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Abstract: Coastal hazards result from erosion of the shore, or flooding of low-elevation land when
storm surges combine with high tides and/or large waves. Future sea-level rise will greatly increase
the frequency and depth of coastal flooding and will exacerbate erosion and raise groundwater
levels, forcing vulnerable communities to adapt. Communities, local councils and infrastructure
operators will need to decide when and how to adapt. The process of decision making using
adaptive pathways approaches, is now being applied internationally to plan for adaptation over
time by anticipating tipping points in the future when planning objectives are no longer being met.
This process requires risk and uncertainty considerations to be transparent in the scenarios used in
adaptive planning. We outline a framework for uncertainty identification and management within
coastal hazard assessments. The framework provides a logical flow from the land use situation,
to the related level of uncertainty as determined by the situation, to which hazard scenarios to model,
to the complexity level of hazard modeling required, and to the possible decision type. Traditionally,
coastal flood hazard maps show inundated areas only. We present enhanced maps of flooding
depth and frequency which clearly show the degree of hazard exposure, where that exposure occurs,
and how the exposure changes with sea-level rise, to better inform adaptive planning processes.
The new uncertainty framework and mapping techniques can better inform identification of trigger
points for adaptation pathways planning and their expected time range, compared to traditional
coastal flooding hazard assessments.
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1. Introduction

Coastal hazards are physical phenomena that expose a coastal area to risk of property damage,
loss of life and environmental degradation [1]. Coastal hazards include flooding during high
storm-tides, large waves or tsunami, as well as the more gradual hazards of coastal erosion, high-tide
inundation and rising groundwater levels, due to sea-level rise (SLR). Coastal hazards are an increasing
problem. Sea level has been relatively stable during the last 2000-3000 years [2]. Civilization has
developed near the upper limits of the sea’s reach on the premise of a relatively “stable” sea
level [3,4]. Global sea level began to rise in the late 1800s, due mainly to anthropogenic greenhouse
gas emissions [5,6]. Anthropogenic SLR over this century and beyond will cause more frequent
flooding of coastal land and saltwater intrusion into groundwater, geomorphological adjustment of
the coastline, rising groundwater levels and vegetation change, e.g., [7]. With a SLR of ~0.2 m since
1900, in low-lying areas of New Zealand there is an increased incidence of coastal storm flooding [8,9].
In the USA, SLR is causing deeper floods during extreme sea-level events, and more regular “nuisance”
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flooding during high tides, resulting in millions of dollars of insurance claims [10]. The rate of SLR is
projected to accelerate over this century and beyond [3-5], which will greatly increase the frequency of
flooding, e.g., [9-12], and exacerbate coastal erosion, e.g., [13] forcing communities to adapt in some
way. Communities will need to decide when and how to adapt. For example, “adaptation tipping
points” [14,15] might be set to when the 1 in 100-year event becomes a 1 in 5-year event, or when the 1
in 5-year event occurs several times per year, erosion reaches a pre-determined distance from houses,
or to some measure of community coping capacity.

Government policies generally recognize the need to curtail rising coastal hazard risks over
short to long timescales arising from SLR. The 2010 New Zealand Coastal Policy Statement (NZCPS),
which has statutory power, requires the identification of areas in the coastal environment that are
“potentially affected” by coastal hazards, and assessment of the associated risks over at least the
next 100 years (Policy 24). The NZCPS requires a risk-based approach to managing coastal hazards
(Policies 24-25 and 27)—which requires determination of the likelihoods of different magnitude events
and their consequences, i.e., risk = likelihood x consequence. However, likelihood can be difficult
to assign over the long-term due to uncertainties, yet consequences could be high. The uncertainty
framework presented in this paper was motivated by a need to guide local government in New
Zealand, when commissioning coastal hazard assessments (to give effect to the NZCPS policies) for
input to the dynamic adaptive policy pathways (DAPP) process [16]. The framework and concepts
were developed while revising the coastal hazards and climate change guidance manual for local
government in New Zealand [17]. The revision is due for final release in late 2017.

The purpose of a coastal hazard assessment is to provide the exposure information for risk and
vulnerability assessments necessary for decision making, including the uncertainties, in a way that
is clearly understood. Such assessments must identify the spatial extent and magnitude of hazard
exposure, both now and with future higher sea level, and must quantify the likelihood of occurrence
of the hazards, recognizing the uncertainties in the future by distinguishing under what conditions
probabilistic approaches are appropriate or where scenarios supported by expert judgement are
more appropriate. The hazard and uncertainty information is required by planners, asset managers
and decision makers, and for input to engagement processes with potentially affected communities
(property owners and residents) and wider stakeholders.

When considering the ongoing, but increasing effects of climate change on coastal hazards,
uncertainty is fundamental to how the problem is addressed. For coastal areas, it is “virtually certain”
that SLR will continue beyond 2100 for many centuries [5]—but what is deeply uncertain is the rate of
rise in sea level and magnitudes at junctures over long timeframes [5,6,18]. This uncertainty results in
a wide future window within which further substantial exposure could occur. There is more certainty
in the near-term for adaptation decisions, e.g., global SLR by 20402060 is projected to be in a relatively
narrow likely range of 0.16-0.33 m (above 1986-2005 base) across all emission scenarios, compared with
the range at 2100 and beyond [5,18,19]. This means that near-term decisions need to build in flexibility,
both to reduce exposure and to enable changes to actions, or pathways that can accommodate higher
sea levels over longer timeframes. Such actions should integrate the decision life-time, so as not to lock
in path dependency arising from the inflexibility of the decision made now [16,19,20].

The clear identification and separation of uncertainty sources is important in any coastal hazard
assessment, because confusion could lead to false representation of true uncertainty, resulting in
sub-optimal adaptation planning and decision making. Walker et al. [21] introduced an uncertainty
framework aimed at providing a conceptual basis for the systematic treatment of uncertainty in
model-based decision support, such as the coastal hazard assessment considered here. In Section 3 we
briefly review this framework and recent revisions [22,23], and apply it to coastal hazard assessment
considering SLR and coastal storm flooding likelihood.

Assessment and adaptation approaches that explicitly deal with uncertainty and the changing
character of risk need to be used in coastal areas to avoid inflexible and path-dependent decisions.
Such approaches can assess the consequences component of risk, but likelihood of potentially-large future



J. Mar. Sci. Eng. 2017, 5, 40 3 0f 20

SLR and climate change impacts is highly uncertain over longer timeframes. The DAPP process is
a method for planning under conditions of uncertainty [16]; Haasnoot et al. [16] set out the basis
of DAPP, review the literature leading to its development and provide examples of its application.
DAPP integrates two existing adaptive planning approaches, Adaptive Policymaking [24,25] and
Adaptation Pathways [26]. Adaptive Policymaking provides a stepwise approach for developing
a basic plan or policy, and contingency planning to adapt the plan or policy to new information
over time. Adaptation Pathways provide insight into the sequencing of actions over time, potential
lock-ins (i.e., a path taken now may lock in future negative consequences), and path dependencies [16].
Adaptation Pathways uses the concept of “adaptation tipping point” [27], which is the point at which a
particular action is no longer adequate for meeting the agreed objectives and a new action is therefore
necessary [16]. The exact timing of a tipping point is not necessary; but bracketing the time period
should provide a clear indication—for example, “on average the tipping point will be reached within
50 years, at earliest within 40 years, and at latest within 60 years” [16]. Adaptive Policymaking uses
“trigger points”, which specify the conditions under which a pre-specified action to change the plan,
is to be taken [16]. The combination of Adaptive Policymaking and Adaptation Pathways, DAPP,
results from using the strengths of both approaches. This integrated approach includes: transient
scenarios representing a variety of relevant uncertainties and their development over time; different
types of actions to handle vulnerabilities and opportunities; Adaptation Pathways describing sequences
of promising actions; and a monitoring system with related contingency actions to keep the plan on
track with the objectives [16]. The basis of the DAPP process is that, given uncertainty about the future,
one needs to design dynamic adaptive plans that allow future decisions to be changed in the light
of new information (e.g., extensive monitoring of the impacts, changes in frequency of events and
drivers such as SLR), with inherent flexibility to change course once certain trigger points are signaled.
The change in course (to another pathway) may be delayed if slower than anticipated SLR occurs
and the trigger point takes longer to reach, and conversely, an earlier change may be implemented if
SLR is more rapid than expected, or if progress on reducing global emissions is limited. The DAPP
process is now being used internationally to plan for adaptation to rising risk over time to anticipate
tipping points for future decisions, irrespective of how the timing of climate change impacts unfolds,
e.g., [14,19,28].

In a coastal context, the DAPP process focuses on coastal hazard risks, particularly the
consequences, and developing alternate pathways, and trigger points (with approximate bracketed
time windows). It encompasses “testing” responses to climate change against a wide range of future
(SLR/hazard) scenarios, which are used to develop dynamic adaptive policy pathways. Subsequent
evaluation of these pathways can assess the accrued benefits, or otherwise, over their useful life,
covering a range of possible timing for the trigger point being reached, Within the DAPP, coastal
hazard assessments can be used to identify vulnerabilities and thresholds of intolerable or “nuisance”
risk, to design adaptive policy pathways, and to identify triggers (decision points) for when to switch
pathways before the threshold (tipping point) is reached (i.e., anticipatory rather than reactive) and
objectives are no longer being met [16]. This enables adaptation to occur before thresholds are reached.

Since coastal hazard assessments take considerable time and resources, one difficulty faced by local
government is knowing what hazard scenarios to model to provide an appropriate range of information
to support the DAPP process. The “uncertainty framework for coastal hazard assessment’ outlined in
Section 4, provides more targeted guidance on the scenarios to model that are tuned to the situation
faced, the planning timeframe, and the appropriate management of the uncertainty. This meets
the requirements of the DAPP process to examine the consequence, through testing scenarios,
of situation-dependent SLR and storm-tide (or erosion) hazards. For example, the framework considers
that a wide range of SLR scenarios is necessary when adapting to existing development (leaving aside
low-risk assets for non-habitable use), and focuses on higher SLR scenarios over long timeframes if the
aim is to avoid hazard risk when undertaking significant new development or change in land use.
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The goals of this paper are to: (i) reveal the multiple levels of uncertainty associated with SLR
within the context of a formal uncertainty framework; (ii) show how an uncertainty framework
might be applied to guide local government when commissioning coastal hazard assessment studies,
to ensure that uncertainty is appropriately and transparently accounted for and the assessments
provide information appropriate to the decision-making process within the DAPP; and (iii) demonstrate
enhancements of coastal flood exposure mapping, which are tailored for adaptive decision making
compared with conventional maps showing only the horizontal flooding extent. By isolating both
flooding depth and frequency, such maps can clearly show the degree of hazard exposure and
likelihood, where that hazard occurs (presently or emergent), and how the hazard exposure changes
with SLR. These maps enable more informed community engagement and decision making around
tolerability of risks.

The paper is organized as follows. In Section 2 we present SLR scenarios developed during
revision of the New Zealand coastal hazard and climate change guidance, focusing on the earliest and
latest arrival times for several SLR increments, to support the DAPP and hazard assessment processes.
In Section 3 we review the conceptual basis for the systematic treatment of uncertainty and we apply it
to consider the levels of uncertainty present within a coastal hazard assessment. In Section 4 we outline
the ‘uncertainty framework for coastal hazard assessment’. In Section 5 we provide a case study to
demonstrate enhancements of coastal flood hazard mapping, and discuss the utility of the maps for
the DAPP process. In Section 6 we provide a hypothetical example demonstrating the integration of
all the preceding steps within the DAPP. Conclusions are given in Section 7.

2. Sea-Level Rise Scenarios

Changes in the rate of SLR depend on future greenhouse gas emissions [5]. The Intergovernmental
Panel on Climate Change (IPCC) presented four greenhouse gas representative concentration pathways
(RCP) in their Fifth Assessment Report, based on global climate modeling [5]. For each RCP, probability
distributions have been developed that describe the statistical uncertainty of future SLR for the unique
RCP scenario, but the scenarios cannot be assigned a specific likelihood [18,29]. The SLR scenarios for
different RCPs are in relatively close agreement over the next few decades, but substantially diverge
beyond about the year 2080 (Table 1). Furthermore, within each RCP, the SLR uncertainty widens
considerably with time. The IPCC provided detailed SLR projections out to 2100, and only indicative
projections beyond 2100, because of major uncertainty in the upper plausible range of SLR, due to the
unknown future dynamical response of the polar ice sheets to warming and other potentially-unknown
feedback mechanisms [5]. Therefore, a challenge for coastal hazard assessments is to account for the
different types of uncertainty associated with SLR, such as statistical, scenario, and deep uncertainty [30].
These uncertainty terms are defined in Section 3.

Table 1 provides four SLR scenarios out to the year 2150, which are based around three greenhouse
gas representative concentration pathways (RCP2.6, RCP4.5 and RCP8.5). Three of the scenarios are
derived from the median projections of global SLR for three of the four RCPs presented by IPCC in
their Fifth Assessment Report out to 2100 [5] and extended to 2150 by applying the rate of rise from the
global projections of Kopp et al. [18]. The fourth ‘H*" scenario is at the upper-end of the “likely range”
(i.e., 83rd-percentile) of the large ensemble of SLR projections based on RCP8.5 [18]. In particular,
this higher scenario reflects the possibility of future surprises (deep uncertainty, Section 3) towards the
upper range in SLR projections of an RCP8.5 scenario (recognizing that higher rises cannot be ruled
out as shown by higher percentiles in Kopp et al. [18]). These more rapid rates of SLR could occur in
the later part of this century and beyond, primarily from emerging polar ice sheet instabilities or as-yet
uncertain understanding of dynamic ice sheet processes [18,31,32]. Note: All SLR scenarios in Table 1
have had a small offset of up to 0.05 m by 2100 (pro-rated to 2150) applied to account for slightly higher
SLR projections in the regional sea around New Zealand compared to the global mean [33].

The four scenarios were used to develop bracketed timeframes to reach a specific increment of
SLR, from the earliest to latest time across the RCP2.6, RCP4.5, RCP8.5 and H* scenarios (Table 1).
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These timeframes can assist with the timing of triggers (decision points) in the DAPP process. They can
be used where particular SLR triggers or associated thresholds for changes in frequency of flooding
events have been established, based on vulnerability and risk assessments.

Table 1. Approximate years, from possible earliest to latest, when specific sea-level rise increments
(meters above 1986-2005 baseline) could be reached for various projection scenarios of sea-level rise
(SLR) for the wider New Zealand region. The earliest year listed is based on the representative
concentration pathway RCP8.5 (83rd percentile) or H* projection and the next three columns are based
on the median projections of the RCP8.5, 4.5 and 2.6 scenarios.

SLR (m) RCPS8.5 H* (83rd Percentile) RCP8.5 (Median) RCP4.5 (Median) RCP2.6 (Median)

0.3 2045 2050 2060 2070
0.4 2055 2065 2075 2090
0.5 2060 2075 2090 2110
0.6 2070 2085 2110 2130
0.7 2075 2090 2125 2155
0.8 2085 2100 2140 2175
0.9 2090 2110 2155 2200
1.0 2100 2115 2170 >2200
1.2 2110 2130 2200 >2200
1.5 2130 2160 >2200 >2200
1.8 2145 2180 >2200 >2200
1.9 2150 2195 >2200 >2200

3. How Certain are We? Uncertainty is Important

The clear identification and separation of uncertainty sources is important for coastal hazard
assessment. Walker et al. [21] developed an uncertainty matrix as a framework for identifying and
characterizing the uncertainty in model-based decision support. This framework has been adapted
and modified in several studies, and was revised by Kwakkel et al. [22], and again by Walker et al. [23].
The framework suggests that uncertainty is a three-dimensional concept defined by: the location in
the analysis, the level and the nature of the uncertainty. The location of the uncertainty could be in
the conceptual model, the computer model, the input data, model implementation, or processed
output data. The level denotes the degree or severity of the uncertainty, ranging from deterministic
knowledge to total ignorance. The nature of the uncertainty arises from our lack of knowledge about
the phenomena or to the inherent variability in the phenomena, or, to ambiguity because the same
data can be interpreted differently by different persons depending on differences in frames and values.
The nature of the uncertainty matters in choosing a strategy for handling uncertainty, because if the
uncertainty is inherent variability, then more research will not help [22].

We focus here on how the different levels of uncertainty can be treated within a coastal hazard
assessment, where the risk is rising with ever-widening spread of plausible SLR projections. A coastal
hazard assessment can combine different sources of flooding, and because these sources have different
levels of uncertainty, the uncertainty levels can be confused. For example, confusion of statistical and
scenario uncertainty could give a misleading assurance of the true likelihood of outcomes and thus
misinform decision making. Horton et al. [34] combine the probability distribution functions (pdf) of
RCP4.5 and RCP8.5 SLR projections, assuming a 50% likelihood for each to produce a single pdf for
SLR, which they then combine with storm-tide distribution. The study provides statistical confidence
of extreme sea levels being reached, but the combined distribution provides a false assurance, because
the true likelihood of SLR scenarios used is largely unknown (within a wide range of possible futures
beyond 2100 and uncertainty around how quickly global carbon emissions can be curbed). One might
argue that this approach represents an expert ranking of the RCP scenarios, but our concern is that
the RCP ranking then becomes conflated in the analysis and the implications are not able to be
explored within a subsequent decision-making process. Focusing on only a single RCP scenario is
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another example where levels of uncertainty are not fully addressed. Several recent coastal erosion
and flooding studies in New Zealand have calculated the statistical probability of future flooding
and erosion hazards following [35,36], but, possibly due to the computational expense, have only
considered SLR projections associated with the continued high-emissions RCP8.5 median scenario,
e.g., [37,38], rather than exploring sensitivity to other higher and lower scenarios. The resulting hazard
maps consider only the statistics within the RCP8.5 scenario, and the possibility that the hazards could
be quite different under another scenario is not available for consideration within a DAPP process.
This becomes extremely contested in communities if such maps are used directly for statutory zoning
within which planning controls are then exercised as has occurred in New Zealand [39]. Fortunately,
it is common practice elsewhere to separately consider multiple SLR scenarios, e.g., [10,18,40].

We have therefore applied the five uncertainty levels described by Walker et al. [23], and matched
them to some of the uncertainty sources within a coastal hazard assessment in Table 2. Some or all
of these levels of uncertainty will typically be involved in decision making in practice [21]. Walker
et al. [21] used three descriptive terms to describe the level of uncertainty: statistical (level 2) and
scenario (levels 3-4) uncertainty, and recognized ignorance (level 5). We use these terms in Section 4
to develop an ‘uncertainty framework for coastal hazard assessment’, because they are readily
applicable to the treatment of SLR uncertainty. Deep uncertainty is defined as the situation where
analysts do not know, or the parties to a decision cannot agree on, the appropriate conceptual models,
the probability distributions used to represent uncertainty, and/or how to value the desirability of
alternative outcomes [41]. Walker et al. [23] refer to level 4 and 5 uncertainties as deep uncertainty,
and assign the do not know portion of the definition to level 5, and the cannot agree upon portion of
the definition to level 4 uncertainties. SLR can be considered deeply uncertain towards the end of
this century since experts cannot agree which of the scenarios (a multiplicity of unranked plausible
futures, Table 2) is more likely and cannot assign relative probabilities to each RCP (due to multiple
uncertainties such as, how emission policies, landuse, technological and socio-economic factors will
evolve and the degree of response of polar ice sheets [18,31,42]). However, there is some evidence
that the RCP2.6 scenario for SLR is increasingly unlikely [43], and so could be ranked as less likely
than the other SLR scenarios (level 3 uncertainty, Table 2). Although not possible to assign statistical
probabilities to future SLR, estimates have been made of the largest plausible projections of SLR by
2100 [29,44].

Statistical probabilities can be calculated from the historical record for some hazard sources such
as storm-tide, which equates to level 2 uncertainty. The frequency and magnitude of present-day storm
tides (a combination of storm surge and high tide) can be modelled by fitting an extreme-value model to
the historical observations of very high (e.g., annual maxima) sea-levels (Figure 1). The extreme-value
model has a maximum-likelihood estimate (solid line in Figure 1), and a statistical uncertainty (level 2)
around the maximum-likelihood estimate (dashed 95% confidence intervals in Figure 1). Climate
change may also alter the frequency and magnitude of storm tides in future, but there is recognized
ignorance about exactly how this will occur, other than it is likely to be a second order effect compared
to SLR. One solution is to undertake sensitivity tests for various hazard scenarios (leaving aside SLR)
such as exploring £10% change, for example.

A challenge for coastal hazard assessment arises because the degree of uncertainty within
individual hazard sources changes with time. Additionally, Le Cozannet et al. [45] showed that
the relative importance of the various sources of uncertainties changes over the time—local coastal
processes such as storm-tide and wave runup are the most important during the first part of this
century, whereas uncertainties of future SLR scenarios largely dominate beyond the year 2080. In other
words, level 2 statistical uncertainty is relatively important over short-term planning timeframes (before
year 2060), but after a transition period (2060-2080), level 3-5 scenario and deep uncertainties become
dominant over longer planning timeframes (after the year 2080), driven mainly by the increasing
uncertainty in the rates of SLR [45]. For coastal hazard modeling, we suggest that uncertainty
surrounding future rates of SLR must be dealt with by evaluating the hazard from various SLR
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scenarios (scenario uncertainty), and using higher H* type scenario(s), e.g., [46] as a proxy for exploring
some implications of deep uncertainty in our understanding of the hazard from possible upper-range
SLR, and evaluating their consequence within the DAPP [16]. This is the approach recommended
within the ‘uncertainty framework for coastal hazard assessment’ in Section 4.

® Annual Maxima - -1
26 GEV model Phe T
= = GEV95%C.I. .’

Sea level (m)
N
N

0.1 1 10 100 1000

Average recurrence interval (years)

Figure 1. Generalized extreme-value model fitted to annual maxima sea level at Auckland, NZ.
Dashed lines mark the 95% confidence intervals (C.I.) (statistical uncertainty). Data supplied by
Auckland Council.

The New Zealand Parliamentary Commissioner for the Environment recommended “in revising
[New Zealand] central government direction and guidance on SLR, to specify that “best estimates”
with uncertainty ranges for all parameters be used in technical assessments of coastal hazards” [47].
While it is desirable to specify statistical uncertainty ranges for some parameters, this may not
always be possible. The longer the planning timeframe, the increasing dominance of SLR on the
outcome [45], and neither a best estimate, nor statistical uncertainty, can be robustly derived for
SLR [18,29]. In any case the optimal risk will occur at a higher SLR than the best estimate of the hazard,
due to the tail in the probability distribution for SLR for any of the RCPs [12]. In such situations,
the likelihood component of risk must be handled some other way, such as using adaptive approaches
like the DAPP process [16,19]. With consequences for existing development rising non-linearly with
increasing SLR, use of a “most likely” SLR (i.e., hazard exposure) is not commensurate with managing
risk as required by the NZCPS. The DAPP process interactively embeds the likelihood or emergence
aspect, where the time to reach pre-agreed decision or trigger points can be adjusted through regular
monitoring and reviews as climate change effects and the ability to cope with them unfolds [16].
This is an appropriate way of addressing future coastal vulnerability and risk management in an
adaptive manner, which will enable uncertainties to be worked around, rather than adapting now to a
pre-determined future by selecting a best or likely SLR estimate or a “worst-case” scenario.
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Table 2. The five levels of uncertainty within the uncertainty framework described by Walker et al. [23], including descriptions of the uncertainty levels at the context

and system-model locations. We have provided examples of how the uncertainty levels could be related to the treatment of SLR and other hazard sources within a

coastal hazard assessment.

Level 3 Level 4

Level 5

Location

Level 1 Level 2

Alternate futures A multiplicity of plausible

Unknown future

Context [23]

Alternate futures

A clear enough future
(with probabilities)

(with sensitivity)

(with ranking) futures (unranked)

Several system models, Several system models,

Unknown system model,
know we don’t know

System model [23]

A single system model
with a probabilistic

A single system model
parameterization

ne of which i . .
one chis with different structures

most likely

Rank one RCP SLR Treat all IPCC AR5 RCP

SLR rate at very long
timeframes not

SLR treatment within
coastal-hazard assessment

Probabilistic SLR
trajectories within a single
RCP scenario, e.g., [18]

Present-day MSL, or modest
SLR range for the next few
decades (<2050)

Statistical probabilities,

scenarios as separate and
equally plausible to
test pathways

scenarios relative to each
other, e.g., RCP2.6 now
considered unlikely [42]

An allowance for
increased future

considered in available

literature, e.g., beyond
2150-2200

Geomorphic response to
SLR of tidal inlet/spit

Other hazard
source examples

Median, or “best estimate” of
AEP, where calculable for
non-SLR coastal hazards, e.g.,
storm-tide

where calculable for
non-SLR coastal hazards,
e.g., storm-tide

Statistical probabilities for

storm-tide variability,
e.g., £10%

systems on sand or
gravel shorelines

High SLR scenarios added
to present-day storm-tide

Coastal hazard
assessment situation

Little uncertainty (or,
uncertainty is inconsequential
to decision being made, or
deliberately ignored)

storm-tide or coastal
erosion based on
historical observations

SLR scenarios added to storm-tide probability levels

or coastal erosion
“best estimates”
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Location of Uncertainty Within Coastal Hazard Assessment

Additional technical uncertainties are represented by the location dimension of the uncertainty
matrix, and these can be highly scenario sensitive. These should also be made transparent to inform
the DAPP process. That is, uncertainties located within the technical process of modeling the hazard,
including the conceptual understanding of the processes, the data inputs, the structure and parameters
used [21]. For example, coastal hazard assessment would ideally use a multi-hazard risk reduction
approach, assessing risk from coastal erosion and flooding from tsunami as well as storm-tides and
SLR. Furthermore, there can be complex interactions and responses to SLR between coastal flooding,
erosion, and management interventions, e.g., [13,48,49]. For example, coastal erosion and flooding are
connected [48], and beaches may erode, or may prograde under SLR when alongshore and sediment
system coupling are considered, as up-drift cliffs supply sediment [13].

4. Using Uncertainty to Guide Coastal Hazard Assessment

A clear understanding of the uncertainties relevant to the decision being made can guide
the approach to coastal hazard assessment. The framework shown in Figure 2 was developed to
provide guidance to local government in New Zealand, when commissioning coastal hazard studies.
It is designed to ensure that uncertainties are appropriately identified and managed, and for adequate
hazard scenarios to be used in the DAPP process, which is a relatively new concept [16], and not yet
commonly applied in New Zealand other than for a river delta flood situation [28]. Local government
hazard analysts were concerned that without such a framework they may commission hazard studies
that either do not meet the needs of the DAPP process, or are more complex and costly than required for
the situation and decisions being considered (e.g., too many scenarios to model). Hence the framework
in Figure 2 attempts to be specific about the hazard frequencies and magnitudes, statistical uncertainty
and the SLR scenarios to consider, and for which types of activities to apply them, and thus to link back
to the situational context and requirements. By also linking to the uncertainty types, the framework
attempts to prevent the blurring between statistical and scenario uncertainty discussed in Section 3,
or insufficient scenarios, which could lead to misinformed decision making and costly consequences if
exposure increases and path dependency results.

The framework in Figure 2 shows relationships between the existing situation, the appropriate
level of uncertainty that could be considered based on that situation, the coastal hazard assessment
scenarios to match that level of uncertainty, and the associated hazard assessment modeling complexity.
The framework attempts to provide logical flow paths from left to right, depicted by the arrows,
that could guide the choice of hazard assessment scenarios, being cognizant of all stages within
the hazard assessment; the land use situation, hazard modeling, and the decision-making process.
For example, if the intention is to avoid a future hazard to a new development, then it is logical to
follow the red boxes and account for recognized ignorance in the long-term rate of SLR beyond this
century, by modeling high SLR values. However, there may be situations when it is practical to build
new major infrastructure (e.g., highway) at low elevation, with staged adaptation planned to cope
with future SLR, requiring a more comprehensive set of coastal hazard scenarios akin to adapting an
existing development. Hence, Figure 2 draws a distinction, represented by the dashed arrows and
dashed box, between the land use situation, the coastal hazard assessment modeling process, and the
decision-making process. The eventual decision on whether and how to accept, adapt, or avoid the
hazard, is informed by the coastal hazard assessment, but will also be influenced by other factors
such as such as economic or social impact assessment [16] and the relevant statutory coastal planning
policies (e.g., the NZCPS requires avoidance of increasing the risk from new development).
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Situation Coastal hazard assessment Decision
[T T s sm-m————————————=—= 1
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Figure 2. Uncertainty framework for coastal hazard assessments to support the DAPP process, showing
a logical flow from the situation, to the related level of uncertainty as determined by the situation,
the hazard scenarios to model, the likely hazard modeling complexity, and the possible decision type.
A distinction is drawn (represented by the dashed arrows and dashed box) between the situation,
the coastal hazard assessment process, the DAPP process and socio-economic assessment (SEA), and the
decision type.

The framework in Figure 2 addresses three situations:

1.  To avoid risk to new or existing development where, for non-habitable use, the risk of damage
from coastal hazards and SLR is low, or the asset can be easily adapted to cope with future SLR.
Although there may be high uncertainty around SLR in the long term, because the asset has a
short life or low value, and has a functional need to be in the coastal margin, that uncertainty is
inconsequential, or can be deliberately ignored. Examples might be a toilet block, a surf-lifesaving
lookout, or a culvert supporting a minor access way. Such assets can be easily replaced or
relocated, so modeling effort can be kept simple and low-cost. For example, using a simple
“building block” model to allow for various coastal hazard sources, or relying on expert judgement
or sensitivity testing to decide on an appropriate floor or culvert elevation or setback distance.
The assumption in Figure 2 is that hazards are more likely to be accepted for non-habitable
short-lived and/or low-value assets, although that decision will be influenced by the planning
process, including socio-economic assessment.

2. The greatest demands on coastal hazard assessment are for existing, exposed developments,
where ongoing adaptation will be required to cope with rising sea level. For avoiding risk to
existing development, or for land use intensification or change in land use, the hazard assessment
will require sufficient information to inform the decision(s) to be made, and, when intolerable or
nuisance risks may emerge (if not already). This will require the use of both present-day statistical
uncertainty (where calculable for non-SLR coastal hazards such as storm-tide), plus several
SLR scenarios—thus, the hazard assessment is likely to be more complex and costly. Within
the DAPP process, the hazard assessment will need to provide enough information to identify
vulnerabilities and thresholds, to design adaptation pathways, and to identify trigger points for
when to switch pathways before the threshold eventuates.

3.  To avoid increasing the coastal risk exposure from new development and to test the longevity of
the decision in establishing new developments on greenfield land where the logical and statutory
requirement is to avoid future hazard (e.g.,, NZCPS); modeling effort can be kept relatively
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straightforward, focusing on an upper-range hazard scenario of at least the maximum-likelihood
1% annual exceedance probability (AEP) hazard plus a higher SLR scenario, e.g., the H* SLR
scenario (Section 2), or a higher percentile, e.g., [46].

The decision about whether to accept, adapt to, or avoid a hazard, can form a set of alternative
pathways within the DAPP process. For example, a community might decide to accept a hazard in the
short-term, until a trigger point is reached, after which they decide to adapt in some way, for example,
by building a seawall, or shifting away from the coast. A range of adaptation pathways and a range
of trigger points can be identified, e.g., [14]. There may be examples where a community must
accept a hazard due to lack of resources or alternatives, or refuse to adapt, even though there may be
considerable uncertainty surrounding future coastal hazard frequency and magnitude. The uncertainty
framework provides guidance and supports assessment, but decision-makers make decisions based
on many factors which they think appropriate. The hazard assessment and other evaluations such
as economic and social impact assessments are only some of the decision inputs [16]. Nevertheless,
all such decisions must still be made within the statutory framework operating in each jurisdiction or
risk possible challenge.

Figure 3 provides a hypothetical example of three situations with different exposure to coastal
hazards. We now use Figure 3 to explore how the framework in Figure 2 might apply to these
three situations.

Situation: town exposed to hazard Situation: Proposed greenfield-land development
model 1% AEP + upper 95% C.I. model 1% AEP
model SLR increments model fewer, larger SLR scenarios (2 100-years)
Decision: adapt to hazard Decision: avoid hazard

+0.1-0.2m
SLR increments

Present-day 1% AEP
coastal hazard

----------------------------------------- Present-day MSL
Situation: low-value amenity

Decision: accept hazard

Figure 3. Choice of coastal hazard assessment model scenario based on hazard exposure. The degree of
exposure indicates the level of uncertainty the coastal hazard assessment should address, the modeling
scenarios required to assist decision making, and the likely complexity of the hazard assessment.

For communities that are already vulnerable to coastal hazards, it is likely that critical tipping
points could be reached at relatively low SLR thresholds, such as for the town shown in Figure 3.
The town is built on low-elevation land close to the coast and will need to adapt to coastal hazards
with an early emergence of SLR impacts. The depth, extent, and frequency of the flooding and erosion
hazards will grow incrementally with SLR, and tipping points (e.g., frequency of nuisance or damaging
flooding or severe erosion events) may be reached well before 1 m of SLR occurs (which is often used
as a single SLR scenario in hazard assessments). Areas on the hill slope will become progressively
exposed as sea level rises incrementally. In this case, it would be useful to assess the impacts of a few
regular small (e.g., 0.1-0.2 m) SLR height increments (on top of both the median and upper 95% of the
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1% AEP flooding hazard) to identify potential tipping points and trigger points for input to the DAPP
and the community engagement processes.

Where a new suburb is proposed to be built on a raised coastal platform approximately 1 m above
present-day 1% AEP storm-tide level (Figure 3), hazard screening shows no exposure to 1% AEP coastal
flooding or erosion at present-day MSL, but increasing hazard exposure after about 0.5 m or more of
SLR from later this century. Coastal hazard assessment could instead focus on fewer SLR scenarios
accounting for at least 100-year timeframes, such as 0.5 m, 1.0 m, H* SLR. Greenfields development in
this suburb will require careful scrutiny to avoid increasing risk as the future unfolds.

The third situation involves accepting the hazard for a low-value public amenity, which was
discussed in point 1 of this Section.

5. A Coastal Flood Assessment Case Study to Support Dynamic Adaptive Policy Pathways

This section provides a case study on different ways of presenting the coastal flood hazard.
We then discuss the usefulness of the maps to the DAPP process.

Figure 4 presents an aerial photograph of Mission Bay, Auckland, New Zealand, along with results
of a coastal flood assessment in the form of shaded areas representing the horizontal extent of the 1%
AEP storm-tide plus wave setup elevation at: (i) present-day mean sea level (MSL); (ii) present-day
MSL + 1 m SLR; and (iii) present-day MSL + 2 m SLR. These types of hazard maps provide a useful
summary for planning authorities, showing both the present-day hazard, and identifying the potential
future hazard for at least a 100-year timeframe, as required under the statutory NZCPS. Maps such as
these formed the basis for development controls in the Auckland Region [50].

Although useful, such hazard-exposure maps in Figure 4 have several limitations:

e  They show land either as ‘in” or ‘out’ of the hazard area, but provide no information of the
gradient in hazard magnitude away from the sea (e.g., a property at the landward edge of the
1% AEP + 1 m SLR area will only be affected towards the end of the 100-year planning timeframe);

e  They provide no information on the timing of the emerging hazard;

e  They provide no information on the increasing frequency of flooding with future SLR;

e  The hazard analysis for the +1 m and +2 m SLR scenarios may not be useful for adaptation
planning if flooding begins to occur frequently at lower SLR.

The analysis in Figure 4 also acts as a hazard screening tool, showing that much of Mission Bay
could be affected by flooding after +1 m SLR, and, similar to the town in Figure 3, parts of Mission Bay
are likely to reach tipping points before +1 m of SLR occurs.

The uncertainty framework in Figure 2 suggests that for such locations, the impacts of regular
small (0.1-0.2 m) SLR height increments should be assessed (on top of both the median and upper
95% of the 1% AEP hazard) to identify potential trigger points for input to the DAPP and community
engagement processes.

Figure 5 uses a static mapping technique to add 0.1 m SLR increments directly on top of the
present-day median (maximum-likelihood) 1% AEP storm-tide elevation, working under the common
assumption that the dominant effect changing the depth of flooding events will be SLR [11,51-53],
and ignoring changing storm characteristics. Figure 5 provides more detail than Figure 4, and clearly
indicates how flooding extent might change incrementally with SLR, depending on location. Similar
mapping products are available in New Zealand! and overseas®. Properties on low-elevation land
close to the sea will face flooding after a modest SLR, so will be affected sooner. Properties located
further inland on higher elevation land are less exposed and will have longer to adapt to rising sea
level. Such maps also assist councils to assess the emergence of risks to roads and other utilities

http:/ /coastalinundation.waikatoregion.govt.nz/

2 https:/ /www.coast.noaa.gov/floodexposure/
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and services. The mapping of small SLR increments will be more useful for adaptation planning,
as it relates a gradually increasing flooding extent to gradually increasing SLR. However, as with
Figure 4, Figure 5 provides no information on the depth and frequency of flooding.

I Present-day 1% AEP storm-tide + wave setup
I Present-day 1% AEP storm-tide + wave setup + 1m SLR
[ Present-day 1% AEP storm-tide + wave setup + 2m SLR

Figure 4. Coastal-storm flood mapping example at Mission Bay, Auckland. Aerial photograph
of Mission Bay with present-day 1% AEP storm-tide plus wave setup elevation superimposed
(blue shading), plus 1 m SLR (green shading), and plus 2 m SLR (pink shading). After: (50 @Engineers
Australia, 2015).

Figures 6 and 7 provide even more information, mapping the expected depth and frequency of
flooding for various SLR scenarios, again assuming that SLR will dominate the future increase in
flooding frequency. Another example is NOAA’s online sea-level rise viewer (https:/ /coast.noaa.gov/slr),
which maps flooding depth for various SLR scenarios.

Figure 6 shows the depth (and area) of flooding for a 1% AEP storm-tide at present-day MSL,
plus 0.8 m SLR scenario. The map shows the increasing area and depth (severity) of future flooding
as the sea rises. The changing frequency of flooding was determined by vertically translating the
empirical sea-level distribution to account for SLR, e.g., [10]. The sea-level distribution was first merged
with an extreme-value model to create a mixed-distribution model, which represented the full sea-level
distribution [9].

Figure 7 shows the frequency (and area) of flooding for a 1% AEP storm-tide at present-day MSL,
plus 0.8 m SLR scenario. The map shows that coastal-storm flooding becomes increasingly likely with
SLR. In combination, Figures 6 and 7 show both the expected depth and frequency of future flooding.


https://coast.noaa.gov/slr
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sea-level rise (m)

Figure 5. The effect of 0.1 m SLR increments on coastal-storm flood exposure at Mission Bay (Auckland).
SLR increments have been added onto the 1% AEP storm-tide elevation, which was calculated for the
present-day mean sea level.

The combination of these plots (Figures 6 and 7) provides information that is more useful for
decision making than any of the other plots in isolation. For example, a property located beside the first
street back from the sea is not presently exposed, but after 0.8 m SLR can be expected to be inundated
by about 0.5 m or more of water, about 10 times per year. Clearly the owner of this property will
face a tipping point before 0.8 m of SLR occurs, and certainly well before 1.0 or 2.0 m SLR occurs.
Understanding the additional information that Figures 6 and 7 portray can enable decision makers
to design trigger points ahead of intolerable damage occurring and design longer term strategies for
managing the transition for the existing developments (NZCPS)?.

Figures 6 and 7 were created using a static mapping technique within GIS, which does not consider
the dynamic route of flooding nor connectivity to the sea. For example, there are red areas in Figure 7
showing “islands” of 365 daily exceedances per year, which may not occur. These “islands” might be
connected to the sea through culverts, and can be identified and used to adjust the areas shown as
flooded in the static maps. Dynamic models, which are more computationally expensive, could also

3 NZCPS Policy 27 I (e) identifying and planning for transition mechanisms and timeframes for moving to more

sustainable approaches.
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have been used to create more accurate maps. However, the spatially varying frequency and depth of
flooding can be mapped irrespective of the mapping technique.

depth of inundation (m)
+0.8m SLR

0
0.01-0.1
0.11-0.2
021-04
0.41-0.5
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0.61-0.7
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Figure 6. Depth of flooding at Mission Bay, Auckland, for a 1% AEP storm-tide at present-day MSL
+ 0.8 m SLR. Flooding was modelled using a static GIS technique. All areas below the modelled sea
level are shown as inundated, regardless of connection to the sea—some inland areas may not become
inundated as shown if such interconnections exist.
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Figure 7. Frequency of flooding (exceedances per year) at Mission Bay, Auckland, for a 1% AEP
storm-tide, at present-day MSL + 0.8 m SLR. Flooding was modelled using a static GIS technique.
All areas below the modelled sea level are shown as inundated, regardless of connection to the
sea—some inland areas may not become inundated as shown if such interconnections exist.
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The final piece of the puzzle is to identify the likely timing of the various flooding scenarios

mapped in Figures 6 and 7, which can be achieved using Table 1. In Section 6, we have provided
a hypothetical example to demonstrate the intended use of the uncertainty framework (Figure 2),
the maps (Figures 6 and 7), and possible SLR timing (Table 1) within a DAPP process.

6. Applying the Uncertainty Framework within the DAPP Process

This hypothetical example illustrates how the uncertainty framework might be used in a

DAPP process:

1.

A community living in the town shown in Figure 3 (or Figures 4-7) decides to proceed with
a DAPP process before further development occurs. Such planning fulfils the requirement in
the NZCPS for risk-based planning. There is also general agreement within the community
(established through a community engagement process and council knowledge) that the planning
is required, based on existing coastal flooding problems in some areas, plus an existing simple
hazard assessment and expert opinion that show increasing flooding depth with SLR.

The local council, which is responsible for planning to reduce or avoid risk from climate change,
commission a detailed coastal hazard study. Based on the uncertainty framework (Figure 2),
the hazard study estimates the flood height from a storm-tide with a present-day likelihood of
flooding of 1% AEDP, plus the upper 95% confidence interval of the 1% AEP estimate. The effect of
SLR is assessed by adding 0.1 m increments up to 0.5 m, onto the present-day 1% AEP estimate.
A higher SLR of +1 m is also assessed to provide a longer-term scenario consistent with a 100-year
planning timeframe, e.g., [50], and an H* SLR scenario of +1.9 m by 2150 (Table 1) is assessed for
the purposes of risk avoidance for greenfields development within the town.

The hazard scenarios are mapped, and the maps show both the areal extent, the depth, and the
expected frequency of flooding, as in Figures 6 and 7, and how the flooding area, depth and
frequency change with the SLR scenarios.

The community then meets with the council, and the hazard maps for the various scenarios
are presented and explained. The maps form the basis of a discussion whereby the community
identifies vulnerable assets, and identifies tipping point scenarios where the depth and frequency
of flooding of those assets (i.e., consequences) would become unacceptable if no action were taken,
and therefore adaptation is required. Thus, when applying the framework, the consequences have
been separated from the likelihood of occurrence, and the community initially makes decisions
based primarily on consequence.

The possible timing of those scenarios is then assessed using Table 1. Thus, given that the likelihood
of future SLR scenarios is unknown, Table 1 brackets the possible earliest and latest timing of
consequences. There is a clear separation between the statistical uncertainty associated with the
storm-tide estimates and the various SLR scenarios, which provides clarity to the decision-making
process. Community understanding of the flooding risk can be further enhanced by using images
of historical damaging coastal flooding (when available), to provide a visual representation of
present-day statistical likelihood.

The community, with assistance from practitioners, uses the knowledge of the depth, frequency
and timing to decide on several pre-determined courses of action (adaptation pathways).
Those pathways could include staged alternative strategies such as coastal protection, building
modifications, retreat from the coast, and avoidance of greenfields development. Planning
provisions to control future development can form supporting strategies to avoid further lock-in
of the current pathway. The community identifies potential trigger points, for example, based on
a frequency of flooding of a given depth that is not tolerable, which identifies when a switch
between pathways needs to occur. They then monitor and review the situation over time using
the specified triggers in an iterative fashion as the physical and socio-economic conditions change.
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Haasnoot et al. [14] and Lawrence and Haasnoot [28] provide specific examples of a DAPP process
in action. The coastal hazard uncertainty framework provided here can add to such empirical examples
in future.

7. Discussion and Conclusions

Coastal flooding has caused periodic damage, nuisance flooding or disruption in the past.
On the back of rising sea levels, these hazards will greatly increase in frequency, depth and consequence
in the future. Coastal hazard assessments require more clarity of hazard-exposure information in a
way that uncertainty and dynamics of change are clearly understood, to better assist decision-making
and community engagement processes.

The DAPP process involves the identification of trigger points, whereby communities decide
ahead of time on potential courses of action or pathways for when those trigger points are reached.
Coastal hazard assessments must therefore clearly assist communities and councils (in relation to
specified levels of service) to decide what those trigger points are, by providing alternative scenarios
along with the likely time range for those scenarios. This requires a careful treatment of uncertainty,
because there are different levels of uncertainty that come into play when dealing with the long
timeframes and progressive hazards associated with SLR. These sources of uncertainty need to be
carefully separated out and communicated transparently.

For coastal hazard assessment, multiple uncertainty levels can be addressed by calculating
statistical uncertainties for coastal hazards at present-day mean sea level, evaluating the additional
hazard from various SLR increments (scenario uncertainty), and using high H* SLR scenarios to explore
the implications of deep uncertainty about the hazard from possible upper-range SLR, and evaluating
their consequence within the DAPP.

We developed an ‘uncertainty framework for coastal hazard assessment’, designed to guide local
government when commissioning coastal hazard assessments to assist the dynamic adaptive policy
pathways process. The framework provides a logical flow from the landuse situation, to the related level
of uncertainty as determined by the situation, to which hazard scenarios to model, to the complexity
of hazard modeling required, and to the possible decision type.

A case study illustrates how coastal hazard exposure can be mapped for small increments of
SLR. Such increments represent a range of plausible future scenarios, which can be superimposed on
high storm-tide elevations for which there is an estimated statistical likelihood. The mapping of small
SLR increments will be useful for adaptation planning, as it relates a gradually increasing flooding
extent to gradually increasing SLR. This can inform communities and councils on when intolerable
hazard exposure and risk may emerge (in relation to a SLR and event frequency trigger, and using the
bracketed time windows in Table 1).

Maps of coastal flooding typically show just the area of flooding, but we have demonstrated
how these can be improved to also show the depth and expected frequency of flooding. This extra
information is useful for decision making, showing the degree of exposure, where that exposure occurs,
and as input to how much sea-level rise can be tolerated. When combined with information on the
approximate bracketed timing of the incremental sea-level rise scenarios, the maps allow communities,
stakeholders and councils to identify trigger points and expected earliest time for the emergence of
intolerable flooding risk. The actual progression of SLR, and of the triggers before objectives are no
longer met, can then be monitored and reviewed. The ‘uncertainty framework for coastal hazard
assessment’ enhances adaptation practice by enabling more salient decision making, because there is
greater clarity in the treatment of uncertainty and dynamic aspects of the future risks, which to date
have become barriers to the implementation of long-term path dependency considerations in current
planning practice.
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