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Effective Coastal Climate
Services—An End-User Perspective
for Resilient Infrastructure
Jonathan Simm* , Ben Gouldby, Darren Lumbroso and Tom Matthewson

HR Wallingford, Wallingford, United Kingdom

This paper focusses on identifying the responses to coastal climate change that are
of interest for decision-making by end users and the delivery and the necessary
communication process for this information. The focus is on representation of climate
(response) information in a form that provides sufficient clarity in the midst of uncertainty
for end-users who are seeking to develop or maintain resilient infrastructure. The
paper recommends that the use of the term climate services in situations unrelated to
supporting adaptation to and mitigation of climate change should be avoided. Better
investment decisions could be made if Bayesian frameworks were used to assign
probabilities to RCP scenarios. Associated predictions need to cover all types of climate
change influences not just sea level rise and ideally provide concurrent time series to
allow evaluation of dependencies. Guidance on climate information published by official
bodies needs to adopt a consistent approach, with a clear narrative that describes the
transition from science to guidance. The form in which climate services information is
needed for the required end user decisions needs careful thought, including appropriate
communication of the associated uncertainties using good practices and experiences
from related sectors.
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INTRODUCTION—THE SITUATION OF END-USERS SEEKING
RESILIENT INFRASTRUCTURE

This paper uses the definition of coastal climate services by Le Cozannet et al. (2017) as “any type
of service using (coastal area) climate information and supporting adaptation to and mitigation
of climate change.” Most of the discussion in the literature of climate services has been on their
development, implementation in policy and expected benefits (see e.g., Hewitt et al., 2012; Brasseur
and Gallardo, 2016). This paper focusses instead more on their operationality. Furthermore whilst
climate services information is essential for infrastructure creators and managers, climate change
is only one of a number of considerations that practitioners need to address in developing and
investing in sustainable and resilient infrastructure From the literature and interaction with end
users, we infer that the creation and management of such infrastructure has a spectrum of
requirements including:
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• “Everydayness.” Coastal infrastructure assets need to
function to deliver their everyday requirements, such
as access, transportation, power supply, recreation,
agriculture, environmental and ecological improvement
(see e.g., CIRIA, 2013, p. 60–70), irrespective of socio-
economic and climate changes (including sea level rise).
Investment decisions will inevitably reflect this need,
recognizing that some public assets will have importance
for the wider community surrounding the asset and should
work for them as well. Ideally green solutions should be
considered whenever possible as part of the investment
mix which enable natural processes to continue as far as
possible, including sustaining the coastal sediment balance
and encouraging habitats.
• Survivability. Infrastructure assets need to survive extreme

events, with risk of failure and/or downtime appropriately
managed, taking into account the non-stationarity (in
many cases increases in severity) of severe events.
Deterministic approaches that focus on single design
events have well-known limitations in the coastal context.
Annual exceedance probability cannot be unambiguously
defined when there are multiple variables that require
consideration (Serinaldi, 2015; Gouldby et al., 2017) and
hence probabilistic methods that require analysis of large
numbers of different events are increasingly being applied
to assess failure in terms of the structural response
(e.g., Gouldby et al., 2017). Given the uncertainty of
future events, the idea of “designing for exceedance,” first
articulated for urban drainage (see e.g., Digman et al.,
2006), becomes important. In particular, understanding the
performance of the structure in more extreme scenarios
(than used within the design basis) and gaining insights into
“cliff-edge effects becomes essential. This is identified as a
specific requirement in some sectors, nuclear for example
(Office for Nuclear Regulation [ONR], 2018). Such a
resilience based approach requires a clear understanding of
how the structural, hydraulic and geotechnical performance
of infrastructure assets will be affected and an approach
to manage any performance reductions (see e.g., Chester
et al., 2021). For example, it is likely that any green solutions
will need to be backed up by substantial conventional
engineering measures.
• Recoverability. If damage or disruption does occur as

a result of extreme events, then minimizing downtime
and ensuring rapid recovery becomes essential. However,
damaged infrastructure should be replaced with solutions
that anticipate long-term changes in climate (as well
as business and socio economic drivers), avoiding the
presumption of replacing like for like and embracing
opportunities for transformation in approach (see e.g.,
Royal Society, 2014).

In assessing the nature and form of climate services required
to deliver such requirements, two main areas will be discussed:
the required basic climate information likely to be relevant and
the nature and format of processed information required about
responses in order to support decision making. Two “use cases”

of coastal nuclear power plants and coastal ports are used to
illustrate some of the points made.

END-USER ISSUES WITH BASIC
COASTAL CLIMATE INFORMATION

The three requirements for managing infrastructure in the
face of climate change suggests that climate services need
reliable probabilistic information across the range of parameters
affected by climate change and across the spectrum of climate
manifestations (from everyday to extreme), provided in a form
where uncertainties are quantified. It also suggests that official
guidance for assessing such matters should be unambiguous
and without contradiction. This section addresses some issues
related to these needs.

Probabilities for Climate Change
Scenarios
Current guidance and data relating to coastal flooding and
climate change, quantifies uncertainty in some aspects but not
in others. For example, the UKCP18 information relating to
sea level rise provides probabilistic estimates of sea level rise
for given R. The general UK government guidance for flood
risk assessments is based on the use of the RCP8.5 scenario
and specifies the consideration of the upper 70th percentile for
design and risk assessment with a suggestions to use the 95th
percentile for sensitivity analysis. The guidance, in line with
the approach described by Nicholls et al. (2014), also advises
consideration of the H++ scenario. These probabilistic estimates
are conditional on the specific RCPs being realized. There is,
however, no likelihood associated with the RCPs themselves.
Risk-based decision making requires the quantification of
uncertainty and therefore requires a likelihood to be associated
with the RCPs. Whilst to many climate scientists this may
seem an elusive goal, and beyond their remit, the lack of this
information significantly hampers risk-based decision making for
infrastructure investments of typical design life 100 years.

Quantifying the likelihood of a future RCPs (and the
related Shared Socio-economic Pathways that are emerging
(Riahi et al., 2017). Occurring would not be viable under
a traditional frequentist framework; however, the well-known
Bayesian Framework can be used for this purpose. The Bayesian
framework supports quantification of uncertainty through the
use of expert judgment (see e.g., Morriss, 1977), and also permits
the reconciliation of conflicting multi-model forecasts through
Bayesian consolidation of parameters. Further evidence to
support likelihood assessment of RCPs is continuously emerging
(see Hausfather and Peters, 2020, for example). This framework
also provides a natural updating process that evolves when new
evidence emerges.

Whilst there is extensive literature relating to climate change
in this regard (Allen et al., 2001; Tebaldi et al., 2005; Smith
et al., 2009; Qian et al., 2016, Oppenheimer et al., 2016), the
approach has not yet filtered through to mainstream data sets and
guidance that are applied in practice. It should, however, only
be a matter of time for these approaches to be adopted within
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mainstream guidance, in which hopefully quantified estimates of
the uncertainty of different scenarios will be provided.

Understanding All Climate Change
Influences—Not Just Sea Level Rise
Other Key Influences
Recognition that sea level rise is only one of many change
drivers which need to be considered. Other changes affecting
coasts may include average and extreme winds and waves, tide
range and tidal streams, pressure on water supplies and risks to
health from hotter summers (see for example, Wong et al., 2014;
Vousdoukas et al., 2020).

Scenarios of Concurrent Time Series for Coastal
Forcings
The need for concurrent time series data across a range of
different forcings. This concurrent date is needed to facilitate
analysis of dependencies and permit understanding of multiple
source or compound flooding. Note that whilst concurrent
forcing data series are available for typical marine parameters
(e.g., water levels and waves), time series data to allow evaluation
of dependencies between coastal forcing and other forcings such
as rainfall and river flows is limited.

Inconsistent Climate Information
Guidance Published by Official Bodies
Guidance on climate change allowances to apply in practice
is underpinned by climate science. There is, however, often a
need to distill complex processes with the many uncertainties
discussed in the scientific literature into simplified allowances
that are applied in practice. To date, in the UK at least,
two problems appear to arise in this process: (1) thinking
becomes disjointed and hence inconsistent data sets or scenarios
are referenced in official guidance; (2) the narrative that
describes the transition from the science to the guidance is not
routinely published and this lack of transparency can potentially
undermine the authority of the guidance and cause confusion
for practitioners.

Examples of this in UK guidance include:

• H++ scenario. The very high scenario used for sea level
change (H++) is rarely updated at the same time as general
climate projections.
• Storm surge: Both UKCP09 and UKCP18 (Palmer et al.,

2018) could find no significant evidence for increase in
storm surge. Pre UKCP18, the government guidance for
allowance for storm surge under the H++ scenario was 0.7
m to 2080. The latest guidance for the H + + scenario,
post UKCP18, is 2mm per year, equating to 0.13 m to
2080. This is a decrease in allowance of around 80%.
There is no accompanying discussion relating to this
significant reduction.
• Storminess (storm surge sensitivity): Changes in

storminess can potentially influence wind speeds, wave
conditions and storm surges. All are directly related to
mid-latitude storms. Neither UKCP09 or UKCP18 found
significant evidence relating to changes in storminess.

Pre-UKCP18, there was a recommendation for sensitivity
testing of increase to winds and waves of 10% for epochs
of 2055 and onward, but no requirement for storm
surge sensitivity (other than the allowance under the
H++ scenario). No explanation was given for why
it was not necessary to test the sensitivity relating to
increases in storm surge.
• Storminess (sensitivity to allowance): Even though no

evidence was found of increases in storminess with either
UKCP09 or UKCP18, the sensitivity tests advised pre
UKCP18 were changed to required allowances in the latest
guidance.

There is no doubt that climate science evolved and attitudes to
risk change. Nevertheless, the updates to the published guidance
can give the impression that these are somewhat arbitrary, and
hence portray a lack of credibility. Publication of the narrative
that justifies updates, or changes, to the guidance would alleviate
the situation and provide more transparency.

SUPPORTING END-USER DECISION
MAKING BY CLIMATE SERVICES

Meaning of “Climate Services”
Careful use of language when describing climate services.
This includes the need to be clear where the service being
offered is full coastal engineering/management and not just
climate services, involving (full) evaluation of present day
conditions/requirements and then variation/sensitivity analysis
to understand the implications, e.g., of sea level rise. This lack of
focus prevents users from perceiving easily the real added value
of climate services for adaptation to sea-level rise. This challenge
would be addressed by a more consistent restriction of the use of
“climate services” as being related to mitigation of or adaptation
to the effects of climate change, as in the definition of Le Cozannet
et al. (2017) cited in section “”Introduction—The Situation of
End-Users Seeking Resilient Infrastructure” above.

Clear and Appropriate Communication
Clear and appropriate communication leading to appropriate
services delivery. Climate services is as much about process
as product, engaging end-users and scientists in a two-way
conversation which understands the outputs/outcomes in which
the end-user is interested. For example, does the end user want
the “answers” about responses to climate drivers (e.g., increased
wave overtopping rates at sea walls) or would they prefer to be
provided with a tool that they can use to explore alternative
scenarios involving multiple hazards and impacts and from this
to identify and prioritize adaptation strategies. The case of climate
services for ports will be discussed below, where end users will
want to take account of the likely life of the port infrastructure
being evaluated, the operability of the port, resilience under
extreme conditions, and the need to build future adaptability into
present day port investments.

If end-users are using climate services information for public
communication, the existing challenges of communicating
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natural hazard risks (see e.g., Arvai and Rivers, 2013) is
compounded when the issue of climate change is added.
It is therefore recommended that communication about
climate services builds upon knowledge and lessons learned
in communication practices (e.g., define clear role of each
actor for communicating, etc.) in relevant related areas, e.g.,
risk management.

Clarity About Acceptable Uncertainties
for Both Basic and “Processed”
Information
Clarity about the limits/uncertainties on available information
about climate change drivers and recognition of the fact
that better quantified drivers may not resolve uncertainty in
response predictions, if the physical process understanding of
responses (e.g., wave overtopping) has greater uncertainties.
As part of this, it is necessary to identify (if they are
known) any “cliff edge” effects which may cause dramatic
changes in responses. Communicating these uncertainties
is a significant challenge and good communication needs
to recognize (a) a realistic assessment of the available
accuracy of the data (avoiding unwarranted implications
of regional/local accuracy) and (b) the purpose for which
the information will be used which may vary between
different decisions.

For example, effective decisions of different types related to
sea level rise could be made with input information ranging from

(a) simple Red Amber Green classifications (based on ranges of
expected sea level rise) through to (b) multiple possible future sea
level rise growth curves, each with their uncertainty ranges.

USE CASE 1—NUCLEAR POWER
PLANTS ON THE COAST

Decisions relating to climate change, and sea level rise scenarios,
are particularly important in the design of new nuclear
facilities, given the potential hazard, the long operational lifespan
and decommissioning period (typically of the order of 100–
200 years). Within the UK, the Office for Nuclear Regulation
(ONR) and the Environment Agency (EA) published a joint
position following the UKCP18 update (Office for Nuclear
Regulation and Environment Agency [ONR and EA], 2017,
2020). (Note that the operator (rather than ONR or EA) is
responsible for the safety of nuclear plants.) The paper (Office
for Nuclear Regulation and Environment Agency [ONR and EA],
2020) sets out the position each organization adopts with regard
to climate change allowances and flooding:

• ONR indicate a starting point for climate change allowances
could be based on a Medium High emission; this equates
to RCP 4.5 from a UKCP18 Marine perspective and the
percentile could be interpreted as the 84th percentile (see
Figure 1), as this is what is suggested is used as a starting
point for uncertainties relating to other external hazards.

FIGURE 1 | Illustrative exemplar estimates of extreme sea levels for the year 2100 for different end applications for a hypothetical site. The figure utilizes the 9th
percentile SLR estimate of the RCP8.5 and 4.5 scenarios, respectively. The percentile annotated in the legend relates to the uncertainty associated with the
extrapolation of historical data to extreme values.
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They also recommend further sensitivity testing related to
the H+ + scenario.
• EA guidance (Environment Agency [EA], 2020) prescribes

RCP 8.5 and a 95th percentile for the sea level rise scenario
(this was subsequently updated to the 70th percentile (for
design) and 95th percentile (sensitivity), but implies use
of the a 50th percentile when estimating the design return
period events (see Figure 1). The EA guidance also requires
consideration of the H++ scenario.

It may appear to members of the public that the Environment
Agency’s design requirements are more stringent (conservative)
than ONR’s. In practice, however, higher return periods (i.e.,
nominal 10,000 years return period v 200 years return period)
and related safety factors to account for uncertainty (84th
percentile vs. 50th percentile) are used for nuclear facilities (see
Figure 1). As would be expected, these return periods and safety
factors provide more conservative design criteria, but there is
a curious difference relating to the climate change scenarios
discussed within the position statement.

The consideration of an ostensibly less stringent climate
change scenario within the nuclear sector can cause challenges
when communicating with a wider audience. The complexities
around communicating uncertainties are further exacerbated by
the two sets of percentiles being considered (for extrapolation
and for sea level rise uncertainty). Furthermore, the motivation
for different organizations adopting different climate change
scenarios is not currently provided within the position statement.
In the future, statements that provided some background relating
to the statement could aid communication.

With regard to the development of new infrastructure, and
also protecting existing infrastructure, there is significant current
emphasis on a managed adaptive approach and incorporating
flexibility (Office for Nuclear Regulation and Environment
Agency [ONR and EA], 2017) into designs. This offers an
attractive strategy for handling the uncertainty associated with
climate change. The approach guards against the unnecessary
initial over-design of infrastructure. An initial over-design can
impose prohibitive upfront costs and unnecessary environmental
implications in terms of the construction footprint and longer-
term visual impairment.

Nevertheless, particularly in the case of construction of
new infrastructure, there can be an unavoidable requirement
to make non-reversible decisions. These could relate to the
specification of the level of the footings (platform level) of
a nuclear power station development, for example. In these

situations, the emphasis can then shift to trading off climate
change risks between the platform level for the construction of
the new development and a flexible ability introduced within the
flood defense component to manage the residual risk associated
with climate change uncertainty. Significant research has been
conducted into the benefits of adaptive flood defenses and how
the economics of these can be used to manage climate change
uncertainties (e.g., Woodward et al., 2012; Woodward et al., 2014;
Guthrie, 2021).

USE CASE 2—COASTAL PORTS

Ports are not just subject to sea level rise. A number of other
climate drivers (National Committee on Coastal and Ocean
Engineering [NCCOE], 2004; Stenek et al., 2011; Lumbroso and
Woodhouse, 2014) are important including changes to:

• Extreme waves/storm surge, which may damage
breakwaters, berthing infrastructure and floating assets and
create delays and disruption to port operations.
• Long term wave and current climates, which may increase

sedimentation and scour.
• Extremes of rainfall resulting in both river floods and low

flows, which may increase sediment loads and damage
assets or limit navigation.
• Extreme rainfall resulting in surface water flooding and

disruption to port landside operations.
• High winds, damaging vessels and tall assets such as cranes

and creating operational delays.

As indicated in Table 1, climate services are required for ports
both for decision making for routine operations in the short to
medium term, but also in the long term for decision making for
port planning and infrastructure investment.

When considering infrastructure investment, the anticipated
life of the various types of port assets has a big impact on the
extent to which climate change needs to be considered. Port
investments often fall into two broad categories: those such as
crane systems which will probably only have a life of the order
of a generation (i.e., around 30 years or less) and those such as
breakwaters and quay structures which are anticipated to last (in
some form) for a number of generations (at least 100 years).

For investment in single generation assets, it is likely that
investment decisions will primarily be influenced by factors other
than climate change, such as ship capacity/dwt, required speed of
turnaround, storage and transshipment.

TABLE 1 | Types of climate services and decision-making processes potentially supported (after Lumbroso and Woodhouse, 2014).

Short term (<10 days) weather
forecasting

Medium term (10 days to 1 year)
seasonal weather forecasting

Long term (>10 years) climate change
projections, and baseline climate

Climate services Short term forecasts of key variables such
as wave agitation (heights, periods,
directions) wind speed, storm surge

Medium term forecasts of storminess,
extreme tide levels

Historical climate data Assessments of the
impacts of observed hazards Projections of
change in key variables such as sea level,
wave heights, wind speed, storm surge

Decision making processes Managing risks to operational activities
such as berthing and cargo handling

Planning and scheduling operational
activities, e.g., maintenance

Strategic port planning Feasibility and
design of infrastructure
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For investment in multi-generational assets, their capacity to
be adapted for climate change should become a much bigger
consideration, as this affects the delivery of 24/7 operations,
survival of extreme events and post extreme event adaptation.

Future adaptation options for the above may include:

• Ensuring appropriate levels of robustness for a range of
future conditions, including building in allowances for
increases at the time of construction/installation.
• Investments in tangible assets such as provisions to facilitate

future raising of the crest of breakwaters, the operating level
of quay walls and berthing/mooring facilities at quay walls.
• Advance planning for replacement structures in the event

of damage/failure. The philosophy of the Sendai Build Back
Better disaster recovery framework (United Nations Office
for Disaster Risk Reduction [UNISDR], 2015) applies here
and requires advance planning to avoid a knee-jerk reaction
to replace structures on a like-for-like basis.

A mix of measures is therefore needed to adapt to climate
change in ports, according to the nature of port operations, assets
and their risk exposure. PIANC provides international guidance
(PIANC – World Association for Waterborne Transport
Infrastructure., 2020) on such a portfolio of measures, which lists
a wide range of options (structural, operational and institutional)
for adapting or strengthening the resilience of navigation
infrastructure assets, operations and systems. Methodologies are
also described in PIANC – World Association for Waterborne
Transport Infrastructure. (2020) for conducting climate change
risk assessment in existing ports. These use quantitative
evaluation of multiple hazards and impacts to provide port
managers with essential information to identify and prioritize
adaptation strategies.

CONCLUSION

This paper has set out a number of considerations to encourage
the provision of more appropriate climate services information

for end users. Use of the term climate services in situations
unrelated to supporting adaptation to and mitigation of climate
change should be avoided.

Better investment decisions could be made if Bayesian
frameworks were used to assign probabilities to RCP scenarios.
Associated predictions need to cover all types of climate
change influences not just sea level rise and ideally provide
concurrent time series to allow evaluation of dependencies.
Guidance on climate information published by official bodies
needs to adopt a consistent approach, with a clear narrative
that describes the transition from science to guidance. The
form in which climate services information is needed for
the required end user decisions needs careful thought,
including appropriate communication of the associated
uncertainties using good practices and experiences from
related sectors.
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