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Abstract
Sea-level rise due to climate change is clearly an important problem. This paper uses game
theory in conjunction with discounting to explore strategies by which governments might
encourage pre-disaster relocation by residents living in areas at high risk of flooding due
to sea-level rise. We find that offering a subsidy (e.g., a partial buyout) can be effective if
government has a significantly lower discount rate than residents. We also present
extensions to our model, exploring the use of a fixed annual benefit after relocation (instead
of a one-time subsidy), and hyperbolic instead of standard exponential discounting.
Numerical sensitivity analysis elucidates many important factors affecting the timing of
anticipatory relocation, since for example relocating too soon may be costly to both
residents and government if flooding risk is increasing only gradually. This conceptual
model also provides a foundation for future studies that quantify the model with more
realistic parameter values (e.g., realistic estimates of flooding probabilities), and alternative
behavioral models of resident decision making.
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Introduction

Preparing for sea-level rise is a long-term process that will unfold over a period of
years. The required planning is complex, and may involve numerous stakeholders, suitable
timing, and appropriate relocation assistance. One aspect of this complexity is the
problem of conflicting timescales—the fact that government typically has a lower “social
discount rate” than most private companies or individuals/households. This suggests that
investment in preparedness may require coordination between public and private decision
makers in order to achieve desirable social goals, since high individual and/or corporate
discount rates create a barrier to anticipatory relocation. Thus, future flooding may loom
larger for government decision makers (with low social discount rates) than for many
private decision makers, and governments may wish to take action sooner than private
decision makers would (to avoid even a modest risk of severe flooding). One way to
resolve this would be for government to create incentives or “nudges” (e.g., subsidies for
relocation, or tax breaks for inland areas) to encourage private individuals and companies
to start moving away from vulnerable coastal areas before they otherwise would. This
paper investigates the conditions under which government can incentivize populations at
risk to relocate earlier, and is predicated on the greater desirability of voluntary proactive
migration rather than “forced displacement” after a disaster.
Numerous mechanisms exist to encourage proactive relocation. Examples
include:






Reducing or eliminating subsidies under the National Flood Insurance Program.
Imposing special hazard-district fees for coastal properties.
Tax incentives to encourage inland development.
Buyouts of flood-damaged properties.
Modifications to make the Stafford Disaster Relief and Emergency Assistance Act
less generous.

If successful, such incentives could reduce costs in multiple ways. First, homeowners
and companies choosing anticipatory relocation would avoid the property loss and
disruption of severe floods. Those choosing anticipatory relocation would also have time
to identify economically desirable new locations (Eyer et al., 2016). Moreover, through
suitable incentives to influence behavior at the “tipping point,” governments would be able
to transfer some of the costs of relocation to the individuals themselves, and may be able
therefore to incentivize relocation at a cost significantly less than a total buyout.
This paper models the process of inland relocation in response to sea-level rise as a
“game” between government and residents. In this game, the government is the first
mover, and determines what subsidy (if any) to offer to coastal residents who relocate to
lower-risk inland areas, in order to minimize the expected net present value of both the
expected flood losses and the size of the subsidy. The residents then respond to the

subsidy, and decide when to move, by determining the time at which the cost of moving
(minus any subsidy) becomes less than the expected net present value of future flood losses.
Note that in addition to the direct economic effects of incentives to encourage relocation,
announcing such incentives might also serve an informational purpose, making flood risk
more salient to residents in their decision making and “raising risk awareness” (Aerts and
Botzen, 2011); however, we do not propose to quantify this informational effect.
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Background and Literature Review

2.1 Population Relocation due to Disasters
Many types of disasters can cause population displacement, including nuclear accidents
(Pascucci-Cahen, 2014; Silva et al., 2014; Bier et al., 2014), terrorism (e.g., Buddemeier et
al., 2011), natural disasters such as earthquakes (Schulz, 2015) and hurricanes (Richardson
et al., 2008; Goldman and Coussens, 2007), and coastal flooding due to climate change
(Busby, 2007; Melillo et al., 2014; Udvardy and Winkelman, 2014). Oliver-Smith (2018)
notes in particular that “the global intensification and frequency of climate-related hazards
have increased both the incidence and the likelihood of large-scale population dislocations
in the near future.”
However, coastal flooding due to sea-level rise is almost unique among these causes,
since it is possible to know with some certainty well in advance which cities are most likely
to be affected—e.g., Tampa, Miami, New Orleans, Boston, and New York within the U.S.
(Hallegatte et al., 2013; Environment News Service, 2013), and those areas may be affected
permanently. In fact, it is even possible to estimate the increase in flood frequencies due
to sea-level rise (Kopp et al., 2014; Buchanan et al., 2016). Thus, even though the effects
of climate change can be expected to be intermittent and uneven, making it unclear to what
extent an observed flood is a one-time event or a signal of a worsening trend (Trenberth et
al., 2015), knowledge of which cities are most likely to be affected can facilitate proactive
planning such as anticipatory relocation.
In anticipation of climate change, discussion and preparations have recently begun
for relocation of entire coastal villages—e.g., Isle de Jean Charles, Louisiana (Davenport
and Robertson, 2016); Kivalina, Koyukuk, Newtok, and Shishmaref in Alaska (U.S.
Government Accountability Office, 2003; Mele and Victor, 2016). However, these efforts
generally affect only small communities, and are extremely costly (on the order of up to $1
million per person). Huntington et al. (2012) emphasize that “Spending up to US $1 million
per person to respond to one manifestation of climate change is clearly a major
commitment…, and may be politically untenable,” and more cost-effective solutions must
be found.
Specifically, the Risky Business Project (2014) estimates that climate change will
cost the U.S. hundreds of billions of dollars by the middle of the 21st century in “lost
productivity, inundated housing and infrastructure along coasts, and plunging crop yields
in key farming regions” (Spotts, 2014). The Risky Business Project predicts that $66 to

$106 billion of property will be below sea level by 2050, and $238 billion to $507 billion
by 2100, with more than half of the U.S. population living in coastal counties. Similarly,
Melillo et al. (2014) estimate that “more than $1 trillion of property and structures are at
risk of inundation from sea level” between 2050 and 2070. Thus, Haer et al. (2013) estimate
that coastal flooding could result in the need to relocate several million people, with
impacts on U.S. GDP on the order of $100 billion. More dramatically, taking anticipated
population growth into account, Hauer et al. (2016) estimate that up to 13 million people
may eventually need to relocate away from coastal areas due to climate-related flooding;
in fact, they observe that “the absence of protective measures could lead to US population
movements of a magnitude similar to the twentieth century Great Migration of southern
African-Americans.” Hallegatte et al. (2013) identify New Orleans, Miami, and Tampa as
among the hardest-hit U.S. cities; New York and Boston are also sometimes cited among
cities at great risk (Environment News Service, 2013). Therefore, given the likelihood of
permanent sea-level arise affecting major urban areas, we need to be prepared to relocate
large numbers of people in a cost-effective manner that also minimizes the social disruption
and personal hardship experienced in the aftermath of Hurricanes Katrina and Sandy.
However, most efforts to date focus primarily on seawalls or flood-proofing of
buildings in at-risk areas (Kirshen et al., 2008) and/or more resilient infrastructure systems
such as backup generators or distributed generation (Udvardy and Winkelman, 2014), even
though Freudenberg et al. (2016) note that “Managed retreat is the strategy that most
effectively eliminates risk.” Where retreat is considered, it tends to be only after flooding
has occurred (Kirshen et al., 2008). Note, however, that retreating from affected areas only
after significant flooding does not prevent the loss of personal property and personal,
economic, and societal disruption that accompanies a disaster. For example, Eyer et al.
(2016) note that evacuees in the near aftermath of Hurricane Katrina tended to settle near
New Orleans (“with little consideration for destination…characteristics” such as “wage
rates, unemployment, and the cost of living”), while those who left New Orleans at other
times (e.g., for economic reasons) chose destinations with more favorable economic
conditions. Therefore, it makes sense to explore mechanisms for encouraging relocation
prior to a disaster (or after floods but before catastrophic levels of sea-level rise), such as
zoning, buyouts, tax incentives, and public-private partnerships (Meyer and Kunreuther,
2017).
Not surprisingly, Kirshen et al. (2008) finds retreat to be cost-effective in less
densely developed areas, with options such as seawalls more desirable in highly populated
areas (since the cost of the seawall can be amortized over a larger amount of property to be
protected). However, seawalls can be expected to provide only temporary protection in the
face of continued increases in sea levels, and are not effective in places with porous
geology, such as Florida. In addition, the apparent safety provided by seawalls tends to
attract more development to flood-prone areas, thus increasing long-term vulnerability
while decreasing short-term damage (Hino et al., 2017). Not surprisingly, Turner et al.
(2007) find that the optimal choice of strategies is crucially dependent on the time horizon

and discount rate assumed in the analysis, with managed retreat viewed more favorably
over longer time horizons. Thus, engineering strategies focused on keeping water out of
populated areas may be ineffective against long-term continuing sea-level rise.
Barriers to the adoption of managed retreat are important and numerous (Bierbaum
et al., 2013; Biesbroek et al., 2011, 2013, 2014; Eisenack et al., 2014; Ekstrom and Moser,
2014; Freudenberg et al., 2016; Treuer, 2017). One significant barrier that is directly
addressed by the model presented in this paper is the problem of “conflicting timescales”
(see for example Biesbroek et al., 2011, 2013; Treuer, 2017)—in particular, the need to
address climate change over a timescale of decades in the face of shorter-term priorities.
Our model is also predicated on the greater desirability of voluntary migration
rather than “forced displacement” after a disaster. In particular, forced displacement has
been found to result in significant health risks, including risks to mental health
(“fragmented social networks and separation from family, loss of familiar social contexts,
poor social connections, diminished sense of belonging, economic deprivation, inadequate
housing, little educational and job security”; McMichael et al., 2012). Likewise, Ingram
et al. (2006) noted the problems created by “hastily devised post-disaster policies” after the
tsunami of 2004, which relocated people to regions where they did not have desirable
“livelihood opportunities” due to a perceived need to “act quickly.” Okada et al. (2014)
similarly noted that “Living standards are low” in the near-term aftermath of forcible
resettlement, and that “This stage can last many years or indefinitely if poorly managed”
(see also Oliver-Smith 1991, Partridge 1989). Less amenable to quantification, but
potentially important, forced relocation can also lead to noneconomic hardship—e.g.,
elderly residents leaving their longtime homes and neighborhoods for low-income
apartment complexes in other towns (Lieb and Salter, 2011).
Encouraging voluntary anticipatory migration by individuals or households may
thus be a means of reducing not only cost but also social vulnerability, by maximizing the
opportunities for self-determination—i.e., allowing people to choose both the time of their
moves, and their new locations (to best suit their personal needs, resources, and economic
opportunities). Changes that are perceived as overly onerous for residents could also be
phased in gradually over time, to allow residents who cannot accommodate increased
property taxes or actuarially fair insurance costs to relocate in a planned manner; in fact,
this was already done for second homes and commercial properties, as part of recent floodinsurance reforms (Hayat and Moore, 2015).
Note that even government may not want to encourage relocation too soon. First,
that would entail loss of the substantial economic benefits of agglomeration (e.g., Ellison
et al., 2010). For example, there are sizable benefits to having musicians living in the
French Quarter (rather than living outside New Orleans and commuting into town), or for
companies that service the shipping industry to be located near the ports in Norfolk. Such
concentrations of expertise and capital are valuable economically, so it is desirable to
maintain critical expertise, capital, and efficiencies as long as possible. Moreover, even
if the benefits of agglomeration are not significant on a societal scale, local considerations

such as loss of tax base, tourism, or other revenues can also lead government not to favor
early relocation.
We are also of course aware that government is not a unitary actor. For example,
in some cases, the Federal Emergency Management Agency may pay both the cost of
buyouts and the costs of post-disaster assistance—but in other cases, local tax districts may
bear the cost of encouraging relocation while other agencies benefit from reduced postdisaster costs. Similarly, even a jurisdiction that wishes to incentivize inland relocation
may find itself susceptible to political pressure from local constituencies over short-term
goals (e.g., a school district may build new schools in coastal areas to satisfy the needs of
the current population, at the same time as city planners or “chief resilience officers” may
be working to encourage migration away from the coasts). Likewise, residents are not
homogeneous, and may for example have different discount rates and different relocation
costs.
However, we believe that even a simplistic game-theoretic model can still provide
useful insights into the barriers created by conflicting timescales, and strategies for
overcoming those barriers.
2.2 Game Theory for Relocation and Disaster Management
Game theory has historically been applied to problems of population relocation and
migration by Nagurney and colleagues (Nagurney 1990 1999; Nagurney et al., 1992, 1993;
Pan and Nagurney, 1994). In particular, Nagurney (1990) noted that “the cost of
movement reflects not only the cost of transportation…, but, also, the ‘psychic’ costs
associated with dislocation,” something that had been ignored by some economic research
on migration. Nagurney et al. (1992, 1993) extend this model to accommodate different
“classes” of individuals (which could in principle encompass not only different economic
classes, but for example different age groups, etc.). Pan and Nagurney (1994) extend the
model to encompass multistage migration (in which, for example, people may move from
one location to another in search of economic opportunities, but then move back if the new
area becomes too congested), and Haug (2008) considers the role of social networks and
“location-specific social capital” in migration and return decisions.
Recently (following September 11), there has also been increased interest in
applications of game theory for disaster management. Seaberg et al. (2017) provide a
review, ranging from prevention to preparedness to response and recovery. Nagurney
(2017) notes that there has been relatively little work done in this area, but presents a
rationale for why game theory can be useful in improving disaster management—for
example, modeling disaster relief as a game between competing nongovernmental
organizations, and demonstrating the potential benefits of collaboration.
Many of the papers cited by Seaberg et al. pertain to terrorism (where game theory has
been extensively applied due to the intelligent and adaptive nature of the threat), or to
disaster prevention (e.g., Cheung and Zhuang, 2012, focusing on prevention of oil spills).
However, applications to disaster management take a wide variety of forms. For
example, like Nagurney (2017), Coles and Zhuang (2011) focus on game theory as a way

of incentivizing collaboration between agencies, specifically in the context of crosscultural communication.
Guan and Zhuang (2015) consider public-private partnerships for disaster
preparedness (where for example the private sector could consist of homeowners, as in our
model), and explore the conditions under which public subsidies can either encourage
private investment, or “crowd out” investments that would otherwise have been made by
the private sector. Guan et al. (2018) extend this framework to consider the risk attitude
of private-sector partners, and find that the greatest public subsidies are required in the case
of risk-seeking private partners (since risk-averse partners invest extensively in disaster
preparedness even with little or no subsidy). Hausken and Zhuang (2013, 2016) also
consider interactions between government and the private sector, but in the context of
corporate investment in safety. Rather than subsidies, they consider the effects of
taxation, and note that “Taxation can…ameliorate companies’ incentive to free ride on
governments’ provision of safety efforts” (Hausken and Zhuang, 2016). Of this work,
Guan and Zhuang (2015) is closest in nature to ours, but they focus on differences in the
damage levels experienced by public and private players, not differences in discount rates.
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Notation, Assumptions, and Basic Model



















The notation used in this paper is defined below:
𝑃𝑘 : Probability of flood in year 𝑘 (given by a cumulative Rayleigh distribution),
implicitly assuming only one flood per year (which may be reasonable for the most
severe floods)
𝜆 : Scale parameter for the Rayleigh distribution
𝜇 : Location parameter for the Rayleigh distribution
LG: Loss experienced by government in the event of a flood
LR: Loss experienced by residents in the event of a flood
𝐿 : Loss in the event of a flood when LR = LG
𝐸(𝐿𝑘 ): Expected loss due to flooding in year 𝑘
𝐸𝑎𝑏 (𝑟): Cumulative expected flood loss from years 𝑎 to 𝑏 (inclusive), discounted
to year a at rate r
𝑟𝐺 : Discount rate for government
𝑟𝑅 : Discount rate for residents
𝑀: One-time cost of relocation
𝑘 ° : Year in which residents would choose to relocate in the absence of incentives
𝑘 ∗ : Year in which residents would relocate in the face of optimal incentives from
the government
𝑆𝑘 : Magnitude of subsidy required to induce residents to relocate in year 𝑘
𝐼𝑘 : Binary decision variable indicating whether residents relocate in year 𝑘 (1 if
yes, 0 if no)
𝑜𝑏𝑗: Objective function for government

Consider a game between the government and a coastal resident (or a homogeneous
group of residents), when the probability of flooding is increasing. Each player incurs a
loss if severe flooding occurs in a given year. Let LR be the loss experienced by the
resident(s), and LG be the loss experienced by the government. Of course, the assumption
of a single loss value is somewhat unrealistic given the range of flood severities, but Zhu
et al. (2007) also use this approach. We will further assume here that the two losses are
equal, LR = LG = L (e.g., if the government sees its role as minimizing the total social cost
experienced by residents), but that need not be the case. (Alternatively, for example,
residents may incur the full value of all property loss, and the government only the expenses
involved in emergency response; or the government could reimburse residents for all
property losses, in which case residents would incur only the additional monetary and
intangible costs associated with disruption.) Note also that losses as conceptualized here
need not be limited to direct economic costs but could include social or intangible costs
borne by those relocated (e.g., hardship due to forced relocation). To simplify, we set L
to 1 in our model; this is without loss of generality, since other costs (e.g., M, Sk) can be
scaled appropriately.
We assume that the probability of flooding in a given year is given by a twoparameter cumulative Rayleigh distribution (Dey et al., 2017). In other words, the
probability of flooding in year 𝑘 is given by equation (1) below:
2

𝑃𝑘 = 1 − 𝑒 −𝜆(𝑘−𝜇) , 𝑘 > 𝜇

(1)

where 𝑃𝑘  𝑃𝑘−1 due to climate-related rise in sea levels. For example, Figure 1 displays
this function for values of (λ, μ) equal to (0.005, 0.5), (0.05, 0.5), (0.05, 10), and (0.001,
10).
As can be seen from that figure, large values of μ mean that severe flooding does
not start for some time (although sea-level rise may already be occurring), while large
values of  imply that the risk of flooding increases sharply. The choice of the Rayleigh
distribution is primarily one of convenience, and more complex models incorporating
volatility could also be used (e.g., Gersonius et al., 2013). However, the Rayleigh is one of
the few two-parameter distributions for which the cumulative can be expressed in closed
form, and the use of a two-parameter distribution allows us to vary both the timing and the
speed of sea-level rise. In the following discussion, we use λ = 0.005, μ = 0.5,
corresponding to the upper left plot in Figure 1. The expected loss due to flooding in year
𝑘 is then given by equation (2) below:
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E(𝐿 𝑘 ) = {

𝐿 𝑃𝑘 = 𝐿[1 − 𝑒 −𝜆(𝑘−𝜇) ]
0

𝑖𝑓 𝑘 ≥ 𝜇
𝑖𝑓 𝑘 < 𝜇

(2)

Figure 1 Probability of flood by year
We model the decision of when residents relocate as a game between the
government and the residents. In this game, the government moves first, by choosing
how much subsidy to offer (if any). The residents move second, by making a binary
decision in any given year about whether to relocate out of the flood-prone area (assuming
that they have not yet relocated). Moreover, we let each player have a discount rate, 𝑟𝑅
for the resident(s) and 𝑟𝐺 for the government, where by assumption 𝑟𝑅  𝑟𝐺 . In the
following discussion, we set 𝑟𝑅 = 12% and 𝑟𝐺 = 5% as our base case, but these values
are varied in our sensitivity analysis.
A resident deciding whether to relocate in year k is assumed to compare the cost of
relocation, M, with the expected net present value (NPV) of future flood losses from not
relocating, 𝐸𝑘∞ (rR), as given by
𝐸(𝐿𝑘 )

𝐸𝑘∞ (𝑟𝑅 ) = ∑∞
𝑖=𝑘 (1+𝑟

𝑅)

𝑖−𝑘

(3)

(For now, 𝑀 is assumed to be a one-time cost in the year when the relocation occurs, but
the model could be extended to allow for costs in subsequent years; e.g., to reflect the
ongoing loss of coastal amenities and/or reduced benefits of agglomeration.) Equation
(3) is essentially just the NPV of the loss avoided by relocating in year k, discounted to

year k (the time at which the residents are making their decision) at the residents’ discount
rate of rR. Figure 2 shows how this increases over time, due to the increasing probability
of flooding.

Figure 2 Cumulative NPV of future flood losses by year

Thus, in any given year k, if residents have not yet relocated and a subsidy 𝑆 ∗ is available
from the government to offset moving costs, the residents’ optimization problem is given
by
𝐸(𝐿𝑖 )

min {𝐼𝑘 (𝑀 − 𝑆 ∗ ) + (1 − 𝐼𝑘 ) ∑∞
𝑖=𝑘 (1+𝑟

𝑅)

𝐼𝑘

𝑖−𝑘

}

(4)

where
1 𝑖𝑓 𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑠 𝑚𝑜𝑣𝑒 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑘
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
Government in turn makes its decision at the start of year 0. In particular, it chooses
the amount of subsidy to offer in order to minimize the discounted value of the subsidy
(paid in the year when residents relocate, k) plus the expected discounted flood losses until
year k, as given by
𝐼𝑘 = {

𝐸(𝐿 )

𝑘
𝐸0𝑘 (𝑟𝐺 ) = ∑𝑘−1
𝑖=0 (1+𝑟 )𝑖

(5)

𝐺

and shown in Figure 3.
The minimum value of S that will induce residents to move in year k is the value
that satisfies
𝐸(𝐿𝑖 )

S + 𝐸𝑘∞ = S + ∑∞
𝑖=𝑘 (1+𝑟

𝑅)

𝑖−𝑘

=𝑀

(6)

At equality, the value of the subsidy S plus the NPV of the avoided flood losses is just
enough to justify residents’ incurring the relocation cost M. Solving for S, and taking into
account the constraint that the subsidy cannot be negative, we find
𝐸(𝐿𝑖 )

𝑆𝑘 = 𝑀𝑎𝑥{𝑀 − ∑∞
𝑖=𝑘 (1+𝑟

𝑅)

𝑖−𝑘

, 0}

(7)

(In cases where Sk is 0, the government need not offer any subsidy, since residents will
move at or before year k even in the absence of a subsidy.) Figure 4 shows that large
subsidies would be required to encourage residents to relocate in the early years, when
flooding risk is small. However, as the probability of flooding increases over time, the
NPV of the flood losses avoided by relocating may (for some parameter values) eventually
become large enough that people are willing to relocate even in the absence of a subsidy;
i.e., for 𝑆𝑘 = 0.

Figure 3 Cumulative NPV of past flood losses by year

Figure 4 Minimum subsidy needed to incentivize residents to relocate in a given year
As shown in Figure 4, the earlier the government wants people to move, the larger
the subsidy must be offered. So, the government needs to trade off a large benefit from
early relocation against a large subsidy needed to achieve early relocation. Figure 5 shows
that choosing the optimal timing of relocation allows the government to minimize its total

losses. That minimization is expressed mathematically by the following optimization
problem:
𝐸(𝐿 )

𝑆

𝑜𝑏𝑗(𝑆) = min{(1+𝑟𝑘
𝑘

𝐺

)𝑘

𝑖
+ ∑𝑘−1
𝑖=0 (1+𝑟 )𝑖 }

(8)

𝐺

subject to
𝐸 (𝐿 𝑖 ) = {

𝐿(1 − 𝑒 −𝜆(𝑖−𝜇) )
0

𝑖𝑓 𝑘 ≥ 𝜇
𝑖𝑓 𝑘 < 𝜇
𝐸(𝐿𝑖 )

𝑆𝑘 = max[𝑀 − ∑∞
𝑖=𝑘 (1+𝑟

𝑅)

𝑖−𝑘

, 0]

𝑘 ≥ 0 𝑖𝑛𝑡𝑒𝑔𝑒𝑟
For comparison purposes, the year 𝑘 𝑜 in which residents would choose to relocate in the
absence of incentives is the smallest value of 𝑘 𝑜 for which the following inequality is
satisfied:
∑∞
𝑖=𝑘 °

𝐸(𝐿𝑖 )
(1+𝑟𝑅 )𝑖−𝑘

°

≥𝑀

(9)

Figure 5 Government loss as a function of the year in which residents relocate
The relatively high discount rate of the resident(s) means that future flooding will
pale in comparison to the relocation cost 𝑀 until the flooding probability 𝑃𝑘 has become
sufficiently large. By contrast, with its lower social discount rate, the government may well
find relocation to be worthwhile much earlier (since relocation would avoid both a small
risk of flooding in the near future, and a larger but only slightly discounted risk of flooding
in the more distant future). Thus, from a game-theoretic perspective, the government could
offer a subsidy 𝑆𝑘 (e.g., a partial buyout) to induce residents to undertake voluntary
relocation earlier than they otherwise would. Note in particular that our model allows the
government to offer a subsidy substantially less than the value if the damage due to

flooding (when that is effective at motivating relocation), in contrast to the full buyouts
that are commonly offered after floods.
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Sensitivity Analysis of the Basic Model

We now illustrate the behavior of this model for notional parameter values. The basecase parameters used in our analysis are as follows: {𝑀 = 8; 𝐿 = 1; 𝑟𝑅 = 12%; 𝑟𝐺 =
5%; 𝜇 = 0.5; 𝜆 = 0.005}. While these parameter values are not intended to be realistic, we
deliberately chose the moving cost M to be significantly larger than the flood loss L, to
model the situation where residents will not readily relocate on their own.
For these parameter values, the solution to the government’s optimization problem
in equation (7) is 𝑘 ∗ =11, whereas 𝑘 ° = 22 in the absence of a subsidy. Moreover, the
optimal objective-function value 𝑜𝑏𝑗 is 2.09 (including both the NPV flooding losses in
years 0 through 10 and the discounted value of the subsidy), compared to an equivalent
value of 𝐸021 (𝑟𝐺 ) = 4.13 in the absence of a subsidy (including flooding losses in years 0
through 21). Thus, this simple numerical example shows that providing a partial subsidy
of relocation expenses (Sk = 1.96, much less than M = 8) can be preferable from the
government’s perspective to doing nothing, while still allowing residents to relocate
voluntarily.
The sensitivity analysis in the remainder of this section shows the effects of the
various parameters on the optimal subsidy 𝑆𝑘 , the discounted expected flooding loss
∗
experienced by the government (𝐸0𝑘 −1 ), and the equilibrium objective-function value 𝑜𝑏𝑗.
We also explore the effects of the model parameters on the relocation times 𝑘 ° (with no
subsidy) and 𝑘 ∗ (with an optimal subsidy).
Table 1 shows how the various results depend on the government’s discount rate
rG. We can see that in the absence of a subsidy, residents wait 22 years to relocate for the
base-case parameter values. The government is willing to give the greatest subsidy (nearly
double the flood loss L=1) when its discount rate is small (5-7%), reducing the time until
relocation to only 11 years. As its discount rate increases, the government offers a smaller
subsidy and accepts a slightly longer time until relocation (up to 16 years). The same results
are shown graphically in Figure 6.

𝑟𝐺
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𝐸0𝑘
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𝑜𝑏𝑗(S)

𝑘∗

𝑘°

5%
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7%
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0.99
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13

22

9%
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0.99
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10%

1.13
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1.62

14
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11%

0.91

1.08

1.52

15
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12%

0.71

1.09

1.41

16

22

Table 1 Sensitivity analysis with respect to 𝑟𝐺 in the basic model

Figure 6 Sensitivity analysis with respect to the government’s discount rate, 𝑟𝐺
Table 2 and Figure 7 show similar results for the residents’ discount rate rR. We can
see from this table that in the absence of any subsidy, the time until relocation is increasing
steeply in the residents’ discount rate, from only four years at a discount rate of 7%, to
extremely large values (more than 100 years) for discount rates of 13-15% (which are not
unreasonably high in practice; see for example Warner and Pleeter, 2011). For extremely
low resident discount rates, the government (with a base-case discount rate of 5%) is
willing to accept the relocation time preferred by residents in the absence of a subsidy and
offers no subsidy to incentivize earlier relocation. (If the time of relocation were treated as

continuous rather than integer, a small subsidy might be optimal in these cases.) At
moderate resident discount rates, the government offers a subsidy smaller than the flood
loss of L=1 (equivalent to a partial buyout). As the residents’ discount rate increases
(resulting in a longer time to relocation in the absence of a subsidy), the government is
willing to give greater subsidies (to a maximum of more than three times the flood loss
L=1 when rR=15%), and ensures that the time until relocation does not exceed 12 years
(despite some extremely long relocation times in the absence of a subsidy).

Figure 7 Sensitivity analysis with respect to the residents’ discount rate, 𝑟𝑅
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7

7
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9
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12%

1.96
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11
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14%
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2.69

12
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15%
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12
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Table 2 Sensitivity analysis with respect to 𝑟𝑅 in the basic model

Figures 8 through 10 show similar results for 𝜇, 𝜆, and M. Results show that
increases in M lead to increased (worse) values of obj(S) for the government, since larger
subsidies are needed to encourage relocation. By contrast, increases in 𝜆, 𝜇 cause 𝑜𝑏𝑗 to
decrease. In the case of increasing μ, the reduced cost to government is simply because of
early years with no flooding risk, while increasing  effectively shifts costs from the
government to residents (since residents relocate sooner, with or without a subsidy).
Conversely, increases in 𝜇 and M cause residents to move later (and increases in M also
lead to increases in the optimal subsidy Sk).

Figure 8 Sensitivity analysis with respect to the time at which flood risk begins, μ

Figure 9 Sensitivity analysis with respect to the rate of increase in flood risk, 

Figure 10 Sensitivity analysis with respect to the relocation cost, M
5

Annual Benefits vs. One-Time Subsidies

Numerous variants of this model could be explored. For example, tax incentives or
reduced subsidies under the National Flood Insurance Program (Michel-Kerjan, 2010)
could be modeled by a fixed annual benefit to residents in every year after relocation,
independent of whether flooding occurred in that year. Alternatively, modifications to the
Stafford Act (Bea, 2010) could increase the loss born by residents in the event of a flood,
by reducing both emergency relief and subsidies for infrastructure restoration. Modeling
of these various policy options would make it possible to identify those that are relatively
effective economically. For now, we consider only the provision of annual benefits after
relocation, as an alternative to a one-time subsidy. (For example, this could take the form
of a reduced tax rate for residents who relocate to an inland area at low flood risk, similar
to the special economic zones used to encourage development.)
We assume here that the government will offer residents a fixed annual benefit 𝐵𝑘
after relocation. By similar logic to that presented above in Equation (7), the optimal annual
benefit Bk for the government to offer in order to motivate residents to move in year k
should satisfy:
𝐸(𝐿𝑖 )

𝑘−𝑖
𝐵𝑘 = 𝑀𝑎𝑥{∑∞
[𝑀 − ∑∞
𝑖=𝑘(1 + 𝑟𝑅 )
𝑖=𝑘 (1+𝑟

𝑅)

𝑖−𝑘

] , 0}

(10)

In other words, the relocation cost M will be justified if it is no greater than the NPV of
flood losses avoided by relocating, plus the NPV of the additional annual benefit. (Of
course, the benefit 𝐵𝑘 may not actually remain in place in perpetuity, but at typical
discount rates, benefit paid more than a few decades into the future would have negligible
NPV in any case.) Likewise, the government’s objective function changes to
𝑜𝑏𝑗(𝐵) = Min{ ∑∞
𝑖=𝑘
𝑘

𝐸(𝐿 )

𝐵𝑘
(1+𝑟𝐺

)𝑖

𝑖
+ ∑𝑘−1
𝑖=0 (1+𝑟 )𝑖 }
𝐺

(11)

Table 3 compares the results for a one-time subsidy Sk vs. a fixed annual benefit Bk
in every year after relocation, as a function of the government’s discount rate rG. As can
be seen from that table, a one-time subsidy is preferable for the government (resulting in a
smaller objective-function value and earlier relocation) for small values of the
government’s discount rate (5-8%). If the government is more time-sensitive
(corresponding to a higher discount rate), paying a one-time subsidy becomes more costly,
and the government prefers to offer a fixed annual benefit for every year after relocation.
In that case, the fixed annual benefit also results in relocation times at least as early as those
for a one-time subsidy (since the government’s time sensitivity prevents it from offering a
large enough subsidy to encourage extremely early relocation). The same results are
shown graphically in Figure 11.
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Table 3 Sensitivity analysis with respect to 𝑟𝐺 in annual-benefit model vs. basic model

Figure 11 Comparison of one-time subsidy Sk and annual benefit Bk as a function of rG
Table 4 and Figure 12 show similar results (comparing a one-time subsidy Sk vs. a
fixed annual benefit Bk) as a function of the residents’ discount rate rR. As can be seen from
that table, for a government discount rate of 5%, a one-time subsidy is preferable for all
resident discount rates from 9-15%. (At lower resident discount rates, people relocate even
without a subsidy, so the two strategies do not differ.) The desirability of the one-time
subsidy is because at a discount rate of 5%, the government is not unduly sensitive to
paying the one-time subsidy, while the residents’ relatively high discount rate means that
they are not as responsive to a benefit that is received only gradually over time. From the
comparison between the annual-benefit model and the one-time subsidy, we can see that a
one-time subsidy is the optimal strategy for the government unless the discount rates of the
government and the residents are fairly close.

Figure 12 Comparison of one-time subsidy Sk and annual benefit Bk as a function of rR
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Table 4 Sensitivity analysis with respect to 𝑟𝑅 in annual benefit model vs. basic model
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Hyperbolic vs. Exponential Discounting

Several researchers have pointed out that many individuals do not obey exponential
discounting, but instead use a significantly higher discount rate for distant future benefits
than for near-term benefits. For example, Kunreuther et al. (2013) note that individuals
frequently make myopic (near-term) decisions regarding the purchase of flood insurance
(e.g., buying insurance only after experiencing a flood, and then canceling it within a few
years thereafter). This suggests considering hyperbolic discounting (e.g., Kirby, 1997;
Rachlin, 1989; Green and Myerson, 1996; Laibson, 1997) may be more behaviorally
realistic than exponential discounting.
Our previous sensitivity analysis showed that the discount rate 𝑟𝑅 of residents has
a large impact on both the time of relocation and the subsidy needed to incentivize residents
to relocate at the optimal time. This suggests that a hyperbolic discount rate may have
even a greater impact on residents’ decisions, making them less likely to relocate in the
absence of government incentives, and potentially calling into question the effectiveness
of incentives. To test this, we introduce a hyperbolic discount rate  into residents’ decision
making, in which case the optimal one-time subsidy Sk for the government to offer in order
to induce residents to relocate in year k should satisfy

𝑆𝑘 = 𝑀𝑎𝑥{𝑀 − ∑∞
𝑖=𝑘 (1+𝑟

𝐸(𝐿𝑖 )

𝑅 +𝛼

(𝑖−𝑘))𝑖−𝑘

, 0}

(12)

Table 5 shows the results for our model with hyperbolic discounting, as a function
of the parameter  representing the extent of hyperbolic discounting. As can be seen
there, hyperbolic discounting in the absence of a subsidy rapidly results in extremely long
times until relocation. Despite that, subsidies can still result in reasonable times until
relocation (11 or 12 years, for our base-case parameter values), with subsidies not
dramatically different than in the case of ordinary exponential discounting (roughly two to
three times the amount of the flooding loss L). Thus, rather than rendering subsidies
ineffective, hyperbolic discounting on the part of residents may simply increase the size of
the optimal government subsidy required to motivate relocation.
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Table 5 Results of hyperbolic-discounting model
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Future Research Directions

The work presented here is, in our view, a novel use of game theory and engineering
economic analysis (i.e., the mathematics of discounting) to study incentives for relocation
in the face of sea-level rise and increasing flood risk. However, this work barely scratches
the surface of the analyses that could be done. A first step would be to quantify this model
with more than nominal parameter values (e.g., realistic estimates of flooding probabilities,
rather than the simple Rayleigh model used here, and realistic flood losses and moving
costs). Future work could also address the uncertainty regarding future flooding
scenarios (Gersonius et al., 2013; Giuliani and Castelletti, 2016; Hui et al., 2018).

It is also clearly important to have a behaviorally realistic model of resident
decision making; for example, alternative functional forms for hyperbolic discounting
could be explored. Read et al. (2012) have also suggested that failure to undertake actions
that would be desirable in the long term could arise from causes other than excessive
discounting. For example, myopic behavior could be the result of unrealistic optimism
(Shepperd et al., 2013), resulting in underestimation of flooding probabilities, or the result
of normalization of deviance (Vaughan, 1996), in which residents come to experience
repeated flooding as “normal.” Finally, reluctance to relocate could result in some cases
not from hyperbolic discounting or biased risk perceptions, but from social pressures (e.g.,
reluctance to abandon one’s neighbors, pressure to preserve community unity in the face
of hazards), as noted by Binder et al. (2015) in the case of Rockaway Park in New York.
Each of these phenomena could give rise to quite different models than the ones given here.
Another important extension to the models presented here would be to allow for
resident heterogeneity, especially in discount rates. In particular, low-income people may
tend to have higher discount rates, in which case they may respond differently to economic
incentives than residents with low discount rates. This would be consistent with the results
of Smith et al. (2006), who found that some heavily damaged neighborhoods actually grew
in population after Hurricane Andrew, with low-income households moving into damaged
middle-class areas. This also suggests the importance of mechanisms to ensure that coastal
properties are removed from the market altogether (e.g., through zoning, buyouts, deed
restrictions). Otherwise, if coastal properties remain in the market but real-estate prices
drop, that could make coastal areas more affordable to low-income residents, potentially
raising rather than lowering population density.
It is also important to understand the actual human impact of relocation (rather than
only the financial impact). For example, Binder and Greer (2016) find that relocation
may involve “losses in homeownership, social networks, access to healthcare,
employment, income, and physical and mental health,” not just economic costs.
Similarly, de Vries and Fraser (2012) found that supposedly “voluntary” relocation or
buyout programs may not always be perceived as truly voluntary, since for example the
officials responsible for implementing such programs may face strong incentives to achieve
high compliance rates, and thus impose pressure on residents.
Extensions to this work could also explore numerous other types of incentives to
encourage relocation, rather than only one-time subsidies and fixed annual benefits after
relocation. For example, one could imagine increased costs in advance of relocation,
instead of benefits after relocation; such costs could be either fixed per year (e.g.,
surcharges on residents in high-risk zones), or contingent on the occurrence of flooding
(e.g., reduced government assistance in the aftermath of floods). Our limited results so
far have suggested that different mechanisms may be preferable in different situations (e.g.,
for residents with different discount rates). This suggests that further mechanisms should
be explored, to help in identifying those that may be the most cost-effective for
governments to implement.

There are also numerous barriers to achieving proactive relocation, not limited to
conflicting timescales or high discount rates (Bierbaum et al., 2013; Biesbroek et al., 2011,
2013, 2014; Eisenack et al., 2014; Ekstrom and Moser, 2014; Freudenberg et al., 2016;
Treuer, 2017). For example, Slovic (2007) notes that people are insensitive to disasters
with large numbers of casualties (not in proportion to the actual number of casualties), in
part because the fraction of damage avoided may carry more weight in people’s minds than
the actual magnitude of damage avoided (see also Slovic et al., 2013; Wiener, 2016).
Thus, communities may be reluctant to invest in incentives for relocation if the uptake is
likely to be modest and significant numbers of people will still be living in at-risk areas.
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Conclusion

The novel feature of our work is to view incentives for relocation away from areas at risk
for increased flooding due to sea-level rise as a game between residents and the
government. We argue that in the face of high discount rates or hyperbolic discounting
by residents, government can offer either a one-time subsidy (e.g., a partial buyout) or a
fixed annual benefit to “nudge” people to consider relocating (Thaler and Sunstein, 2008).
In theory, this can create a win-win situation for both sides: government can reduce the
burden of future disasters by encouraging residents to leave the most at-risk areas; while
residents may benefit from the incentive to adopt a more farsighted view and relocate
before experiencing extensive and repeated flood damage.
Specifically, we argue that in the face of high discount rates or hyperbolic discounting
by residents, government can offer either a one-time subsidy or a fixed annual benefit to
“nudge” people to consider relocating (Thaler and Sunstein, 2008). Importantly, this
subsidy can sometimes represent only a partial buyout (i.e., less than the loss that would
be experienced from a single severe flood), while in other cases (when resident discount
rates are high), the subsidy may need to be several times greater than a typical flood loss
to motivate proactive relocation.
One key factor affecting the ability of the government to encourage proactive
relocation is the difference between government’s discount rate and residents’ discount
rate. In theory, if government makes decisions using a low “social discount rate,” it
should be able to incentivize proactive relocation through the provision of economic
incentives. However, government may not always be so farsighted; for example, local
governments may face short-term pressures from residents to improve infrastructure in
heavily populated coastal areas (even if the ideal long-term strategy would be to disinvest
from such areas), and/or political pressures not to acknowledge climate change (Harish,
2012). Moreover, residents may not make their relocation decisions as “rational
economic agents” (if subject to myopia, peer pressure, etc.), and some costs of relocation
(e.g., worse mental health, loss of social connections, and reduced economic security) may
not be easily monetized.
Nonetheless, given the substantial benefits of proactive relocation rather than forced
relocation in the aftermath of a flood (loss of personal property, significant disruption, and

inability to plan where and when to relocate), we would argue that it is worth considering
economic subsidies or other incentives to motivate proactive relocation.
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