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Abstract. The recent destructive hurricane seasons have increased the importance of storm
surge hazard estimation for discussing coastal community resilience. The hazard is generally
represented by surge inundation probabilities for each location (hazard curves) or surge levels
corresponding to specific exceedance probabilities across all locations (hazard maps) within the
coastal domain of interest. It is assessed through a Monte Carlo simulation (MCS), utilizing an
ensemble of storm scenarios and their occurrence rates that represent the regional climatology.
The impact prediction of each storm scenario within the MCS is performed by a hydrodynamic-
based numerical model with a high computational cost. To address the challenge, reducing the
number of storm scenarios considered for the hazard estimation is desirable. This is especially
true in pre-disaster planning settings when investigating the impact of adaptation measures on
coastal resilience. Since the entire process needs to be repeated for each measure, the number
of storm scenarios needs to be kept moderately low. This study investigates the selection of
fewer storms from the full ensemble within this setting, which can produce consistent hazard
products with some chosen ones obtained from the full ensemble. Beyond the identification,
the occurrence rates of selected storms are also updated. The final subset can be subsequently
utilized as a representative ensemble for the regional hazard estimation. The storm selection is
established as a two-stage optimization: the inner-loop adjusts the occurrence rates for a
candidate subset; the outer-loop searches for the best subset with the desired number of storms.
This work extends the implementation to extended coastal regions with many locations of
interest. In this case, it is computationally intractable to consider all the locations in the domain,
and for this reason, a subset of representative locations is chosen through cluster analysis and
considered for storm selection. Additionally, the correlation in the hazard description is better
integrated into the storm selection by modifying the objective function for the outer-loop
optimization.
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1 INTRODUCTION

The importance of the accurate assessment of the long-term regional storm surge hazard has
increased, given its critical role in guiding informed pre-disaster planning and ultimately
enhancing the resilience of coastal communities!!l. The hazard is quantified by considering an
ensemble of storm scenarios representing the regional climatology, predicting the storm surge
levels for each storm, and combining these predictions with the occurrence rates of storms to
deliver the desired hazard products!?], such as curves, providing the annual probabilities of surge
exceeding different threshold values for specific locations, or maps, delineating the surge
corresponding to specified annual exceedance probabilities (AEPs) for all locations across the
coastal region of interest. To attain highly accurate hazard quantification, the current standard
employs a high-fidelity numerical model, like ADCIRCE, for predicting surge levels. However,
the computational cost of the model is significant, requiring a reduction in the number of storm
scenarios. This challenge is even critical for planning coastal adaptation measures, as it needs
the repetition (updating) of the hazard estimation for each measure to assess their impact.

Different approaches have been proposed to support efficient regional hazard quantification,
including the joint probability method!*, surrogate model-based techniques® ¢, and hazard-
consistent probabilistic scenario optimization (HPSO) approaches!”). Particularly, HPSO has
been shown to accommodate great reductions in the ensemble size without compromising the
statistical accuracy of the hazard estimation, and is especially attractive when updating regional
flood studies, for example, to examine the impact of flood intervention strategies as discussed
earlier. The foundational principle for HPSO is that surge predictions for a response-proxy are
available for a large number of storm scenarios. The selection of a reduced subset of
representative scenarios is formulated in HPSO as an optimization, identifying the storms that
yield hazard estimates with the smallest deviation from the target hazard (i.e., achieving hazard-
consistency) for the specific response-proxy. The occurrence rates (weights) of the identified
storms are also adjusted in this process. Then, numerical simulations for the actual response to
support the desired hazard estimation can be performed only for the reduced-size ensemble.
The response-proxy may correspond to surge predictions from a previous flood study when
examining its future update with only a limited number of carefully selected scenarios.

Formally, HPSO is performed through a two-stage optimization!”): an inner-loop adjusts the
weights for a given storm subset through linear programming, while the outer-loop identifies
the best subset with respect to an appropriate measure for the hazard-consistency to a predefined
target. All previous HPSO studies have focused on applications with only a small number of
locations (up to hundreds). This work extends these efforts by examining an implementation
across an extended coastal region, with up to tens of thousands of locations of interest. This
high-dimensional output imposes a significant computational burden on the inner-loop. To
accommodate computational tractability, dimensionality reduction is examined by choosing a
representative subset of locations to guide the storm ensemble selection. These locations are
chosen using cluster analysis, leveraging spatial and surge response correlations. Additionally,
a modification of the objective function for the outer-loop is examined to better integrate the
spatial correlation of the hazard description. This is accomplished by using the correlation
across the locations for each hazard map as the objective function. The performance of the
extended HPSO will be examined in the case study, where the updating of the flood study is
considered, assisted by HPSO using the previous flood study results as the response-proxy.
Also, the impact of the response-proxy on the HPSO performance will be investigated in detail.
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2 REVIEW OF REGIONAL COASTAL HAZARD ESTIMATION AND HPSO

2.1 Regional hazard quantification

Coastal hazard is quantified through an ensemble of N: storm scenarios, with the sth storm
having the weight 1°. This weight may correspond to the annual occurrence rate based on the
regional climatology or to the adjusted rate through HPSO as discussed later. The notation S
will be used to succinctly describe the storm ensemble along with the weights. To support the
hazard estimation, the surge is predicted for each storm through an appropriate numerical model,
with the surge level for the sth storm at the ith location denoted as z; and n- representing the
number of locations where the hazard are estimated. The annual exceedance probability (AEP)
for the surge at the ith location exceeding a threshold b is estimated with S asl?l:

P(b|S)=1 —exp(—zs”:’1 Xz > b]) =3 211z > b] (1)

where /[.] is the indicator function and the notation “|” denotes the dependence of the estimation
on S. Based on Eq. (1), the surge level 5’ corresponding to a specific AEP of interest, p, can
be obtained by solving the inverse problem of P(b/ |S) = p . The regional hazard is represented
by the hazard-curve for a specific location with 5" across different p values, or the hazard-map
for the distribution of the »” across the coastal domain of interest for a specific p value.

‘$|55

2.2 HPSO implementation

The objective of HPSO is to leverage the response-proxy database {Z :i=1,...,7ii_,s=1,...N,}
over the storm suite S to identify a reduced subset of n, (n<N:) representative scenarios and
adjust their weights so that hazard-consistency to a desired target is achieved. The notation “~”
represents quantities associated with the response-proxy and will be used hereinafter. Note that
locations for which information is available in the response-proxy do not need to coincide with
the locations for which the hazard needs to be estimated. The hope is that the hazard-consistency
with respect to the response-proxy is translated to the actual response (updated flood study).
The resultant storm ensemble will be denoted herein as S,. Hazard-consistency in this setting is
quantified by a match to thresholds b for n, different chosen AEP values p={p«: k=1,...,np}
across all 71, locations. It should be noted that most practical applications utilize the same target
AEP levels for all locations, though different targets can be easily accommodated as discussed
later. For simplicity of discussions, the standard formulation considering the same AEP targets
will be used herein. The targets {6 :k=1,...,n,} are obtained by utilizing hazard estimates
P(b|S) obtained through Eq. (1) with S. This is demonstrated in part (a) of Figure 1, with the
shaded region representing the AEP range of interest and the horizontal dotted lines the specific
AEP levels for the hazard definition. The approximate hazard obtained through the reduced-
size storm ensemble S, is also illustrated in the same plot by a blue dash-dotted line. HPSO
identifies the optimal S, that provides the best match (the best hazard-consistency) between the
approximate and target hazard curves in this figure. With respect to the target hazard definition,
for nearshore and onshore nodes that have remained dry in some of the storms, this hazard curve
might not cover the entire AEP range of interest, a situation also illustrated in part (b) of Figure
1. For such locations, additional AEP levels, the so-called anchor levels, are introduced to the
HPSO formulation, corresponding to the extremes of the hazard curve within the AEP range of
interest, represented by the red triangles in Figure 1 and to different AEP levels that can be
accommodated within the HPSO implementation.
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Figure 1: The target hazard (obtained using storm ensemble S) at the ith location quantified by the pair of target
AEP levels and corresponding surge thresholds {(p,,5):k =1,...,n,} [part (a)] and definition of anchor points
[part (b)] when the hazard curve does not cover the entire AEP range of interest (shaded area). In part (a), the
estimated hazard obtained using the reduced-size storm ensemble is also shown.

Computationally, HPSO is solved through double-loop optimization, as discussed in the
introduction. The inner-loop optimizes weights for a specific storm ensemble using the sum of
absolute deviations from the target as the objective function and a linear programming (LP)
formulation. The outer-loop identifies the best storm ensemble using the same objective and a
genetic algorithm (GA) based search. To formulate HPSO, let x denote the N~dimensional
vector whose jth element indicates whether the jth storm belongs (x=1) or not (x/=0) in the
subset. Also, let A(x) ={4"(x):7r =1,...,n,} represent the weights for the selected storms. Note
that only n, weights for the selected storms are considered in A(x). Relative weights wk and y;,
respectively, for the kth AEP value and ith location can also be introduced for a relative
prioritization. Define, now, the objective function across the target hazard as:

FEA) =Y 7S (el p) a2 D w, @)
where the absolute deviation for each AEP level and location is:
i (8,) = p. B 18,)| 3)

with 131.(15,.” “|S,) obtained through Eq. (1) for the subset S- defined through the pair {x,A(x)}.
The two-stage optimization in HPSO is formulated as follows. The inner-loop identifies the
optimal n,-dimensional weight vector A(X) for the storms in any subset X though optimization:

A (X) =argmin, ;) f(X,M(X)) “
subjectto A" (X)>0:r=1,...,n,

The use of f(x,M(x)) allows for transforming the inner-loop into LP and solving it efficiently
when 7_ is smalll’l. The outer-loop searches for the optimal storm subset with the weights
identified through the inner-loop and corresponds to an integer optimization:

x" =argmin_A(x,A"(X)) (5)
subjectto " x, =n, with x,€{0,1} (=1,..,N,)
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where A’(x) corresponds to the optimal weights from Eq. (4) for the storm subset x (% =x)
and h(x,A" (X)) represents an appropriate objective which may correspond to f(x,A"(x)) in Eq.
(2) in the original HPSO or a new objective that will be introduced in Section 3.1.

To perform the double-loop optimization, at each iteration of the outer-loop GA optimization,
the optimal storm weights are decided based on the inner-loop LP optimization. The
convergence of the overall optimization scheme is decided by that of the outer-loop. Upon
convergence, the optimal subset S’ corresponds to the pair {x",A"(x")}. The repetition of the
inner-loop optimization within this scheme requires a highly efficient implementation. For large
geographic domains, corresponding to large 7_, the computational cost of the LP dramatically
increases, creating an insurmountable computational burden for HPSO.

3 HPSO EXTENSIONS FOR EXTENDED REGIONS AND NOVEL OBJECTIVE FUNCTION

3.1 Implementation for extended regions

To accommodate a computationally efficient implementation for extended coastal regions,
with a large value for 72_, the decrease in the number of locations involved in the optimization
to a smaller number nc (nc<<n,) is considered. If the n. locations are properly chosen, the
computational complexity of the inner-loop optimization can be substantially reduced, leading
to a significant improvement in the computational efficiency of the overall HPSO. Let subscript
., distinguish the nc representative locations, with u;‘ (S,) corresponding to u (S,) for each of
these locations, leading to the modification of the objective function in Eq. (2) as:

LA =Y 1, 2 ) p)-ES) [ X, D ©)

where y, denotes the adjusted weights per representative location. The proper definition of y,
depends on how the representative locations are chosen, discussed later in this section. The
computational cost of the LP is then reduced to O([(np*nc)+n]>%) from O([(np- 71, )+n,>>)E),
which in typical applications (n-<<#, ), brings significant computational savings. Similarly, the
objective function for the outer-loop optimization can be simplified. Once the storms are chosen
by HPSO, considering the representative locations only, the rates of the chosen storms can be
adjusted by solving the original problem of Eq. (4) using all locations. Though its computational
cost is significant, as it is performed only once, the additional burden is not prohibitive.

The selection of the representative locations is accomplished by clustering all locations into
ne clusters using k-meansl®! and selecting the center of each cluster as the representative location.
This clustering utilizes a vector of features for each location and partitions all locations into
clusters so that the distance of each location to the cluster center is minimized, where the
distance is defined with respect to the feature vector. This selection leads to the adjusted weights,
established by summing the weights of all the locations belonging to the gth cluster.

The selection of the feature vector is critical to ensure that locations in each cluster are similar
enough and that the chosen locations establish a good representation. To achieve these, using
both geospatial and response/target information is considered. Additional detailed discussions
on the feature selection are included in 1'%, Since neighboring locations are expected to exhibit
similar surge responses by a storm, considering spatial locations is intuitive. The features in this
case corresponds to the latitude and longitude of the ith location, denoted as [e; ¢]. However,
spatial proximity does not always guarantee the response similarity due to complex coastal
morphologies. Moreover, hazard targets could be dissimilar for neighboring locations. This
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motivates the inclusion of response and target hazard information. The latter {5 : k=1,...,np;
i=1,...,71_} can be directly used. But, the direct use of response {Z; :s =1,..., N,} is impractical
if NV: is large, as it substantially increases the feature vector dimension and the computational
cost for k-means. Following ['!], the eigenvectors of the first few principal components obtained
by principal component analysis are used, denoted as ¥ € R™™ with n. denoting the number
of retained components. The feature vector for the ith location is finally defined as:

e /Var(e!) if h=1,2
V! =2 b/ /[n Var(b')] if h=3,..n,+2 (7)

1
(h—n,=2) N
@ [‘I’]i(hfnﬁz)/Var(v Yif h=n,+3,...n,+n,+2

where [.]; represents the element of the ith row and jth column, and @’ = @’ / Z" o’ with o/
corresponding to the eigenvalue for the jth principal component. Note that each component of
feature vector is standardized, and equal weights are assigned to the three information sources.

3.2 Incorporation of spatial correlation over hazard maps in storm selection

Spatial correlation information for the targeted hazard can be readily incorporated within the
outer-loop formulation of Eq. (5) by introducing a new objective g(x,A"(x)). Note that this
leads to a deviation from the original HPSO formulation. Although it has been shown that
spatial correlation can be captured to some extent, even with objective f(x,A"(x)) '2], this
correlation may still exhibit (depending on the case) larger deviations from the target!!3]. This
motivates the modification of the objective that can explicitly consider spatial correlation
information. The proposed objective considers the correlation coefficient between the resultant
(for the chosen storm ensemble) and the original hazard maps for each AEP level, and is
formulated by averaging the correlation coefficients across the levels:

g () =-2" w0, (8)/ 3w, ®)

where the correlation coefficient for each AEP level is given by:
B (S)= 3 B S IB — Y B (S,)]
\/ S b (8,) = B (ST Jf Y nlbr =3 b (S)F

with b/ (S,) represents the threshold corresponding to é(bi |S,) = p, for the subset S-.

The implementation over extended coastal regions discussed in Section 3.1 can be
accommodated by modifying the correlation coefficient in Eq. (9) by replacing the summation
over all locations with the summation over the representative locations, as done for Eq. (6).

Pi(S,) = )

4 ILLUSTRATIVE CASE STUDY

4.1 Coastal region of interest and database

The case study considers updating the storm surge hazard estimates for a specific St. Bernard
Parish neighborhood in the Greater New Orleans eastern coastal region between the Mississippi
River and Lake Borgne, as shown in part (a) of Figure 2. The original flood study, whose surge
simulation results are utilized as a response-proxy for the update, is part of the U.S. Army Corps
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of Engineers (USACE) Coastal Hazards System!!#], The database consists of N=645 synthetic
storms, created based on the regional climatology, with the annual occurrence rate for each
storm, and their tracks are illustrated in part (b) of Figure 2. The surge simulations are
performed using ADCIRC. In the domain of interest, the original grid consists of 7,=7,663
locations, while the updated grid consists of #-=31,091 locations. The updated grid has better
resolution, incorporating more detailed and updated flood protection measures.

Figure 2: The coastal domain of interest (with red boundary) [part (a)] and storm tracks in the database [part (b)].

4.2 HPSO implementation details

Hazard-consistency is defined for AEPs in the range [0.001, 0.1] and specifically, at target
levels, p=[0.001 0.002 0.005 0.01 0.02 0.05 0.1]”. To explore the HPSO implementation under
different settings for a comprehensive validation, two values are examined for the size of the
reduced storm subset, 7=20 or 40, and four values for the number of representative locations,
n=20, 50, 150, or 300. In practice, a single value would be used for either of these variables
based on the available computational resources for updating the flood hazard (related to #,) or
performing HPSO (related to n¢). For the objective functions of the outer-loop, both f'(x,1"(x))
in Eq. (2) and g(x,A"(x)) in Eq. (8) are considered. The respective implementations will be
distinguished as HPSOdev and HPSOcor, respectively. Their final objective function values will
be denoted asdev—O (deviation objective) and cor —O (correlation objective), respectively,
and used for evaluating the achieved hazard-consistency with respect to the response-proxy.
Finally, uniform weights across all locations and target AEP levels are used (i.e., =1 and wi=1).

The selection of storms and their weights by HPSO is established utilizing the response-
proxy Zz . Their practical utility needs to be examined using the actual response z; . For this,
z; is predicted for the entire N—=645 storms, and the reference hazard (surge thresholds b/* (S)
corresponding to px AEP) is obtained using Eq. (1) with 4*. The use of the reduced ensemble
identified through HPSO Si provides corresponding approximate estimates b/ (S:) . As
validation measures, the final objective function values of HPSO are utilized again, evaluated
with respect to the actual response by replacing 7. with n: in Egs. (2) and (9), P(b |S,) with
P(b"(S)|8.) inEq. (3),and b (S,) with b”(S)) and b” with b*(S) in Eq. (9). Notations
dev— P (deviation performance) and cor — P (correlation performance) will be utilized to
denote the updated objectives for the actual response. For a more detailed validation, the
performance for individual target AEP levels will also be examined. The correlation coefficient
between the approximate and reference hazard maps is utilized for this purpose, defined as:

i Zl":l Vi [bipk (S) - i l”; bipk (S)][b;pk (Si) - nL ln=1 bipk (Si)]

R’k - n n n n
EDYRACHORD ML) NED VRACHCIEED WLHCH))

(10)
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To examine the impact of the use of the response-proxy within the HPSO, an idealized HPSO
implementation is also considered, utilizing the actual response instead of the response-proxy
in all optimizations. Note that this implementation is examined here solely for establishing a
comprehensive validation. It is accommodated by replacing Z’ with z’ within HPSO and
adjusting the different variables accordingly. It is important to mention that it necessitates the
use of representative locations, as n: makes the original HPSO implementation computationally
intractable. The terminology ideal HPSO is introduced to describe this implementation, while
practical HPSO will be utilized for the actual HPSO formulation (using the response-proxy).

5 RESULTS AND DISCUSSION

5.1 Optimization implementation with respect to response-proxy

Results for the optimization aspects of HPSO are examined in Figure 3 for both HPSOuev
and HPSO..- implementations for varying numbers of representative locations (n¢) [x-axis] and
selected storms (n,) [different markers]. For each implementation, the respective objective is
presented, cor —O for HPSOuey [part (a)] and dev—O for HPSOcor. In this subsection, only the
practical HPSO is examined. Focusing on the use of the representative locations to facilitate
the HPSO implementation to extended geographic domains, for both storm selection variants,
the performance improves when more representative locations are considered, but the rate of
improvement quickly decreases, reaching a plateau. This continuous improvement is expected,
as a larger nc allows for a larger amount of information in the selection of the optimal ensemble.
The decrease in the rate of improvement ending up with a plateau is important, as they confirm
the efficacy of utilizing a smaller number of representative locations, instead of all the locations.
Therefore, the proposed extension of HPSO, utilizing representative locations, can improve
computational efficiency substantially without significant loss of accuracy as long as a
sufficient number of representative locations is utilized.

Beyond the number of representative locations, the size of the selected storm subset also
contributes to performance improvement. This is again expected, as a larger n, offers greater
flexibility in the optimization for establishing hazard-consistency. These trends showcase that
for the response-proxy, HPSO identifies a storm ensemble supporting good hazard-consistency.

HPSO,,, HPSO,,,
025 -0.998 Storm selection (,)
Ql Ql ® 20 storms
2 o2t ) 5 ® 40 storms
V 0.2 )
= > Q ®
-0.999 7
0.15} ] -\'\_\.
N |
ol @ L ®
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Number of representative locations (7.) Number of representative locations (72.)

Figure 3: The objective functions (response-proxy) of HPSOg., and HPSO,,, corresponding, respectively, to
dev—0O [part (a)] and cor —O [part (b)] for varying numbers of representative locations (7.) [x-axis] and storm
subset sizes (n,) [different markers].
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5.2 HPSO performance with respect to the actual response

The discussion moves next to the examination of the performance with respect to the actual
response. Hereinafter, both the practical and ideal HPSO will be examined and compared, as this
comparison ultimately quantifies the impact of the response-proxy in HPSO. Figure 4 examines
the overall performance, replicating Figure 3 with respect to the updated objectives dev— P for
HPSOuev [part (a)] and cor — P for HPSOcor [part (b)], for varying numbers of representative
locations (nc) [x-axis] and selected storms (nr) [different markers]. Figure 5 examines the
performance for individual AEP levels, presenting results of HPSOdey [part (a)] and HPSOvcor [part
(b)] using nc=300 for the AEP levels [x-axis] for varying . [different line types].

HPSO,.. HPSOM
0.35 ' ' ' -0.994
Storm selection (n,)
03t ® 20 storms ‘\’\
m 40 storms -0.996}
i R
E 0.25 5 —
0.2 4 -0.998 Implementation
B R e — practical HPSO
0.15 (a) ideal HPSO (b) ‘
"T0 50 100 150 200 250 300 0 50 100 150 200 250 300
Number of representative locations (.) Number of representative locations (n.)

Figure 4: The performance objectives (actual response) of HPSOy., and HPSO,,, corresponding respectively to
dev— P [part (a)] and cor — P [part (b)] for varying numbers of representative locations (1) [x-axis] and storm
subset sizes (#,) [different markers]. Results for practical and ideal HPSO [different color and line types] are shown.

Focusing first on the practical HPSO [examining black lines and markers only], the overall
trends with respect to the influence of nc or n- are identical to those observed in Figure 3. The
similarity with respect to nc is of particular importance, demonstrating that the extended HPSO
is valid for its practical application and the use of the response-proxy does not promote different
behavior by the representative locations. Comparing Figures 3 and 4, there is an evident
performance decrease for the practical HPSO, as the updated objective values in Figure 4 are
slightly higher than the ones reported in Figure 3. This shows an influence, as expected, of the
response-proxy to guide the ensemble selection. This influence is better evaluated when
comparing the practical and ideal HPSO implementations in Figure 4 [examining black and
red lines and markers]. The gap between the curves is not significant, and it decreases when 7,
increases, showcasing that the use of the response-proxy does not yield significantly sub-
optimal solutions, especially when the size of the reduced storm ensemble is not very small.
Unsurprisingly, the differences between practical and ideal HPSO are smaller for smaller #e,
as HPSO is performed with less amount of information, ultimately providing smaller
comparative benefits when the actual response can be utilized. The overall optimization
accuracy as well as the performance trends are similar when using either the response-proxy or
the actual response. As this information is leveraged within HPSO to make decisions, for
example, choosing n- for the best hazard approximation, this similarity is significant.
Additionally, even in the ideal scenario where the actual response could be used, the benefits
would not be enhanced substantially.
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Figure 5: The correlation coefficient between the approximate and reference hazard maps for all target AEP levels
[x-axis] for HPSOge, [part (a)] and HPSO,,, [part (b)] with varying storm subset sizes (n,) [different line types].
Results for the practical and ideal HPSO [different colors] with n=300 are shown.

The discussion shifts next to the performance per AEP level (Figure 5). Focusing first on the
correlation coefficients for HPSOvcor [part (b)], it is evident that the predicted hazard maps by
both the practical and ideal HPSO are highly correlated to reference maps across all AEP levels.
This verifies that the desired high correlation in hazard description is achieved through the new
objective function. This is further supported by the fact that the performance of both HPSO
implementations consistently improves across all AEP levels as n, increases. Next, looking at
the correlation coefficients for HPSOuev [part (a)], they also show high correlation but exhibit
slightly different trends, the correlation of the practical and ideal HPSO is relatively low for
AEP levels close to the boundary of the target range, especially when 7 is small. This decrease
in correlation is expected, as the similarity of the hazard maps is not directly aligned with the
objectives of HPSOuder, and justifies the proposed HPSOvcor in this work. However, the fact that
both the practical and ideal HPSO implementations suffer from the same performance
degradation indicates that it is not associated with the use of a response-proxy. This may be
attributed to other factors, such as the characteristics of surge response database (particularly
dry instances for specific nodes) or boundary effects (impacting the optimization) associated
with the extremes of the AEP range of interest, which are discussed in detail in ['%. The AEP
levels, for which the accuracy is relatively low, benefit more from the increase in #n-, achieving
more considerable improvements. These observations indicate that HPSO..- establishes a better
balance (consistent and robust) across all target AEP levels and provides a relative preference.

5.3 Illustration of achieved consistency for hazard curves and maps

The HPSO performance for the predicted hazard is finally evaluated for hazard curves for
three different locations in Figure 6 and the hazard map for the AEP level px=0.01 in Figure 7.
Results correspond to the optimal ensemble with 7,=40 storms selected through HPSOcor and
n=300 representative locations. Since results for HPSOuev are practically identical, they are not
presented here. In all instances, the hazard products obtained through both ideal and practical
HPSO implementations as well as the reference hazard products are shown. In Figure 7, the
errors of HPSO-based predictions from the reference are also shown in parts (d) and (e)
(respectively, for ideal and practical HPSO implementations) for easier comparisons.
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Results in both figures clearly demonstrate the high accuracy in the hazard predictions that
can be achieved through HPSO, proving, once more, the validity of the proposed HPSO
extension and its practical applicability using a response-proxy. In Figure 6, the two hazard
curves, established through the different HPSO implementations, are very close to each other,
and both are highly accurate when compared to the reference hazard curve. Some decrease in
the accuracy at higher AEP levels is observed in parts (b) and (c¢) of the figure, but this occurs
for both ideal and practical HPSO implementations, indicating that this behavior is not
associated with the use of a response-proxy. Similarly, in Figure 7, the hazard maps established
by the two HPSO implementations demonstrate high accuracy across the domain, with the small
subdomains of lower accuracy being the same for both the ideal and practical HPSO
implementations. These observations showcase that the use of the response-proxy does not
create any vulnerabilities in HPSO, associated with lower accuracy for the predicted hazard due
to the use of a reduced storm ensemble (i.e., the underlying objective of HPSO).

- —- practical HPSO — Reference
-~ ideal HPSO [ N_____ ---- Target AEP levels |

0 01 02 03 04 05 06070304 05 06 07 08 09 102 04 0.6 0.8 1 1.2
Surge threshold (m) Surge threshold (m) Surge threshold (m)

Figure 6: Comparison between the reference and approximated hazard curves through the practical and ideal
HPSO implementations [different colors and line types] using the optimal storm ensemble of size 7,=40
identified with HPSO,,, and n,=300 representative locations.

(b) ideal
s HPSO |[/™
N

(d) ideal

30 (a)\"&{eference

(© practical I1
s, \HPSO
29.95

29.9

29.85

-90 -89.9 -89.8 30
Top row (4): d
Hazard maps for 29,951
p,=0.01
Bottom row (mp): 29.9

corresponding errors
29.85

(bI(S7) = b(S)) 90 89.9 898 90 89.9 898

7 -2
(e) practical IZXIO
error

Figure 7: Hazard maps [top row] and errors [bottom row] corresponding to AEP level 0.01 established by:
(a) Reference, (b) ideal HPSO, (c) practical HPSO with HPSO,,, n,=40, and n.=300.

5 CONCLUSIONS

This paper discussed the extension of hazard-consistent probabilistic scenario optimization
(HPSO) to enable its implementation over extended coastal domains with a large number of
locations where the hazard is estimated, and its performance in a practical application. The
extension included selecting a reduced number of representative locations through cluster
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analysis to ensure computational tractability, as well as modifying the objective function to
promote high correlation in hazard description. The practical application, which considered the
updating of the storm surge hazard assessment using surge simulations from the previous hazard
estimation as a response-proxy, demonstrated that the proposed extension effectively supports
the desired storm selection and is minimally affected by the use of the response-proxy.
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