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1. Introduction

While there is a heated debate on the causes of climate
change, little has been placed on what climate change has
done and would do to humanity (Berke et al., 2023;
Caggiano et al., 2022; Castan Broto, 2023; Cobbinah and
Finn, 2022; Cérdova et al., 2022; Fitzgerald, 2022; Gabbe
et al., 2021; Greenlee et al., 2022; Lamb and Khirfan,
2022; Kim et al., 2021; Lieberknecht, 2022, 2023; Meerow
and Keith, 2022). As one of the most dangerous climate
change-induced impact, Sea-Level Rise (SLR) is posing se-
vere consequential risks to the highly populated and
developed coastal urban regions (Butler et al., 2016, 2021;
Lejano and Kan, 2022; NOAA, 2013; IPCC, 2014). Over 50%
of the U.S. population live in the coastal areas, which
together contributed to 58% of the U.S. national gross do-
mestic product (GDP) (Moser, 2014). Moreover, population
continues migrating to the coastal regions to take advan-
tage of the booming coastal economies and favorable life
quality. Today, the increasing population, booming econo-
mies and vastly developed infrastructures in the coastal
regions are all facing a great threat from not only the acute
coastal disasters such as hurricanes but also even more
dangerous chronic hazards of SLR (Hannibal et al., 2021). In
the current context, the significance of community resil-
ience has grown exponentially (Fu et al., 2023; Yuan et al.,
2021; Zhai et al., 2020; Zhai and Peng, 2020).

Thus, preparing for and managing in the chronic hazards
require an entirely different approach, and the goal of
developing resilient infrastructure is not to recover from
the damage state to their original state but to keep adap-
tive (Balachandran et al., 2022; Cobbinah and Finn, 2022;
Ehrenfeucht and Nelson, 2022; Woodruff, 2022; Woodruff
et al., 2022). To protect the built environment and the
transportation network, the urban planning response would
be either to build sea walls or elevate the road system and
improve the drainage system, or both, like what Miami
Beach has been doing (Han et al., 2022). Moreover, adap-
tation is costly and needs long-term financial support,
especially considering the consequence of continued SLR
which can lead to heavy losses of properties and economic
activities (Stern, 2008). Therefore, to understand and
evaluate the economic impact of adaptation planning, the
cost-benefit analysis is often employed to assess available
adaptation strategies in the process of decision making (de
Ruig et al., 2020; Markanday et al., 2019). Intuitively, the
calculation of the direct losses is more straightforward than
that of indirect losses since the latter needs to take a great
number of implicated economic factors and infrastructure
interdependence into account.

However, few studies typically considered the indirect
economic impacts of infrastructure, because the existing
literature on infrastructure interdependence largely fo-
cuses on the resilience to acute hazards (Kunz et al. 2013),
with little attention paid to the ‘insidious’ chronic hazards
of SLR. Despite their unpredictability and severity, the
disruptions and damages from acute hazards can possibly
be stopped and repaired quickly and the system can be
restored to the original state. The interdependence be-
tween infrastructures means that when some initial failures
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of infrastructure component arise, they may trigger a
recursive process of cascading effects that damage the
other infrastructures seriously (Wang et al., 2012).

We have ample knowledge and operational experiences
in preparing for, managing in, and recovering from a natural
disaster (Lieberknecht and Mueller, 2023; Pratt, 2023;
Rivera et al., 2022; Watson, 2022; Xiao et al., 2022). In
contrast, the development of chronic hazards is slow but
steady and more predictable. To show the interdependence
of infrastructures in this sense, we take the King Tide as an
example since it is happening in some region. Specifically,
the King Tide and the rising sea level push the seawater
overflow onto the street in neighborhood and workplace,
making some roads inundated and impassable. At the same
time, the rising sea level causes groundwater table to rise,
affecting the effectiveness of the existing storm-water
drainage system, exacerbating the flooding on the street,
causing property loss, and breaking up essential services,
which has brought serious hardship to transportation,
drainage systems, and the daily life of communities. Losing
sight of the interdependence among infrastructures may
lead to the underestimated indirect economic loss. Thus, a
research question is remained to be answered: What are
the most appropriate strategies for adaptation planning to
SLR based on the economic analysis considering infra-
structure interdependence? Or does it make a difference
for the optimal strategy selection if the infrastructure
interdependence is not considered?

In addition, unlike other economic sectors, time horizon
is ignored in previous literature in terms of infrastructure
assessment (Dore and Burton, 2001; Kirshen et al., 2008;
Larsen et al., 2008; Lu and Peng, 2011; Lu et al., 2014;
Neumann et al., 2010; Peng and Song, 2018; Satterthwaite,
2007), because SLR is a typical type of chronic hazard. The
rationale of considering economic performance from a
temporal perspective is that the replacement or construc-
tion fee on infrastructure can be distributed to many years,
as a long-lasting investment. However, existing studies
conduct the cost-benefit analysis by assuming certain sea
level scenarios instead of correlating the economic per-
formance with time horizon. In this study, to further this
topic to a temporal dimension, we have a hypothesis that
with the objective planning year being set farther away
from now, the cost-benefit analysis would perform better.
To validate the hypothesis, we are going to make a com-
parison of the economic performance over different sub-
jective years.

2. Literature review

2.1. Costs and benefits of adaptation to sea-level
rise

Many model techniques have been adopted in existing
studies to assess adaptation to SLR, seeking to minimize the
total costs of SLR impacts, like investment on the protec-
tion measures and cost of unprotected damages (Hall et al.,
2019; Nazarnia et al., 2020; Xie et al., 2019). The money
used for designing, supporting and implementing adapta-
tion measures are often regarded as components of the cost
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of one specific adaptation strategy. The avoided losses
derived from the adaptation strategy can be defined as the
corresponding benefits. In some cases, the total protection
of the extremely valuable assets may be best, but the
common strategy could be protecting partial regions and
leaving others damaged (Ankrah et al., 2023; Esteban
et al., 2020; Haasnoot et al., 2019).

Based on the aforementioned definition, Shardul and
Samuel (2008) show that the coastal protection costs of
some countries and regions are typically high for the reason
that there exists many low valued coastal lands. The
conclusion is that the modest annual cost should be less
than 0.1% of GDP, even though the costs could be relatively
high in coastal areas. The cost and benefit estimation highly
depends on the assumptions based on cost from specific
projects and endowment values. Darwin and Tol (2001)
found that the large differences in the estimates exist
because of the uncertainties surrounding endowment
values. Yohe et al. (1996) introduced a method which
combines the cost-reducing potential of natural and
market-based adaptation in the projection of the threat of
SLR. Yohe and Schlesinger (1998) developed reduced-form
estimates of the functional relationship between those
costs to anticipated sea-level rise, the cost of protection,
and the anticipated rate of property-value appreciation.

However, the inundation of coastal cities and the
extreme situations of SLR are seldom covered in the
aforementioned studies. Except that Nicholls et al. (2005)
analyzed the potential impacts of the collapse and melt of
the West Antarctic Ice Sheet in the SLR anticipation.
Dasgupta et al. (2007) believed that the absolute magni-
tudes of potential impacts in developing countries are
enormous, which contributes to the cost of SLR for popu-
lation location and infrastructure planning. However, most
research only calculates the direct protection costs to SLR
and does not take indirect effects into account, such as the
increases in price and shifts in the demand for capital re-
sources. To address this limitation, some studies tried to
use computable general equilibrium (CGE) models to eval-
uate the indirect economic impact of land value loss and
growing protection fees in coastal regions (Manuel et al.,
2021; Team, 2010). However, considering the differences
in terms of local SLR acceleration and DEM, the economic
impacts should vary with coastal cities. Local decision
makers are not well-informed on the consequences by
referring to the national or state level economic results.

2.2. Costs and benefits of infrastructure
adaptations

Infrastructure is a critical component of adaptation plan-
ning to SLR for the long lifetime over which SLR impacts can
be progressively more significant. Specifically, land use,
real estate, and transportation networks are typical in-
frastructures suitable for planners to deal with and amend.
The costs of infrastructure rely on two aspects: the cost of
infrastructure adaptation solutions and the cost of climate-
proof infrastructure. In a broader scope, Larsen et al.
(2008) calculated the cost of adapting public infrastruc-
ture in Alaska to impacts beyond SLR. In contrast to this
bottom-up study, Satterthwaite (2007) adopted a top-down
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approach in the cost estimation of adaptative infrastruc-
ture around the world, which ranges from 7.8 billion—130
billion USD by the year 2030.

The transportation network is also another type of crit-
ical infrastructure commonly discussed by scholars and
planners. Dore and Burton (2001) quantified the renovation
costs of the winter road network by “all-weather roads”
adapting to global warming as well as the costs of financing
in improved rainwater storage facilities. Lu and Peng (2011)
introduced a model in terms of the transportation network
vulnerability, which shows the validity and effectiveness of
calculating the costs and benefits of transportation adap-
tation strategies. Lu et al. (2014) integrated the spatial
autoregression model into cost-effectiveness to compare
the economic performance of four adaptation strategies
under different SLR scenarios.

Regarding the economic assessment of adaptation stra-
tegies for land use, Neumann et al. (2010) developed a
spatially comprehensive GIS-based modeling approach to
estimate the costs of adaptation strategies such like pro-
tection, elevation, and abandonment in New Jersey’s
Atlantic coast. In terms of land use value and real estate,
Kirshen et al. (2008) estimated the potential economic loss
of annual damages of coastal properties in metropolitan
Boston based on some proposed adaptation scenarios by
2100. Peng and Song (2018) assessed the cost-effectiveness
of adaptation projects and introduced the corresponding
enhancements in estimating benefits of building levees to
protect real estate values. However, such studies on in-
frastructures have limitations since infrastructure may be
adapted over time to climate change instead of being built
proactively. Thus, time horizon should be considered in
economic estimates of this sector. For instance, if the time
horizon is large, the costs can be relatively lower because
the total costs are distributed over many years and the
benefits increment could be much higher than before.

3. Methodology and data

3.1. Analysis framework of adaptation planning
strategies

The ultimate purpose of the cost-benefit analysis is to help
decision makers to understand cons and pros of the pro-
posed adaptation planning strategies so that they can
decide which one should be invested. Specifically, the in-
frastructures are public goods that affect different stake-
holders, in a democratic society where each stakeholder is
an independent decision maker, the government must lead
and seek a majority of support and secure funding from a
group of diverse stakeholders. Therefore, to develop an
effective plan to tackle chronic hazards, we must look
beyond the engineering benefit aiming at acute hazards,
and think about general adaptation by considering long-
term socioeconomic response and population dynamics.

In this study, the analysis framework of the entire pro-
cess can be seen in Fig. 1. First, we need to predict sea
level in the planning years based on the semi-local pre-
diction model, which not only considers global impacts but
also takes local terrains into consideration. Second, we are
going to use the modified bathtub model to map the
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inundated regions over planning years. Then, based on the
inundation map, we can extract the inundated in-
frastructures like land use and road network. From the
perspective of urban planning, we mainly analyze the
planning strategies in terms of accommodation and pro-
tection of infrastructures. Third, four planning strategies
with specific scenarios are developed and three ways to
calculate the benefits are introduced. To be specific, in
addition to the typically considered direct impacts such as
land price loss and property value loss, we will also think
about some indirect socioeconomic impacts like the job
opportunities loss, the increasing travel time, and the in-
frastructures’ interaction effect such as which between
drainage system reconstruction and neighboring land price
changes. Based on estimation of the present value of net
benefits and assessing cost-effectiveness of the proposed
strategies, we are able to compare the performance of
each strategy. Eventually, the results will be used to sup-
port the adoption and implementation of strategies for
decision makers.

3.2. Spatiotemporal analysis of inundation

Considering there still exists a debate in sea level pro-
jections, it is difficult for coastal managers and planners to
propose and improve their decisions and strategies towards
insightful and prospective adaptation planning. At a global
level, the most recent Intergovernmental Panel on Climate
Change (IPCC) 5th Assessment Report (AR5) claims that the
global mean sea level will likely (i.e., medium confidence)
rise by 0.52 m—0.98 m by 2100 (IPCC, 2013). Other
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projections put global SLR as high as 2 m (Pfeffer et al.,
2008), approximately twice the high-end “likely” pro-
jections of IPCC AR5. Regardless of the magnitude of the
projections, there is a consensus that sea level does have
been rising, and recent observations and numerical
modeling of Greenland and Antarctica glacial and ice sheets
even suggest that the rise may have been accelerating
(Nerem et al., 2018). The global projections obviously may
not apply to each local community, since SLR depends on
the local terrains. The coastal communities in Southeast
Florida adopt the SLR projection models developed by Na-
tional Oceanic and Atmospheric Administration (NOAA) as
well as United States Army Corps of Engineers (USACE).
These models base their projections on the data from
nearby tide gauges (Parris et al., 2012) and are more ac-
curate. Nevertheless, predicting the future is not a sure
thing. For this reason, in our analysis, we shall consider
multiple scenarios and employ the most state-of-art semi-
localized SLR model projections in 2040, 2060, 2080 and
2100. In other words, the global and local projections are
both considered in the prediction model.

The SLR projection models of each coastal region share
an identical function as below, which has been widely used
in existing studies (Fu and Song, 2017). The parameters
under different scenarios determine the distinct accelera-
tion rate of sea level, leading to the variations of sea level
prediction.

AE=E(AT,) — E(AT;)=a(AT; — ATy) + ﬁ(ATf - AT22>7 (1)

where AE is sea level variation from the adaptation plan-
ning project beginning year (i.e., 2021). AT; means
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Table 1  Gauge station sea level prediction.

Sea Level Station MHHW NAVD88 o NOAA 2040 2060 2080 2100
High g Scenario Scenario Scenario Scenario

Panama City 1.428 1.189 2.29 x 1073 1.56 x 10~* 0.543 0.951 1.245 1.902

Apalachicola 1.799 1.539 2.23 x 1073 1.56 x 10~* 0.563 0.970 1.241 1.897

Pensacola 2.952 2.667 2.36 x 1073 1.56 x 10~* 0.591 1.000 1.249 1.907

MHHW: Mean Higher-High Water; NAVD88: North American Vertical Datum of 1988; Unit: m.

objective year subtracting reference year which should be
1992 in this case. AT; represents the time difference be-
tween the beginning year and reference year. « is the rate
of mean SLR at a local level, which is 0.00239 (meter per
year) based on the relative sea level trend in Northwest
Florida from NOAA. Typically, 8 is the acceleration rate of
global sea level, which is determined based on different
SLR projections. Specifically, 8 under NOAA High is
1.56 x 10~* m, under USACE High as 1.13 x 10~* m, under
IPCC AR5 RCP8.5 Median as 4.684 x 10~°> m, and under
NOAA Intermediate Low/USACE Low as 2.71 x 10> m. The
worst-case scenario analysis is often conducted in SLR
prediction (Lu et al., 2014) so that we take the value of g8
under the NOAA scenario.

To delineate the inundated area under different sce-
narios, we adopted the modified “bathtub” model based on
the local digital elevation model (DEM) (accessed by Sea
Level Rise Viewer, available on the website of NOAA Coastal
Services Center). Three tide stations are set in the North-
west Florida (Station 8729840, Pensacola; Station 8729108,
Panama City; Station 8728690, Apalachicola, see Table 1)
from NOAA (available on the website of NOAA Tides &
Currents). In the context of GIS analysis, hydrologic con-
nectivity can be explained by the four-side rule (only
considering cardinal directions) or eight-side rule (consid-
ering both cardinal and diagonal directions) (Fig. 2). Again,
to conduct the worst-case scenario, this study adopts the
eight-side rule to display maximum potential inundation
(Gesch, 2009), which makes flooding follow more explicit
hydrologic behavior on the surface.

3.3. Adaptation planning strategies

Based on the adaptation planning strategies proposed in the
previous literature (Yohe and Schlesinger, 1998; Lu et al.,
2014), we can summarize into four categories: doing
nothing, protection, accommodation and managed reloca-
tion. Seawalls are built to protect land, property and road
network from being flooded. Inundated road segments
elevation is employed to guarantee routes accessibility for
commuting trips. However, in reality, it is not practical for
the local government to implement all types of adaptation
planning strategies considering the total cost. Hence, we
propose four strategies in Table 2 to take possible and
feasible scenarios into consideration. The location plan of
sea walls for scenarios A, B, and C can be found in Fig. A1.
Note that the location plan of scenario D is the same as the
SLR inundated regions since we considered elevating all
inundated road segments for this planning scenario. Given
the proposed adaptation planning strategies, we need to
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calculate the benefit and cost of each of them. The cost is
fixed once the planning strategy is selected, but the benefit
of the chosen strategy depends on the economic analysis
method on adaptation decision making. For a theoretical
purpose, we want to show the difference and significance
of considering indirect impacts as well as infrastructure
interdependence in the adaptation planning strategy. In
practice, we can provide the decision makers with multiple
choices in terms of coastal infrastructure planning invest-

ment strategies.

Table 2
calculation.

Adaptation planning strategies and benefit

Adaptation Planning
Strategies

Benefits Calculation
methods

(A) Only adopting shoreline
protection strategy. 1-m
seawall can be built so
that land, property and
road network can be
protected.

(B) Partial shoreline
protection and
accommodation. In this
case, the residential and
special land use are
protected by 1-m
seawall. The agricultural
land and lower value
land will be suggested to
accommodate the SLR.
Inundated road segments
will be elevated.

(C) Partial shoreline
protection and
accommodation but only
large-scale and high
values residential area is
expected to be
protected. The others
are suggested to
accommodate the SLR.

(D) Only to elevate the
inundated road
segments.

(I) Only direct economic
impacts are considered so
that the land price and
property value can be
saved.

(I) Indirect economic
impacts are also considered
but without infrastructure
interdependence. Not only
land and property values are
saved but also job
opportunities and travel
time saved.

(1) Indirect economic
impacts are also considered
including infrastructure
interdependence, i.e., we
will consider the drainage
system investment caused
by road network elevation
and land price changes due
to the spatial
autocorrelation.
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3.4. Economic analysis models

We can deploy the cost-benefit analysis of the proposed
adaptation strategies on the basis of three benefit calcu-
lation methods. In this case, we calculate the present value
of the net benefit to assess the performance of a strategy,
which can be defined as the net present costs subtract the
net present benefits. The equation can be seen below.

T

PVNB= Z

t=0

B — C,
(1+d)"

where PVNB is the present value of net benefit; B; repre-
sents the benefit in objective year t; C; is the cost in
objective year t; d is the discount rate, which is set as 0.04
in this study for a preliminary analysis. The discount rate is
used to reflect the time value of money, converting future
benefits and costs into the present ones.

High PVNB does not mean the investment of the strategy
is the most worthwhile because the required cost may be
much higher. Therefore, to compare the economic perfor-
mance of the proposed strategies, we employ the Cost-
Effectiveness Analysis (CEA) to show how much benefit can
be achieved if the one-unit cost is invested. Theoretically,
CEA is defined as a type of economic assessment in which
the costs of alternative procedures are compared with re-
sults calculated in a natural unit (Robinson, 1993). CEA is a
practical tool for decision makers to choose the appropriate
strategy. Based on PVNB, it is formulated as:

(2)

PVNB

Si-omear
t=0(14d)t

Apart from the dependence between transportation
network and land use, spatial dependence of land price is
also considered in this study. For instance, the originally
unaffected land may become the coastal land if the
neighboring lands are inundated so that the land price may
increase. Lu et al. (2014) have examined that the spatial
dependence of land price in the coastal city of Florida ac-
cording to the spatial econometric models. To reflect the
spatial dependence of land price and calculate the poten-
tial increase or loss of neighboring regions, we employ the
Spatial Lag Model (SLM) and the Spatial Error Model (SEM),
which are widely-used spatial econometric models in
academia. Spatial econometric models hold the assumption
that apart from elements within each location, the neigh-
boring observations also contribute to the dependent vari-
ables (Liu et al., 2017). Specifically, the SLM have
endogenous interaction effects among the dependent var-
iable (y) and the SEM shows interaction effects among the
error terms (g). The SLM model can be defined as follows:

CEA= (3)

y=pWy +al, + XB+E,E~N(0,81,),

where p is the autoregressive parameter vector and W
represents the N x N spatial-weighted matrix; y is the
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dependent variable (N x 1); X means independent variables
(N x K); I, means the intercept (N x 1 vector).
The SEM model can be expressed as:

y=XB+aly+ AWu +&,E~N(0,6l,),

where 1 is the spatial autocorrelation parameter; u repre-
sents residuals (N x 1 vector).

The study region can be divided by TAZs, and the
endogenous variables are employment density, population
density, and building density. The dependent variable is the
average land price and the influence (W) of the dependent
variable in SLM will be weighted based on the distance
between TAZs. The model which performs better will be
used for the economic analysis in this study.

4. Study area and data

4.1. Study area

As one of the most vulnerable regions in the US in terms of
climate change, Florida suffers from sea level rise (Lu
et al., 2014; Saha et al., 2011). It is estimated by
Parkinson (2009) that the sea level rise adaptation and
mitigation will cost Florida millions of dollars in 50 years. In
this work, Northwest Florida, which contains 13 counties, is
selected as a study region for the long-time threat from SLR
and storm surge (Fig. 3). The objective year in this study is
set as 2040, 2060, 2080 and 2100 on the basis of existing
local planning documents and reports.

4.2. Data

As for the data resource, Florida Geographic Library (FGDL)
provides free access to parcel-level land use and property
value information. As we mentioned in Section 3.1, the
increasing travel time is also considered as a type of indi-
rect impacts of inundated road segments. Travel time in-
crease can be computed in the FSUTMS model which is
supported by Cube software. The FSUTMS provides North-
west Florida Regional Planning Model (NWFRPM) online and
the model itself contains employment data at TAZ level.
The value of travel time is usually measured in half of the
hourly wage of Florida in the year 2017. The Bureau of
Economic Analysis indicates that the average wage in
Florida is 25.2 dollars/(hour x person) so that the value of
travel time is 12.6 dollars/(hour x person). Besides, the 1-
m seawall construction fee is 3,280,840 dollars/kilometer
and the annual maintenance fee is 328,084 dollars/kilo-
meter (Lu et al., 2014). The average cost of 1-m road
elevation is set as 1,242,742 dollars/kilometer. The
drainage system construction fee is 133,421 dollars/kilo-
meter and the maintenance fee is 22,966 dollars/kilometer.
Given the above cost data, we can conduct the cost-benefit
analysis in the study area.
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5. Results

5.1. SLR impacts on infrastructures

According to the method introduced in Section 3.2, we can
map the inundated region over four planning years (Fig. 4).
Then, the SLR inundated regions can be overlaid with the
infrastructure like transportation network (Fig. 5) and land
use (Fig. 6). The FSUTMS model is run to compute the dif-
ference of travel time before and after inundation, which is

Study area.
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based on the classic Bureau of Public Roads (BPR) function.
Table 3 indicates the specific information of the impacted
land use area and road segment length in the doing nothing
scenario.

5.2. Economic analysis
Before going through SLM and SEM, we calculate the Mor-

an’s | index based on the coastal cities and TAZ data in
Northwest Florida, which is a metric to show the spatial
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autocorrelation of the dependent variable. The Moran’s |
index is —0.11 with the corresponding standard deviation
and the P value of 0.0074 and 0.032, respectively. The re-
sults demonstrate that the land price is negatively auto-
correlated among TAZs, and the spatial autocorrelation is
significant in statistics. By testing the OLS regression first,
we then calibrated SLM and SEM. Table 4 shows the results
of spatial econometric models. Obviously, the endogenous
variables in both models are all significant. However, for a
closer look at the specific values, we can find that the ab-
solute coefficient values of endogenous variables in SEM are
greater than that in SLM. It can be explained that the
spatial autocorrelation by SEM is reflected in error so that
the greater coefficients can be obtained. For economic
impacts estimation in this study, we select SLM because the
R square of SLM (0.842) is higher than SEM (0.827) and OLS
(0.834). Then, we let the land price of inundated regions
equal to zero and run the empirical SLM to recalculate the
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land price so that the unaffected land value changes can be
obtained.

Table 5 indicates that most of the proposed strategies
have positive PVNB values, i.e., these strategies are
economically reasonable to be accepted by decision
makers. Obviously, strategy (D) stays negative value give
any benefits calculation methods. It can be explained that
there is no benefit (method I) or not enough benefit
(methods Il and IIl) of strategy (D) because only travel time
savings can be seen as benefits in this case. For a closer look
at the method (l), which does not include indirect inunda-
tion impacts, we can find that strategy (A) has the highest
PVNB value, but the CEA analysis does not demonstrate it is
the most cost-effective. The results can provide a more
straightforward way for the decision makers to choose their
investment strategy.

The signs of CEA results are consistent with that of
PVNBs. To be more specific, the CEA values of strategy C
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calculated by method (lll) are higher than other strategies
because only critical lands are protected in this case no
matter whether the infrastructure interdependence is
considered. If we compare the results of CEA from a cross-
sectional perspective, we can find that the method (Ill)
shows the biggest cost-effectiveness value. The reason is
that the method (lll) considers the most types of indirect
impacts and the land price increase derived from spatial
autocorrelation outweighs the cost of drainage system
reconstruction and maintenance. However, if we compare
the CEAs over four planning years, the attractive finding is
that farther planning year from now does not mean higher
effectiveness, even though the PVNB may be still
increasing. For example, the CEA values for the year 2080
are significantly lower than the values in other years. It can
be explained that the inundated area does not linearly in-
crease for the ground truth of the terrain, buildings and so
on, i.e., the inundated area in 2080 does not increase too
much compared to the year 2060 so that the benefits in-
crease is not sufficient as the year from 2040 to 2060.

Overall, whatever the benefit calculation methods
taken, if the decision makers only care about the total
benefits, the protection of whole shoreline seems to be the
best choice. However, if they want to make every cent pay
off in this project, partial protection for critical land use
and elevating the road segments ought to be recommended
by planners. Another interesting finding is that the strategy
(A) and strategy (B) are close in terms of the CEA value
while the benefits of strategy (A) is much greater than
strategy (B).

5.3. Sensitivity analysis

In the cost-benefit analysis, we set the discount rate as
0.04. However, the discount rate may vary over time in the
real world, which means there are uncertainties impacting
the output of the mathematical model. Therefore, an
essential step of the cost-benefit analysis is to define the
discount rate (Peng and Song, 2018). In this study, we
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recalculate the benefits and costs of the proposed strate-
gies by method (ll) in the planning year 2040. The results
are displayed in Table 6. Overall, except for the strategy
(D), the project will make profits regardless of the discount
rate value. we can see that the total benefits and PVNBs
decrease if the discount rate increases. Therefore, we can
make a safe conclusion that PVNBs are not sensitive to the
discount rate.

The results of discount rate sensitivity also indicate
planning implications for decision makers. More specif-
ically, if decision makers expect the invested project to be
effective in the future, they may want the discount rate to
be large. However, in this sense, the corresponding PVNB
values will decrease if the CEA value increases. Hence, if
the planners want to maximize the social and economic
benefits, it is a significant tradeoff for decision makers
considering the demands from different stakeholders, like
the corporations, city government and residents.

6. Discussion and conclusion

So far, we still have not mentioned the limitations of this
study yet. First, we want to discuss the indirect impacts
factors considered in this study. We do not extend the
scope of this study to all economic sectors because we want
to focus on the infrastructure that planners can handle
with. For instance, sand barriers can be impacted by
seawater erosion, making the protected coastal land more
vulnerable, which may decrease the land price indirectly.
In addition, if the sea walls are built along the shoreline,
the land price and tourism industry can be negatively
influenced, not to mention the economic loss of the fishery
and recreation industry.

Second, the adaptation strategies are proposed from the
perspective of infrastructure and physical planning, in
other words, we only take the accommodation and pro-
tection into consideration in this case. However, in some
cities, managed relocation for residents may be feasible
because the costs of protection strategies may exceed the
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Table 3

Economic impacts under different strategies.

SLR Strategy Actions Costs Avoided Loss (Benefits)
Scenario Direct Indirect
Seawall Road Stormwater Seawall Road Annual Seawall Stormwater Inundated Inundated Job Value of Unaffected
(km) elevation System (km) Construction elevation Maintenance  System Land Property  opportunity travel time land value
(km) (million §)  (million $) (million $) Construction value loss value loss loss (jobs) (million $) (million $)
(million §) (million $)
2040 Plan No. 0 0 0 0 0 0 0 9566 4918 10,254 187 1150
A 806 0 0 2644 0 264 0 0 0 0 0 0
B 540 125 125 1772 155 177 17 3143 1265 2434 0 452
C 216 278 278 709 345 71 37 6733 2504 6866 0 759
D 0 519 519 0 645 0 69 9566 4918 10,254 0 1150
2060 Plan No. 0 0 0 0 0 0 0 10,925 5944 11,073 244 1317
A 806 0 0 2644 0 264 0 0 0 0 0 0
B 540 276 276 1772 343 177 37 3241 1325 3424 0 272
C 216 377 377 709 469 71 50 6987 2915 7240 0 753
D 0 657 657 0 816 0 88 10,925 5944 11,073 0 1317
2080 Plan No. 0 0 0 0 0 0 0 11,727 6203 12,521 297 939
A 806 0 0 2644 0 264 0 0 0 0 0 0
B 540 329 329 1772 409 177 44 3525 1473 3896 0 464
C 216 425 425 709 528 71 57 7120 3211 7413 0 630
D 0 783 783 0 973 0 104 11,727 6203 12,521 0 939
2100 Plan No. 0 0 0 0 0 0 0 19,165 7672 13,603 381 1548
A 806 0 0 2644 0 264 0 0 0 0 0 0
B 540 523 523 1772 650 177 70 4677 1923 3122 0 778
C 216 692 692 709 860 71 92 8004 3455 8202 0 930
D 0 1207 1207 0 1500 0 161 19,165 7672 13,603 0 1548

G06—168 (£207) T} YdJeasay 1ednidaliydiy JO SIdluol
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Table 4 Spatial economic model regression results.

avoided damage considering the high maintenance fee and
the life cycle of infrastructures. Besides that, to compen-

Variables SLM SEM sate for the cost of infrastructure system adaptation mea-
Coefficient Z value Coefficient Z value sures, financial strategies and policies would be taken by
the local government, such as storm-water tax or bonds.
. N - However, when the sea level continues to rise, the financial
Emgl:r:/gmt?/nt e A At e system may not work at some point, or it becomes so
) - s expensive that residents may rethink their location de-
Populat1.on —0.231 —9.672  -0.248 —9.877 cisions, especially at coastal areas with limestone where
.De.n51ty e - water can seep through limestone underneath the sea wall
B“‘ldmg, ez S L5 L2 and flood the street from the back end. When residents
DETSIE; start to migrate to other areas, there would be a cascading
CarsET Joiz L2 Jugte LU effect at the coastal regions, as the properties would lose
22 0.842 gg; 4.886 their values, the city would be no longer able to issue
: : bonds, while all the infrastructures would stop function,
W el =l and the insurance company would stop issuing insurance to
*** p<0.01. properties. Therefore, it would be extremely complicated
Table 5 Results of economic analysis.
Year No. PVNB (million $) CEA
| Il Il | ] 11}
2040 A 133,177 142,547 159,166 1.75 1.87 2.09
B 92,090 99,878 109,964 1.72 1.87 2.05
C 49,859 54,765 60,415 1.92 2.1 2.33
D —10318 —7616 —7616 —1.00 -0.74 —0.74
2060 A 201,968 216,952 243,536 1.46 1.57 1.76
B 147,800 159,673 180,767 1.47 1.59 1.80
C 92,939 101,346 112,731 1.95 2.12 2.36
D —18248 —13323 —13323 —1.00 -0.73 -0.73
2080 A 228,009 247,630 269,041 1.26 1.37 1.51
B 163,323 178,946 189,777 1.24 1.36 1.48
C 111,350 123,364 130,410 1.80 1.99 2.18
D —24559 —17786 —26406 —1.00 —0.72 —0.88
2100 A 437,556 461,388 498,536 2.12 2.23 2.41
B 329,950 350,411 368,889 2.12 2.25 2.37
C 290,709 305,685 320,515 3.71 3.90 4.09
D —39859 —-30716 —30716 —1.00 -0.77 -0.77
Table 6 Sensitivity analysis—parameter for discount rates from 1% to 10%.
Discount Rate PVNB CEA
A B C D A B C D
0.01 187,915 131,847 72,888 —10361 1.71 1.72 1.97 -0.74
0.02 170,615 119,652 65,959 —9306 1.77 1.77 2.02 -0.74
0.03 155,613 109,080 59,968 —8399 1.82 1.82 2.06 —0.74
0.04 142,547 99,878 54,765 —7616 1.87 1.87 2.1 -0.74
0.05 131,119 91,831 50,227 —6937 1.93 1.92 2.15 —0.74
0.06 121,081 84,767 46,253 —6346 1.98 1.97 2.20 —0.74
0.07 112,228 78,540 42,757 —5829 2.03 2.02 2.25 —0.74
0.08 104,390 73,028 39,671 —5376 2.09 2.07 2.29 —0.74
0.09 97,422 68,131 36,935 —4976 2.14 2.12 2.34 —0.74
0.10 91,205 63,763 34,500 —4623 2.20 2.17 2.38 —0.74

Planning year: 2040; Il impacts.
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if we consider all the cascading effects of the process of
infrastructure adaptation planning.

Third, the uncertain and imperfect markets are barriers
to adaptation planning (Stern, 2006). Uncertainty in terms
of the future sea-level scenarios and the corresponding
influence has been a common challenge to economic
analysis. Typically, in the sea level prediction, temporal
uncertainty is accompanied with the spatial difference in
the impacts of global warming which are still not
adequately examined. For example, as global temperature
increases, some coastal counties are likely to suffer from
higher sea level rise whereas others are expected to face
lower sea level. Considering we only have three stations in
Northwest Florida, this makes economic analysis over
regional scale less reliable in predicting each city’s sea
level. Moreover, additional concerns of SLR prediction ari-
ses from the hurricane and extreme weathers. In one word,
there still lacks a uniform model in predicting the SLR in
academia so that the economic analysis results should be
used with caution.

In summary, this study conducts the economic analysis of
infrastructure adaptation strategies responding to SLR in
Northwest Florida. we start the research with SLR prediction
and the inundated region mapping according to a semi-local
sea level prediction model. Then, we overlay the inundated
regions with land use and road network to identify the
impacted infrastructures in four planning years respectively.
Deriving from the conventional adaptations like accommo-
dation and protection, we propose four strategies in this
study to help the coastal cities adapt the SLR. Apart from the
strategies, three calculation methods are introduced which
combine the direct and indirect impacts on different pur-
poses. The method (lll) which considers both the direct and
indirect impacts, as well as the infrastructure interdepen-
dence, is demonstrated to produce the most PVNB value and
CEAvalue. As revealed by the results, strategy (A) is supposed
to output the most PVNB but the strategy (C) is recommended
for the decision makers because it shows advantages in terms
of cost-effectiveness. Finally, the sensitivity analysis of the
discount rate is also developed to demonstrate that the re-
sults are not sensitive to the discount rate.

In addition to the application of coastal cities in the face
of sea level rise, our analysis approach can also be uni-
versally applied to the flooding research in all cities. For
example, the inundation analysis can be performed to
analyze the flooding area of a city and interconnected in-
frastructures need to be considered in the analysis as well.
Furthermore, the economic analysis models in this work can
be used for flooding mitigation analysis to understand the
cost-effectiveness of green infrastructures and stormwater
management strategies.

In conclusion, regardless of the PVNB or the CEA values,
the results all indicate that the consideration of infrastruc-
ture interdependence does not impact the selection of the
proposed strategies for the decision makers, but it does
make them clearer and more convinced of the benefits
derived from the strategies. The hypothesis is rejected in
this study because the CEA results demonstrate that the year
2080 could be less effective than year 2060 while the PVNB
change over time is consistent with the hypothesis. Overall,
the analysis framework and methods in this work can be
replicated to other research associated with SLR adaptation
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planning. A functional, resilient and adaptive infrastructure
would enhance the property value, increase the tax base and
enable the community to be more adaptable.
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