% 32.53% |10.53% -14.51% 36.77%| 5.49% -20.94% 43.97%| 5.51% -25.13% 31.80%| 2.06% -17.96% 33.25%
Winter (DJF) Total Precipitation 353.03mm |-12.61% -60.45% 39.17%| -2.12% -47.58% 85.70% | 0.81% -55.67% 74.32%| -0.64% -52.26% 71.23%| -9.26% -50.22% 32.04%| -4.41% -48.94% 32.05%
Spring (MAM)Total Precipitation 378.72mm | 16.11% -21.51% 73.46%| 25.03% -26.40% 77.96% |15.95% -42.89% 77.75%| 15.54% -32.72% 47.84%|12.17% -34.41% 68.85%| 9.68% -44.35% 59.65%
Summer (UA)Total Precipitation 475.99mm | -1.24% -34.98% 55.23%| -9.21% -47.25% 37.42% | 9.84% -45.68% 66.96%| 1.18% -44.00% 72.31%| 3.38% -50.62% 53.28%| -7.86% -56.55% 44.03%
Autumn (SON)Total Precipitation 304.22mm | 19.49% -51.63% 96.39%| 18.26% -43.00% 116.13%| 16.11% -59.33% 76.59%| 6.84% -57.05% 99.91%|17.69% -29.93% 96.44%| 15.63% -33.72% 92.66%
Before Growing Season Total Precipitation 44516 mm | 8.22% -27.46% 33.56%| 13.33% -28.01% 64.75% |18.87% -21.54% 65.23%| 15.99% -18.81% 54.16%| 9.76% -25.62% 61.92%| 5.16% -55.14% 76.28%
After Growing Season Total Precipitation 41563 mm | 4.03% -52.74% 62.72%| -7.80% -63.02% 48.96% | 9.86% -35.69% 62.75%| -4.00% -68.60% 37.43%| 3.16% -53.54% 49.63%| -8.66% -57.61% 49.61%
Number of Heavy Rain Days per Year 33 21 -3.3 7.7 22 -2.3 6.7 277 -1.3 6.7 14 -2.3 77 22 -2.3 6.7 1.9 -3.3 57
Number of Dry Days per Year 6.23 0.23 -223  AT7 1.3 -2.23 6.77 -02 523 577 | 043 423 377 | 043 -323 577 | 087 -323 377
Number of Dry Days Before Growing Season per Year 0.67 -003 067 233 0.4 -0.67 233 | -023 -067 133 | 003 -067 133 0.3 -067 333 | 057 067 233
Number of Dry Days After Growing Season per Year 1.67 -0.1 -1.67 233 0.9 -0.67 333 | -003 -167 233 0.3 -167 233 | 017 167 133 04 -167 333
Number of Wet Days per Year 0.83 0.07 -083 317 | 047 -0.83 3.17 0.3 -083 217 | 017 083 117 | -013 -083 217 | 023 -083 417
Number of Wet Days Before Growing Season per Year 0.27 -007 027 173 | 037 -0.27 1.73 027 -027r 273 | 0143 027 073 | 003 -027 173 | 017 -027 273
Number of Wet Days After Growing Season per Year 0.33 0.03 -033 167 | 007 -0.33 1.67 007 -033 167 | -003 -033 167 | -007 -033 067 | -003 -033 167
Mean Snow Depth (cm) 21.96 -1281  -827 1228 | -13.27 -89.63 443 |-10.02 -8829 4092 | -11.41 -88.69 3581 |-1208 -90.34 378 |-15.77 -90.41 -43.49
Number of Snow Days per Year 87.77 -76 -2677 323 | -803 -3277 323 | -653 -26.77 323 -5 4577 223 | -647 4877 323 |-1747 -4877 323
Number of Heavy Snow Days per Year 23.6 -20.73  -236 24 -20 -23.6 144 | 156 -236 284 |-1633 -236 224 |-1997 -236 84 | -232 -236 -206
Number of Snowstorm Days per Year 207 0.33 -1.07 293 | 003 -2.07 1.93 0.1 207 293 | -033 -207 193 | 033 -207 293 0.6 -1.07 393
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When we look at the extremes, heavy rain days increase robustly across all SSPs. Number of heavy
precipitation days increase of 2-3 days per year in average, with maxima up to 7.7 days. This situation
might indicate the intensification of extreme precipitation, even where total rainfall changes are moderate.
When we analyse the changes in number of dry days, we see slight increases in total dry days especially
under SSP245, +3K (6.7 days). However, seasonally change in number of dry days shows high variability
but no strong systematic trend (Table 1). Number of wet days have positive changes in overall (< 0.5 days
per year) suggesting that increased precipitation is driven more by intensity than frequency.

In addition to changes in temperature and precipitation, projected warming also affects snow-
related variables. Winter snow conditions are projected to decrease under all warming levels and emission
scenarios. Mean snow depth is reduced by about 10—16 cm on average, with mean changes ranging from
—12.8 to —15.8 cm across scenarios and warming levels, and with some model projections showing much
larger reductions, indicating that seasonal snow cover could become very limited under warmer
conditions. The number of snow days per year also becomes lower, with mean reductions of about —6 to
—17 days per year, corresponding to losses of approximately 7 to 17 snow days per year compared to the
historical period. Heavy snow days show the strongest response, with average reductions of roughly —15
to —21 days, and some projections suggesting the complete loss of heavy snowfall events (Table 1). In
contrast, changes in the number of snowstorm days are small, with mean changes between 0 and +0.6 day
and a wide uncertainty range, indicating that snowstorms may still occur but will contribute less to overall
snow accumulation.

Overall, the results show that the Oberland region will become steadily warmer, with more frequent
heat extremes, heavier rainfall events, and a strong decline in snow cover, while seasonal precipitation
changes remain uncertain, highlighting increasing climate-related challenges under higher warming levels
and emission scenarios.

4 DISCUSSION

The projections indicate that rising temperatures, together with changing precipitation patterns, lead
to more frequent heat extremes, stronger rainfall intensity, and substantially weaker snow conditions
under future warming. A shift toward more intense but less evenly distributed precipitation, characterized
by wetter springs and autumns, uncertain summers, and more frequent heavy rainfall events, particularly
under intermediate to high forcing scenarios. This pattern suggests enhanced precipitation intensity and
seasonality rather than uniform wetting, increasing the likelihood of hydrological extremes such as
flooding and seasonal water stress, especially during and after the growing season. These conditions are
significant for this region, which currently experiences heavy rainfall and has suffered flooding on
numerous occasions. In parallel with the expected increase in rainfall intensity, short-term extreme
rainfall, combined with the topography of this region at the foothills of the Alps, makes it more prone to
flooding.

The analysis also shows that a systematic decline in snow accumulation, duration, and intensity,
with snow depth and heavy snowfall being particularly sensitive to warming. While isolated snowstorm
events may persist, the overall snow regime shifts toward shallower, shorter-lived, and less intense snow
conditions, especially under higher warming levels. These conditions could pose a long-term risk for the
local population, which is particularly dependent on ski tourism during the ski season in the region.

On the other hand, the results show that model uncertainty differs between variables and generally
becomes larger at higher warming levels. Changes in annual and seasonal mean temperature are
consistent across models, indicating good agreement on the overall warming trend. In contrast,
temperature extremes, such as the number of summer days, heat days, and tropical nights, show a much
wider range of projections, reflecting higher uncertainty. Precipitation changes are more uncertain,
especially at the seasonal scale, where models project both strong increases and decreases, leading to low
confidence in the direction of change. Precipitation extremes, represented by the number of heavy rain
days, are more consistent across models and point to an increase in rainfall intensity. Snow-related
variables show the highest uncertainty, with very large reductions in some projections and smaller
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changes in others, reflecting the strong sensitivity of snow to temperature. Overall, while the warming
trend is robust, the size of changes in precipitation and snow becomes increasingly uncertain at higher
warming levels. Climate indices obtained through NUKLEUS simulations provide information about the
region's future. However, since these results are model-dependent, any uncertainty should also be taken
into account when communicating with stakeholders.

In order to improve the practical use of the presented indicators for decision-making purposes, it is
also crucial to explicitly link projected climate changes with sector-specific adaptation measures. Despite
uncertainties mentioned above in seasonal mean precipitation, the robust increase in heavy precipitation
days suggests an intensification of short-duration rainfall events. For the Oberland region, which is
characterised by complex topography and documented flood exposure, this translates into heightened risk
of flash flooding and pluvial flooding. Adaptation responses should therefore prioritise the creation of
flood retention areas, the enhancement of drainage infrastructure, the implementation of nature-based
solutions and the improved integration of early warning systems into municipal planning tools. Similarly,
the projected increase in extreme heat days and heatwave frequency implies elevated risks of heat stress,
particularly for vulnerable populations (such as kids or elderly people) and outdoor workers. Municipal
adaptation strategies may therefore include developing heat action plans, expanding urban green
infrastructure to mitigate the urban heat island effect, integrating cooling centres into emergency planning
and incorporating passive cooling standards into building regulations considering the vulnerable groups
and climate information together. The projected decline in snow depth and days under all warming levels
has significant implications for winter tourism, a key economic pillar of the region. Therefore, adaptation
strategies may involve diversifying towards year-round tourism concepts, investing in climate-resilient
infrastructure, and engaging in strategic economic planning to reduce dependence on snow-reliant
activities. By linking quantified climate indicators into clearly defined risk factors and adaptation options,
the study could help to provide more relevant information on regional scale for municipal authorities.

5 CONCLUSION & OUTLOOK

This study demonstrates the added value of combining high-resolution regional climate modelling
in the region for the first time using the NUKLEUS dataset with a co-design approach to support climate
change adaptation at regional and municipal levels. The analysis of the Oberland region as a case study
reveals robust warming trends, an obvious increase in heat extremes and heavy precipitation events, and a
significant decrease in snow depth and days with snow under all considered warming levels and emission
scenarios. These changes highlight an increasing risk of heat stress, flooding, issues with water
management and problems with winter tourism. This is particularly relevant for small and medium-sized
communities with limited adaptive capacity and a strong dependence on local environmental conditions.

The results provide climate information that is relevant for decision-making and can directly
support stakeholders and policymakers in regional planning and adaptation processes. By translating
complex climate projections into specific indicators, such as the number of days with extreme heat, heavy
precipitation, and snow-related metrics, the study enables an assessment of climate risks and supports the
prioritization of adaptation measures in sectors such as disaster risk management, infrastructure planning,
tourism, and land use. The co-design process ensures that the selected indicators and data formats align
with stakeholder needs, thereby increasing their usability and trustworthiness and the likelihood of their
integration into practical decision-making processes.

As a next step, the derived climate indicators will be visualized in the form of maps and to integrate
them into the digital decision-support system within the KARE project. Beyond the regional scale, the
methodology and results will be transferred and upscaled to the federal state level of Bavaria, and then to
the national level in Germany. The objective is to ensure consistency across governance levels while
preserving regional characteristics, thereby contributing to a more consistent and applicable climate
information framework. Conducting this analysis will also facilitate the comparison of those previously
conducted at national and federal state levels with analyses using NUKLEUS data, thereby providing a
comparative overview. This approach can provide a transferable example for strengthening the interface
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between science and policy and for improving climate adaptation planning in regions with diverse
climatic and socio-economic conditions.
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ABSTRACT

Cut-off low-induced floods are a threat to socio-economic activities in the KwaZulu-Natal (KZN)
province of South Africa due to the associated landslides and high-impact disasters. When cut-off lows
(COLs) track over southeastern Africa, they may interact with the Agulhas Current (AC). While studies
have shown that the Agulhas Current plays a crucial role in rainfall over South Africa, there is no
information on how the current affects floods over KZN, especially through COLs. The present study
examines the impact of the Agulhas Current System (ACS) on COL-induced floods in KZN, with a focus
on the specific event of the April 2022 Cut-Off Low. For the study, a flood prediction system called the
Africa Flood Prediction System (AFPS) was developed by coupling atmospheric, hydrologic, and hydraulic
models. First, we evaluate the AFPS model and quantify the sensitivity of COL-driven precipitation to
ACS-modulated sea surface temperature anomalies and then evaluate how COL-driven rainfall propagates
into basin-scale streamflow response. Thereafter, we assess how precipitation and streamflow translate into
flood extent and inundation dynamics.

Results show that the AFPS provides credible simulations of the COLs and their associated extreme
rainfalls, peak streamflow, and flood hazards over KZN. Also, it demonstrates that ocean-modulated
atmospheric forcing strongly induces rainfall intensity and spatial organisation, while hydrological and
hydraulic responses exhibit nonlinear sensitivity to precipitation magnitude and timing. Although explicit
ACS sensitivity experiments are applied only at the atmospheric level in this phase, the cross-scale
evaluation establishes a robust baseline for forthcoming end-to-end flood sensitivity attribution. The
findings highlight the importance of explicitly representing ocean—atmosphere interactions in flood
prediction and risk assessment frameworks for coastal southern Africa.

KEYWORDS: Flooding, Cut-off low, Extreme rainfall, Agulhas Current, Atmosphere-ocean
interaction, regional modelling, KwaZulu-Natal, Southern Africa.

1 INTRODUCTION

Cut-off lows (COLs) are recurrent synoptic-scale systems over southern Africa and are frequently
associated with prolonged and spatially extensive rainfall. In KwaZulu-Natal, such systems have been
responsible for several high-impact flood events (Holloway et al. 2010; Favre et al. 2013; Molekwa et al.
2014), including the catastrophic April 2022 disaster. The extreme rainfall of April 2022, which battered
towns in the region, resulted in a catastrophic flood which left 40,000 people displaced, 88 people missing,
and at least 443 dead (Thoithi et al. 2022; Grab and Nash 2023). Despite the regular occurrence of COLs,
only a subset generates extreme precipitation (Molekwa 2013; Abba Omar and Abiodun 2020), indicating
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that regional-scale environmental controls play a decisive role in modulating rainfall intensity. Therefore,
improving our understanding of various local-scale features in the vicinity of South Africa is essential for
assessing their influence on COL-induced precipitation.

Previous studies have highlighted the importance of mesoscale interactions, including low-level jets,
coastal mesolows and mesoscale convective systems, in shaping COL rainfall distribution (Jury 2015;
Imbol Nkwinkwa et al. 2021; Thoithi et al. 2022). More recently, attention has turned towards the potential
influence of the Agulhas Current System (Reason 2001; Rouault et al. 2002; Jury 2015), a warm western
boundary current that enhances surface fluxes and onshore moisture transport. While observational and
modelling studies suggest that the ACS may amplify storm systems along South Africa’s east coast, its
direct contribution to COL-induced flood has not been explicitly quantified. This study addresses this gap
by isolating the influence of the ACS on a well-documented extreme COL event using the coupled
atmosphere-hydrology-hydraulic model, with specific emphasis on implications for flood hazard
assessment.

2 DATA AND METHODOLOGY

The analysis focuses on the April 2022 cut-off low that produced exceptional rainfall and flooding
over KwaZulu-Natal. A top-down modelling framework was developed to simulate the April 2022 COL-
induced flood event over KZN, integrating atmospheric, hydrological, and hydraulic components.
Atmospheric simulations were conducted using the Model for Prediction Across Scales (MPAS),
configured with variable-resolution meshes to resolve mesoscale circulation features over southern Africa
and the adjacent southwest Indian Ocean. The model configuration enables explicit representation of
moisture transport pathways associated with COL systems.

Hydrological simulations were performed using the Soil and Water Assessment Tool Plus (SWAT+)
over the uMlazi River Basin, which experienced severe flooding during the April 2022 event. The model
incorporates spatially distributed representations of land use, soil properties, topography, and river
networks. Meteorological forcing was derived from MPAS precipitation outputs combined with reanalysis-
based variables. A multi-month spin-up period was applied to stabilise soil moisture and groundwater
storage before event-scale simulations. Model performance was evaluated against observed streamflow
using standard statistical diagnostics, with emphasis on hydrograph timing, peak discharge magnitude, and
overall flow dynamics.

Flood propagation and inundation dynamics were simulated using the Hydrology Engineering
Centre’s River Analysis System (HEC-RAS) hydraulic model over a critical downstream reach of the
uMlazi River. Both observed and SWAT+-simulated hydrographs were applied as upstream boundary
conditions to assess sensitivity to discharge magnitude and timing. Model outputs were evaluated against
satellite-derived flood extent maps and post-event observational evidence. Additional idealised hydraulic
experiments employing synthetic hydrographs were conducted to explore nonlinear floodplain responses to
increasing peak discharge, providing a controlled framework for sensitivity assessment.

To assess sensitivity to oceanic forcing, a suite of idealised SST perturbation experiments is
conducted over the Agulhas Current region using the MPAS model. These include a control simulation
with unmodified SSTs, a cooling experiment that limits warm SST anomalies, and a warming experiment
that amplifies them. This framework enables isolation of the ACS influence on moisture supply, latent heat
fluxes and convective instability during the COL event.

78



