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Abstract

We analyse optimal investment in one of the most important forms of climate adaptation:
flood protection. Investments to build and heighten dykes and surge barriers involve con-
siderable adjustment costs, so that their construction locks in the level of flood protection
for some time. Investment decisions must take into account both economic and sea level
rise uncertainty over a horizon of several decades, where the latter is to a large extent
driven by global warming. We put forward a tractable macro-finance DSGE model that
includes flood risk. We obtain solutions for optimal flood protection as a function of these
uncertainties, costs, and preferences regarding impatience, risk aversion and intertemporal
substitution. Sea level rise uncertainty always leads to more flood protection. Economic
uncertainty leads to less (more) protection if the elasticity of substitution is greater (less)
than one. We illustrate our results with a calibrated case study for the Netherlands.
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1 Introduction

Climate change is widely expected to increase the global costs of weather-related disasters

(e.g. IPCC 2022). There is evidence that, already in the first two decades of this century,

more than half of the recorded economic damage due to such disasters was attributable to

climate change (Newman and Noy 2023). Because the success of efforts to mitigate climate

change is uncertain and will not be felt for decades, there is a need to adapt to a world in

which natural disasters occur more frequently. Barrage and Furst (2019) and Bakkensen and

Barrage (2022) show that beliefs about flood risks affect housing construction and housing

prices. Fried (2022) and Hsiao (2024) discuss optimal flood control by investing in seawalls

and stilts in, respectively, a heterogenous-agent macro model and a dynamic spatial model

of urban development and flooding.

The prospect of increasing flood risk due to climate change calls for a review of current

flood protection policies in many countries. There is a great uncertainty about the trajectory

of global temperatures and even greater uncertainty about sea level rise and the frequency of

extreme weather events, because the underlying geophysical processes are poorly understood

(see, e.g. Kopp et al. 2017, Haasnoot et al. 2020). Meanwhile, investment in flood

protection must be forward-looking. A sensible flood protection strategy takes into account

both the uncertainty of economic and sea level rise, as well as the inevitable trend increase

in sea level as global warming progresses.

We study optimal investment in flood protection within the context of a macro-finance

growth model with both sea level rise uncertainty and economic uncertainty, where the

risk of flooding can be reduced by investment in dykes. Our framework takes into account

regular macroeconomic uncertainty and the risk of rare macroeconomic disasters. These

do not depend on the risk of flooding or (uncertainty in) sea level rise but do affect the

social discount rate, which in turn affects optimal flood protection investment. We allow the

aversion to risk to differ from the aversion to intertemporal fluctuations by using Epstein–Zin

preferences, which imply that prudence decreases in the ease of intertemporal substitution.

Capital in final goods production and flood protection is hard to adjust, which we capture

with intertemporal adjustment costs in investments in the economy-wide capital stock and

in the stock of flood protection (dykes).

We show that the effect of macroeconomic uncertainty on optimal flood protection de-

pends on the size of the elasticity of intertemporal substitution, while sea level rise uncer-

tainty always increases optimal investment in flood protection. To illustrate our proposed

framework, we calibrate it to the Netherlands, where the challenge of increasing flood risk
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is felt particularly keenly. Much of the land mass in the Netherlands, including almost

the whole economic core in the western part of the country (the ‘Randstad’), lies below

sea level. Unsurprisingly, throughout Dutch history, land reclamation and flood protection

have been major components of public investment.

At the heart of the Dutch flood protection strategy has been a system of safety norms

for individual polders or ‘dyke ring areas’, based on cost-benefit analysis following the con-

tribution of Van Dantzig (1956), which appeared just after the large North Sea flood of

1953. This seminal study compares the net present value of investment costs and expected

damages due to flooding, where economic growth and the evolution of flood risk are deter-

ministic processes, in contrast to our framework. Our contribution is to show how flood

protection standards should be adjusted to take economic and climate uncertainty into ac-

count, paying due attention to aversion to risk and aversion to intertemporal fluctuations.

Our analytical framework builds on Pindyck and Wang (2013), who study the conse-

quences of catastrophes for optimal consumption, wealth, and welfare in an AK-growth

model. They find that their representative agent has a very high willingness to pay (about

half the capital stock) to eliminate disaster risk and fluctuations of economic growth. Their

findings contrast starkly with a simple net-present-value calculation of the expected cost

of disasters. Their basic framework of disasters has also been used in the context of flood

protection by two earlier studies.

Douenne (2020) differs from Pindyck and Wang (2013) by assuming that the arrival

rate of disasters decreases in current adaptation spending. He calibrates his model to the

different regions of the United States, and investigates the effect of disasters on economic

growth — a priori ambiguous — and welfare. Hong et al. (2023) place their work much more

explicitly in the context of increasing disaster risk due to uncertain climate change. They

allow firms to engage in private adaptation spending to curb the proportion of their capital

that is exposed to disaster risk. They let aggregate adaptation spending reduce the tail risk

of the damage distribution from disasters for all firms, which requires public intervention.

They also let Bayesian learning about the disaster arrival rate proxy for uncertainty about

the severity of climate change. They thus derive partial analytical solutions, and give

insights into optimal spending to prevent flood damage from hurricanes1.

Relative to these earlier contributions, one of our innovations is that we consider the

level of flood protection as a stock that cannot be adjusted instantaneously. Canonical

1Hong et al. (2023) also provide theoretical and empirical evidence that the landfall of tropical cyclones
in a country tends to lower Tobin’s average q and raise the equity premium. In their model, a learning effect
causes the perceived risk of further disasters to rise, which hurts investment.
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contributions on investment under uncertainty, such as Abel et al. (1996), note that un-

certainty creates an option value of ‘waiting and seeing’ if investment is irreversible. This

causes such investment to be deferred when learning takes place in the future, a point made

in the context of flood protection investment by Van der Pol et al. (2014). However, if

investment serves to mitigate an unknown disaster risk, the effect of uncertainty on the

timing of investment is less obvious. In our model, we provide closed-form solutions for the

level of flood protection that is optimal in the long run, and solve for the full path of flood

protection investments numerically.

Section 2 presents our stochastic dynamic programming problem for optimal investment

in flood protection with macroeconomic and flood risks. Section 3 presents the solution.

Section 4 calibrates our framework to the Netherlands. Section 5 offers a quantitative

assessment of optimal investment in flood protection, and presents a sensitivity analysis

with respect to preferences, macroeconomic and flood risk parameters, and dyke heightening

costs. Section 6 concludes and offers suggestions for further research.

2 DSGE Framework for Optimal Flood Protection

Here, we present our dynamic stochastic general equilibrium (DSGE) model of disaster

risk and optimal flood protection. For the macro-finance building blocks, we draw on

Pindyck and Wang (2013) and Hambel et al. (2024), who consider the consequences of

catastrophes for optimal consumption, wealth, and welfare in an AK-growth model. They

show that disaster risk itself, even in the absence of a disaster strike, affects the consumption-

saving decision. Tsai and Wachter (2018) clarify the asset-pricing implications of this type

of model. An innovation relative to Barro (2009) and Barro (2015) is the allowance for

adjustment costs in capital investment, which make disasters more costly.

2.1 Preferences

The utility of the representative agent has three separate preference parameters: the (utility)

rate of time preference ρ, the coefficient of relative risk aversion (CRRA) γ, and the elasticity

of intertemporal substitution (EIS) ψ. The future is discounted more if ρ is higher. If the

CRRA is higher, society is willing to pay more to avoid the risk of low consumption. The

elasticity of intertemporal substitution (EIS) is ψ. Note that 1/EIS determines how averse

society is to fluctuations in utility over time (more averse if the EIS is lower). The CRRA

and the EIS are conceptually distinct, and Epstein–Zin preferences based on Kreps and

Porteus (1978) and adapted for continuous time by Duffie and Epstein (1992) allow them

3



to be analysed separately. The value function Vt is thus implicitly defined by

Vt = Et

[∫ ∞

t
f(Cs, Vs)ds

]
, (1)

where the aggregator function is given by

f(Cs, Vs) =
ρ

1− ψ−1

C1−ψ−1 − ((1− γ)V )ω

((1− γ)V )ω−1
, (2)

and ω ≡ 1−ψ−1

1−γ . In the macro-finance literature, the CRRA and the EIS have been helpful

to better explain the equity premium puzzle (e.g. Bansal and Yaron, 2004)2. We show

later how important it is to distinguish CRRA and the inverse of EIS to gain a better

understanding of the effects of various kinds of uncertainty on optimal flood protection.

2.2 Production and capital dynamics

We assume a ‘AK’ production technology for output

Yt = AKt, (3)

where Kt is the stock of capital and is a broad measure of capital, including intangible

capital, and A is the exogenous and constant productivity of the capital stock (or the

output-capital ratio). This ‘AK’ structure leads to endogenous growth. Consumption Ct is

output net of investment in production capital IK,t and in flood protection IH,t, so that

Ct = Yt − IK,t − IH,t. (4)

Productive capital evolves according to

dKt =

(
IK,t −

1

2
θK

I2K,t
Kt

− δKKt

)
dt+ σKKtdBK,t − (1− Ze)KtdJe,t − (1− Zf (Ht, ht))KtdJf,t,

(5)

where θK > 0 denotes the adjustment cost parameter and δK ≥ 0 the depreciation rate. In-

vestment is thus subject to quadratic adjustment costs. Capital growth is subject to regular

2If the CRRA is constrained to equal the inverse of the EIS, as in a standard additively separable aggre-
gator, a high aversion to consumption risk implies a high aversion to fluctuations in aggregate consumption
over time. This is restrictive, since a high equity premium then implies a high risk-free interest rate.
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fluctuations captured by geometric Brownian motion BK,t with σK denoting the volatility

and to discrete downwards jumps from economic disasters Je,t and flooding disasters Jf,t.
3

The jump processes are Poisson processes. The first jump process Je,t has a fixed arrival

rate λe ≥ 0, and represents economic disasters that cannot be influenced by policy makers

(cf. Barro, 2009). When an economic disaster strikes, a proportion 1 − Ze of the capital

stock is permanently wiped out, where the survival fraction Ze is a random variable whose

probability density function follows a power law, fZe(Ze) = χeZ
χe−1
e , where χe > 0 denotes

the distribution parameter (cf. Pindyck and Wang, 2013). The expected loss from an eco-

nomic disaster equals E[1−Ze] = 1/(χe+1). The second jump process Jf,t captures flooding

disasters and has an endogenous arrival rate depending on the stock of flood protection Ht

and sea level rise ht, i.e. λf (Ht, ht) (see Section 2.4). The (random) survival fraction Zf

is also described by a power-law probability density function, fZf (Zf ) = χfZ
χf−1
f , where

χf (Ht, ht) > 0 now depends on the stock of flood protection and sea level rise (see Section

2.5).

2.3 Investment in flood protection capital

The variable Ht captures accumulated investment in flood protection, net of depreciation.

Since the flood arrival rate is modelled as a function of the height of dykes relative to the

sea level, it can be thought of as flood protection capital or dyke height. Henceforth, we

will refer to it as ‘flood protection’ or ‘dyke height’, always denominated in metres. Its

evolution is deterministic and given by

dHt

dt
=

1

νt

(
IH,t −

1

2
θH,t

I2H,t
Ht

)
− δHHt, (6)

where θH,t ≡ θHK0/Kt with θH (units m·yr/Euros) the initial adjustment cost parameter

for flood protection investment, νt ≡ νKt/K0 with ν a parameter describing the initial cost

of flood protection investment relative to productive capital investment (units Euros·m−1),

and δH ≥ 0 the depreciation rate of dykes. Investment in flood protection is also subject to

quadratic adjustment costs. To keep the ‘AK’ structure, we let the cost of flood protection

relative to that of economy-wide investment increase in the economy-wide capital stock

and the adjustment cost parameter decrease in the economy-wide capital stock, both due

to economy-wide technical progress. Adjustment costs depend on the flood protection

3The effects of regular fluctuations and the risk of rare macroeconomic disasters on asset prices are
analysed extensively in the macro-finance literature (e.g. Pindyck and Wang, 2013; Tsai and Wachter,
2018). We focus here on their effect on optimal investment in climate adaptation.
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investment rate relative to the existing flood protection stock, while total investment costs

increase one-to-one with the productive capital stock (and thus output). A country with a

more developed flood protection stock thus has a greater capacity for further investment.4

2.4 Flood risk

The single flood risk disaster process Jf,t in our framework represents flooding in different

dyke ring areas, which by definition are separate events. The arrival rate of each of these

events is driven by local (i.e. dyke-ring-specific) sea level rise and local flood protection. In

addition, flood events in different areas can be positively correlated when several dykes fail

in a storm, or negatively correlated when the weakest dyke fails along a river (reducing the

probability of flooding downstream). Accounting for such interactions complicates matters

considerably.5 We defer an extended treatment of these issues to Section 4, where we

calibrate the model to the Netherlands taking account of the various dyke ring areas. We

can include many separate flooding disaster processes in our framework provided that the

local flood protection level and sea level rise only depend on aggregate variables, and spatial

heterogeneity in economic growth is ruled out. To keep notation simple, we do not include

these here.

We specify the flood arrival rate as a function of dyke height and sea level rise,

λf (Ht, ht) = P0e
−α(Ht−H0−ht), (7)

where P0 is the initial flood arrival rate, Ht −H0 is the amount of dyke heightening that

has taken place between times 0 and t, and ht is cumulative sea level rise over the same

period. Dyke heightening relative to cumulative sea level rise decreases flood risk through

the parameter α > 0. Conversely, flood risk increases if the mean sea level increases relative

to the height of the dykes. Cumulative sea level rise requires dykes to be raised.

The functional form in (7) stems from Van Dantzig (1956), who observed that the

probability of a tide exceeding a certain height is roughly a decreasing exponential function

4We abstract from the possibility that flood protection becomes relatively cheaper (more expensive) over
time as output rises, which would motivate deferring (bringing forward) investment. Empirically, Jonkman
et al. (2013) report that the unit cost of flood defenses increase with GDP in a set of (cross-sectional) case
studies including the Netherlands, the United States (New Orleans), and Vietnam. This is confirmed by
Nicholls et al. (2019), who use a large sample. The cost of labour and the price of land increase with GDP,
but the cost of raw materials does not necessarily. Technological innovation can depress absolute costs.

5See e.g. Zwaneveld and Verweij (2018), who solve such a problem to find the appropriate flood protection
strategy in the IJssel lake area. In the Netherlands, to estimate the arrival rate of flooding in each dyke ring
area, relative to the legal norms, events are treated as independent except for a major positive interaction
(‘cascade’) into South Holland province. See Ministry of Infrastructure and Water Management (2014).
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of that height relative to the mean sea level. Hence, if one thinks of flooding as overtopping,

then sea level rise causes flood risk to increase exponentially in the absence of investment in

flood protection. The functional form for flood risk has been widely used in applied work in

the Netherlands, where before 2017 flood protection standards required structures to resist

overtopping from storm surges and river discharges with a certain return period. It was a

key input for the ‘Waterwet’ legislation adopted by the Dutch parliament in 2017, which

established the flood protection standards that must be achieved by 2050.6

2.5 Flood damages and flood protection

Expected damages from a flood increase with dyke height Ht and sea level rise ht, mainly

through the expected inundation depth. Dyke height alters the damage distribution (con-

ditional on flooding taking place). In our model, a higher stock of flood protection and

a higher sea level rise should thus lower the flood damage distribution parameter χf (i.e.

∂χf/∂Ht < 0, ∂χf/∂ht < 0) and increase expected damages (since E[1−Zf ] = 1/(χf +1)).

As described in Section 4, our empirical data contains parameters for the effect on expected

damages of a one metre increase in the dyke height and sea level. These are used to calibrate

a flood damage distribution parameter of the exponential form,7

1 + χf (Ht, ht) = (1 + χf (H0, h0))e
−ζH(Ht−H0)−ζhht , (8)

where the parameters ζH > 0 and ζh > 0 describe the percentage increase in expected mon-

etary damages from a one metre increase in the dyke height and the sea level, respectively.

To have meaningful solutions, we require ζH < α (see our calibration in Section 4).

We let climate change and sea level rise affect both the frequency of flooding disasters,

via (7), and the severity of disasters, via (8). We thus follow the best available evidence

on the effects of climate change.8 In the context of flooding, policymakers may respond

to increased disaster frequency by heightening flood protection structures. The combined

6The formula can be found as equation (2.2) on page 20 of an overview provided by Kind (2011), in Dutch,
of the official ‘WV21’ research project. This explains that local correction factors take into account sources
of dyke failure other than overtopping risk, see ibid p.26. Eijgenraam et al. (2017) provide a summary in
English of the computational approach underpinning WV21.

7This function is obtained by differentiating expected damages from flooding E[1−Zf ] = 1/(1+χf (H,h))
with respect to the flood protection stock Ht, setting ∂E[1 − Zf ]/∂H = −ζHE[1 − Zf ], and solving the
resulting differential equation to obtain (8), and similarly for sea level rise ht.

8According to the IPCC’s Sixth Assessment Report (Working Group I, 2021), there is for example ‘high
confidence that sea level rise will lead to a higher possibility of extreme coastal water levels’ (ibid. p. 1592),
and ‘high confidence that the occurrence and magnitude of compound flooding in coastal regions will increase
in the future due to both sea level rise and increases in heavy precipitation’ (ibid p. 1600).
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effect of climate change and adaptation on disaster frequency is ambiguous, but its effect on

expected capital destruction is positive. Our results in Section 5 will quantify this insight.

A further implication of our process for capital accumulation (5) is that damages sus-

tained from a flooding disaster are permanent. When a flooding disaster strikes, a fraction of

the capital stock is wiped out, and subsequent expected economic growth is constant albeit

from a lower (post-disaster) capital stock. The presence of a ‘rebound’ or ‘mean-reversal’

effect would introduce a term structure for discount rates especially for long-lasting risky

assets such as real estate (see Giglio et al. 2021). However, there is currently no evidence

that macroeconomic disasters, or flooding disasters in particular, are followed by higher

economic growth9 and we thus abstract from the resulting term structure.

2.6 Sea level rise

Global mean sea level rise has been accelerating, reaching a rate of 3.2 to 4.2 mm/year

between 2006 and 2018 (IPCC 2022). The implications for future sea level rise are highly

uncertain. Given a path of the global surface temperature, the physical processes of ice

sheet melting and collapse, as well as thermal expansion and reduced land water storage,

will each contribute to total sea level rise. However, they will do so over a long timescale.

Because (especially) the behaviour of the Antarctic Ice Sheet is poorly understood, current

observations are consistent with vastly different potential outcomes from 2050 onwards.

‘Finding the planet on a “moderate” sea-level rise pathway over the first half of the 21st

century thus cannot exclude “extreme” outcomes subsequently’ (Kopp et al., 2017, p.1228).

To capture the generally right-skewed prediction of future sea level rise projections, we

specify a stochastic process, which approximates sea level rise as a power-law (skewed)

transformation of an Ornstein–Uhlenbeck process,

ht = X1+θX
t −X1+θX

0 , with dXt = ηX(X −Xt)dt+ σXdBX,t, (9)

where BX,t is the Brownian motion describing this stochastic process, Xt is the Ornstein–

Uhlenbeck process with steady-state mean X, volatility σX and mean reversion coefficient

ηX , and θX > 0 allows for (positive) skewness in the resulting distribution.10

9See Cerra and Saxena (2008) for a broad set of macroeconomic disasters and Hsiang and Jina (2014) for
a large multi-country study where losses from hurricanes turn out to deepen over time (i.e. no recovery).
Batten (2018), in a review article on climate change as a macroeconomic risk, concludes that ‘the ‘no
recovery’ hypothesis seems to be supported by the largest number of empirical studies’ (ibid. p. 25).

10The constant X0 ensures that, at t = 0, the process is well-defined and the expected rate of sea level rise
is strictly positive. The process becomes ill-defined when Xt ≤ 0. The probability that this occurs is very
small, and our calibration demonstrates this. Formally, equation (9) has the form ht = X1+θX

t −X1+θX
0 for
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We assume that the Brownian motion BX,t is uncorrelated with the Brownian motion

in the evolution for capital BK,t and, in doing so, ignore the effect of climate change on the

economy other than through flooding. The skewness parameter θX > 0 delivers both an

initially increasing pace of sea level rise and a right skew in its distribution at any point in

time. The steady-state mean X in the process for Xt ensures that the pace of sea level rise

eventually slows.11 Our stochastic process for sea level rise in (9) can be thought of as a

‘model emulator’ of highly complex climate and sea level rise models (see Section 4).

3 Characterisation of Optimal Flood Protection

The social planner maximises the value from current and future consumption subject to the

production function (3), the resource constraint (4), the evolution of the stock of produc-

tive capital (5)-(7) and that of flood protection (8)-(10). Policymakers can instantaneously

adjust the consumption rate and the investment rates in productive capital and flood protec-

tion, which are the control variables. Capital, flood protection, and the level of cumulative

sea level rise are the state variables, so that the value function is V (K,H, h). This corre-

sponds to a dynamic programming problem with Hamilton–Jacobi–Bellman (HJB) equation

0 = max
IK ,IH

{f(C, V ) +

(
IK,t −

1

2
θK

I2K,t
Kt

− δKK

)
VK +

1

2
σ2KK

2VKK+(
1

νt

(
IH,t −

1

2
θH,t

I2H,t
Ht

)
− δHH

)
VH + ηh(h)Vh +

1

2
σh(h)

2Vhh+ (10)

λeE[V (ZeK,H, h)− V (K,H, h)] + λf (H,h)E[V (ZfK,H, h)− V (K,H, h)]},

where ηh = (1/dt)Et[dh] and σh(h)2 = (1/dt)Et[(dh)2] can be obtained from (9).

The first line in the HJB equation shows the instantaneous utility of consumption plus

the expected change in the value function due to changes in the capital stock plus the Itô

term due to the continuous variations in K from the Brownian motion. The second line

shows the increase in the value function from increases in flood protection and decrease from

increases in sea level rise plus an Itô term due to the stochasticity of sea level rise. The

third line captures the expected decrease in the value function from economic and flooding

disasters, which is more negative if the arrival rate or severity of these disasters is greater.

Xt > 0 and ht = 0 for Xt ≤ 0, which is also implemented in the numerical method. The effect of the atom
at ht = 0 in the distribution for sea level rise is negligibly small.

11Such an inflection point is projected to occur within a few decades (SSP2-4.5) to about a century
(SSP5-8.5). Regardless of the pathway, sea level continues to rise for several centuries.
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Using (4) and taking derivatives of the HJB equation gives the optimality conditions12(
1− θK

IK,t
Kt

)
VK =

1

νt

(
1− θH,t

IH,t
Ht

)
VH = fC(C, V ). (11)

The marginal benefit of each type of investment, multiplied by the rate at which the con-

sumption good can be turned into capital, decreases in the investment rate, and must be

set to the marginal cost of investing (i.e. the marginal utility of consumption).

For a given value function V (K,H, h), (11) and (4) allow one to express the controls

(IK , IH , C) in terms of (K,H, h). Since the cost of investment in flood protection and the

damage from flooding rise proportionally with the capital stock, the problem is homogeneous

in K, and the value function has the form V (K,H, h) = 1
1−γ (g(H,h)K)1−γ , so that we only

need to solve the (reduced-form) HJB equation for the function g(H,h). In doing so, the

number of states is reduced from three to two, and computational costs become less. The

homogeneity of the value function results in iK ≡ IK
K and iH ≡ IH

K being functions of H

and h only. We define ϕK(iK) ≡ iK − 1
2θKi

2
K and ϕH(iH , H) ≡ K0

ν

(
iH − 1

2θHK0
i2H
H

)
.

3.1 Optimal flood protection without sea level rise

We first obtain some analytical results without sea level rise (ηh = σh = 0) as then the

optimal flood protection policy gives rise to convergence to a balanced growth path with

constant flood risk. The resulting long-run flood arrival rate gives insight into the numerical

solution of our fully calibrated model (see Section 5).

3.1.1 Long-run flood arrival rate

Along the balanced growth path, the stock of flood protection H is constant and from (6)

we have that maintenance costs equal depreciation of the stock of flood protection. The

resulting flood protection investment, iH(H), increases in H. Increasing maintenance costs

of flood protection, together with a diminishing marginal effect on flood risk, leads to a

steady-state value of the flood protection level H∗. Exploiting the homogeneity of the

problem in K, we can characterise H∗ analytically (see Appendix A). We introduce the

shorthands Γ(H,h) ≡ E
[
1 − Z1−γ

f

]
/(1 − γ) for the expected risk-adjusted damages from

a flood event and ΘH(iH , H) ≡ θH
2ν

(iHK0)2

H for the adjustment costs in flood protection

investment.

12Because utility is concave in consumption and the marginal product of investment is decreasing in the
investment rates iK and iH , the second-order conditions for maximisation are met.
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Result 1: The optimal long-run level of flood protection H∗ satisfies

−
(
∂λf (H

∗, h)

∂H
Γ(H∗, h) + λf (H

∗, h)
∂Γ(H∗, h)

∂H

)
ϕ′H(iH , H

∗)

ϕ′K(iK)
= r∗ + δH +

∂ΘH(iH , H
∗)

∂H
.

(12)

The risk- and growth-adjusted discount rate is

r∗ = ρ+ (ψ−1 − 1)(ge −
1

2
γσ2total), (13)

where expected growth net of the expected impact of economic and flooding disasters is

ge ≡ ϕK(iK)− δK − λeE
[
1− Ze

]
− λf (H

∗, h)E
[
1− Zf

]
and macroeconomic volatility including the effect of economic and flooding disasters is13

σ2total ≡ σ2K + 2λeE
[
1− Ze

]
E
[
1− Z1−γ

e

]
+ 2λf (H

∗, h)E
[
1− Zf

]
E
[
1− Z1−γ

f

]
.

Equation (12) states that the reduction in expected damages from one unit of investment

in dykes must equal the user cost of flood protection. The reduction in expected damages

from flooding resulting from investing in dykes (the left-hand side of (12)) is the resulting

marginal reduction in the probability of flooding times the expected risk-adjusted damages

if a flood occurs (the first term in the big brackets). From this, the existing probability

of flooding times the marginal increase in expected risk-weighted damages conditional on

flooding is subtracted (the second term), which corrects for the phenomenon that if flooding

occurs with higher dykes, the damage is greater (due to the greater inundation depth of

flooding). The sum of these two terms must be positive for investment in flood protection

to be optimal. Together, they are multiplied by ϕ′H/ϕ
′
K to convert from units of flood

protection to units of physical capital.

The user cost of flood protection equals the risk- and growth-adjusted discount rate, r∗,

plus maintenance costs, where the latter equals the depreciation rate of flood protection,

δH ≥ 0, minus the marginal reduction in adjustment costs, ∂ΘH/∂H < 0 (the right-hand

side of (12)). This user cost potentially depends on the flood arrival rate through the

project-specific discount rate r∗ as well as the flood protection stock H.

Overall, it is more helpful to think in terms of an optimal flood arrival rate than an

optimal flood protection stock.

13This term corresponds to volatility, where the effect of economic and climate disasters is corrected for
risk aversion γ.
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Result 2: If the flood arrival rate λf and the flood damage distribution parameter χf

depend exponentially on dyke height H (as in (7)-(8)), the damage ratio Zf follows a power

function distribution, 14 and α > ζH , we obtain

λf (H
∗, h)

α− ζH (1 + χf (H
∗, h)) / (1 + χf (H

∗, h)− γ)

1 + χf (H∗, h)− γ

ϕ′H(iH , H
∗)

ϕ′K(iK)
= r∗+δH+

∂ΘH(iH , H
∗)

∂H
.

(14)

With zero adjustment costs and risk aversion (θK = θH = γ = 0), (14) implies

λf (H
∗, h) =

ν

K0
(r∗ + δH)

(
1 + χf (H

∗, h)

α− ζH

)
. (15)

Hence, according to (15), the probability of flooding is proportional to the initial relative

cost of flood protection investment relative to productive capital investment (ν) and the user

cost of flood protection (r∗+δH). Furthermore, (optimal) flood risk is inversely proportional

to expected damages from a flood (i.e. E[1−Zf ] = 1/(1+χf )). Finally, flood risk decreases

(i.e. more protection) in the marginal effect of dyke heightening on flood risk α, and

increases in the percentage increase in expected damages from a one metre increase in the

dyke height ζH (less protection).

3.1.2 Risk- and growth-adjusted discount rate

With a unit elasticity of intertemporal substitution (ψ = 1), the discount rate (13) needed

to evaluate optimal flood protection investment from (12) collapses to r∗ = ρ. The discount

rate, with its effect on optimal flood protection, is then unaffected by uncertainty whether

regular or coming from economic or flooding disasters. (Uncertainty about the size of

flooding damages does affect optimal flood protection directly.) The discount rate is also

unaffected by uncertainty if society has no risk aversion (γ = 0).

To gain better insight into the discount rate (13), we unpack it as

r∗ = ρ+ ψ−1ge − ge −
1

2
(1 + ψ−1)γσ2total + γσ2total (16)

(cf. (13) in Barro (2009), for the price-dividend ratio, and extended by Pindyck and Wang

(2013) and Van den Bremer and Van der Ploeg (2021)). The first two terms form the

Keynes–Ramsey rule, which give the discount rate as the pure rate of time preference

plus income growth multiplied by intergenerational inequality aversion (the inverse of the

14In which case, we can obtain Γ(H,h) = 1/(χc(H,h) + 1 − γ) and E
[
1 − Zc

]
= 1/(χc(H,h) + 1). We

require χc(H,h) > γ.
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elasticity of intertemporal substitution). The stochasticity in the model means that we

must account for the expected growth rate instead of a deterministic growth rate in the

first two terms. The third term corrects for expected flood damages growing at same rate

as the economy (−ge), since they destroy a fraction of the capital stock.

The fourth term captures the increase in saving, and reduction in the discount rate,

due to prudence (cf. Kimball, 1990)15. The term 1
2γσ

2
total is the reduction in economic

growth that would offset exactly the effect of uncertainty on expected welfare growth and

the discount rate. The total effect of this precautionary premium on the discount rate is

multiplied by the coefficient of relative prudence, which for our preferences equals 1 +ψ−1.

The fifth term indicates that damages are pro-cyclical (due to their proportionality to the

capital stock) and thus offer insurance value, which increases the discount rate and depresses

flood protection investment.

From (13) , we see that if ψ > 1, macroeconomic uncertainty (via σK and λe) increases

the discount rate and depresses flood protection investment (see also Section 5). But, if

ψ < 1, macroeconomic uncertainty curbs the discount rate and increases flood protection.

3.2 Optimal flood protection with sea level rise uncertainty

In our simulations we consider trends in the sea level rise and investigate what the effects

of sea level rise uncertainty are on flood protection. We find that flooding (as opposed to

economic) uncertainty always increases flood protection investment.

4 Application: Flood Management in The Netherlands

About a quarter of the Netherlands lies below sea level and more than half is vulnerable

to flooding, including the entire economic core in the west of the country. This makes the

Netherlands especially vulnerable to sea level rise. But, the Netherlands is a wealthy, highly

densely populated country with the resources to defend the coastline against sea level rise

even under more extreme scenarios, at least for the coming decades.16 Abandonment or

inland development, the subject of recent research by Desmet et al. (2021), Balboni (2021),

and Hsiao (2023), is not currently considered by policymakers.

15Kimball (1990) defines the ‘equivalent precautionary premium’ for a source of uncertainty for a two-
period consumption-savings model as the certain reduction in future wealth that will increase the marginal
value of future consumption by the same amount as the presence of uncertainty.

16See the six studies forming the ‘Knowledge Programme Sea Level Rise’ (‘Kennisprogramma Zeespiegel-
stijging’) or KP ZSS, in Dutch, discussed below. The literature list cites a summary available in English.
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The hydrological map shown in Figure 1 illustrates the exceedance norms that govern

flood protection policy in the Netherlands — for each flood protection segment, the maxi-

mum annual probability of failure is given. The areas shaded in very light grey are subject to

flooding, and are surrounded by flood protection segments indicated with different colours.

Those marked in red have the lowest (i.e. strictest) exceedance norms; those marked in

blue have the highest exceedance norms. In general, segments have tighter norms if they

protect dyke ring areas that are densely populated, are subject to flooding from the sea,

or lie low. Since some dyke ring areas are not completely flat, the location of a breach in

the dyke ring can matter greatly for damages as well. This is why the norms apply at the

disaggregated dyke ring segment level and not the higher dyke ring level.

Figure 1 can also be used to distinguish between several flood-prone parts of the Nether-

lands, each with a different adaptation strategy. The southwestern part of the country,

south of and including Rotterdam, is mostly protected by storm surge barriers that were

expensive to construct. Given ongoing sea level rise, costly fixed investment will have to

be undertaken anew in the future. By contrast, the preferred adaptation strategy for the

western and northern (or ‘Wadden’) coastlines is sand suppletion. Sand is deposited along

the shoreline to protect it as the sea level rises. The parts that are not along the coast

are also affected by sea level rise. For the IJssel lake area (centre of the map), the most

cost-effective strategy is to strengthen only the outer Afsluitdijk that dams it off from the

North Sea. The capacity of pumps moving water from the IJssel lake into the sea must also

be increased. For dyke ring areas along rivers, dyke heightening will be necessary, especially

nearer to the coast, because sea level rise hinders the outflow of water. Climate scenarios

with sea level rise also feature higher peak discharge rates from the rivers.17

4.1 Current flood policy framework

The most recent revision of flood protection standards in the Netherlands occurred in 2017,

when a new set of exceedance norms was enacted in law. This resulted in tighter norms

especially around the major rivers. The required engineering work is currently underway,

with a target date for completion of 2050.18 Underpinning the latest set of flood protection

standards is an official research project called WV21 (‘Waterveiligheid 21-ste eeuw’), which

combines engineering and economic research. The economic component is a cost-benefit

analysis in the spirit of van Dantzig (1956), comparing the fixed and variable costs of

17The information in the above two paragraphs is taken from KP ZSS.
18The work is necessary because of the tighter norms, but also because research found that existing norms

were often not met around rivers due to a failure to anticipate structural failure.
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10 Achtergronden bij de normering van de primaire waterkeringen in Nederland

Figuur 2.3 De nieuwe indeling van de prima ire waterkeringen in tra jecten.

Figure 1: Map of the Netherlands with the annual exceedance norms that must be met
for each dyke ring segment by 2050, ranging from 1 in 300 (dark blue) to 1 in 100,000
(red-brown) years. Source: Ministry of Infrastructure and Water Management 2016, p.10.

strengthening flood defences with the discounted flow of benefits in the form of avoided flood

damages. The discount rate is not endogenous in the analysis, but is taken from guidelines

drawn up to harmonise public investment spending across government departments. To

show what happens when it depends on economic and flood risk, we first calibrate the

preference parameters to match the risk-free rate and risk premium used by the Dutch

government. We then vary different sources of economic uncertainty, as well as sea level
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rise uncertainty, thus changing these rates and the optimal exceedance norms.

4.2 Flooding in six dyke ring zones

We use data of different degrees of granularity corresponding to segment level data at the

finest resolution, area level data at intermediate degree of resolution, and dyke ring zone at

the coarsest resolution to obtain our aggregated data for flooding, sea level rise, maintenance

and investment and (maximum) damages from flooding (see Appendix B for a discussion of

how we do this and what assumptions are needed). We use flood arrival rates at the zone

level, derived from annual failure probabilities of 198 primary ring segments including more

than 5 million unique flood events or breaches from 1,846 simulated scenarios with assigned

correlated probabilities from Kolen and Nicolai (forthcoming). Aggregating our remaining

data to the highest dyke ring zone level, we add six independent flooding disaster processes

to the evolution of capital, i.e.

dKt =

(
IK,t −

1

2
θK

I2K,t
Kt

− δKKt

)
dt+σKKtdBK,t−(1−Ze)KtdJe,t−

i=6∑
i=1

(1−Zf,i(Ht, ht))KtdJf,i,t,

(17)

where the arrival of flooding in each zone evolves over time according to

λf,i,t(Ht, ht) = P0,ie
−α(Ht−H0−ζht) (18)

with the aggregate variables defined above. The initial arrival rate of flooding in each zone,

P0,i, is taken directly from Kolen and Nicolai (forthcoming)19. For each zone, we take

the damages estimated by Kolen and Wouters (2007), corrected for economic growth, to

be the 90th percentile of the distribution20. The distribution of damages becomes more

unfavourable over time due to sea level rise. We approximate this with the variables in the

WV21 data set describing, at the dyke ring area level, the percentage increase in expected

damages from a one metre increase in dyke height and sea level rise.

19The initial flood arrival rate for each zone follows from the standards set for 2050 in the Water Law
(‘Waterwet’) legislation of 2017. Engineering work is currently underway to bring down flood risk along the
major rivers, and to counter the increase in risk from climate change.

20I.e., as the 10th percentile of the survival fraction conditional on a disaster strike, which is assumed to
follow a power distribution. We do this because Kolen and Wouters indicate that the arrival rate of the
events they study is one tenth of the prevailing flood protection norm in the affected areas. The scenario
with flooding across zones is assigned to the western coast zone, which has the lowest arrival rate of flooding.
Damages include casualties multiplied by a value of 6.7 million euros per death, as used by WV21.
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4.3 Sea level rise

Our model of sea level rise along the North Sea Coast (9) can be calibrated to different

emission scenarios. Figure 2 displays the projections of the Dutch meteorological agency

(KNMI) for sea level rise, under the SSP2-4.5 and SSP5-8.5 scenarios for greenhouse gas

emissions, along with our approximation (black lines). The path of sea level rise is similar

for the next two decades under a low- and high-emissions scenario, but the trends diverge

strongly after about 2060. Figure 2 indicates that our (transformed) Ornstein–Uhlenbeck

process with skewness (9), calibrated to the pathways, closely approximates the projected

trends of sea level rise and its distribution. For each SSP, we obtain the parameters in (9)

by matching to the median of the projection in 2005, 2050, 2100 and 2150, as well as the

5-95% confidence interval in 2100.
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SSP5-8.5 scenario

Figure 2: Comparison between our model (9) and KNMI projections for cumulative sea level
rise and its distribution along the Dutch North Sea coast for the SSP2-4.5 and SSP5-8.5
scenarios. The shaded red area shows the 5-95% confidence band from Van Dorland et al.
(2023). The lines in the figure are the fitted 5th, 50th, and 95th percentiles of our model.
Red dots indicate the median of the KNMI projection for sea level rise, which is given for
2050 and 2100.

The KNMI projections also include several more extreme ‘low-likelihood high-impact’

scenarios that can occur when warming exceeds 2 to 3°C, when ice cliffs around Antarctica

may collapse under their own weight and suddenly speed up ice loss (Van Dorland et al.

2023; see also DeConto et al. 2021). We abstract from these scenarios. More broadly, we

reduce the uncertainty facing policymakers by calibrating the stochastic process for sea level
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rise separately to the KNMI projections under different SSP scenarios, and assuming that

the parameters of the stochastic process are known. Given the specification of the process,

and currently observed sea level rise, this translates into known probability densities for

total sea level rise at any point in the future. In reality, policymakers do not know what the

future paths of emissions and global temperatures will be. Further, given the uncertainties

in the physical processes of sea level rise, there ‘will not be a single, uniquely valid approach

for estimating the probability of different levels of future change’ (Kopp et al. 2017, p.

1230). We do not address this more fundamental uncertainty here.

The WV21 data contains estimates at the dyke ring segment level of the expected rate

of water level increase under a baseline climate scenario and the associated increase in the

flood arrival rate. We aggregate these to obtain values for α and ζ in equation (18).

4.4 Calibration: Floods and flood protection

Tables 1 and 2 summarise the calibrated parameters for the flooding and flood protection

part of our model (with further details in Appendix B).

Area Initial flood ar-
rival rate P0,i

[year−1]

Disaster size
parameter χf,i

Dyke height
dependence of
damages ζH,i
[m−1]

Sea level de-
pendence of
damages ζh,i
[m−1]

Western coast and SWD 1/4,000 60 0.12 0.11
Wadden coast 1/300 179 0.10 0.09
IJssel lake 1/800 461 0.04 0.06
Rhine-Meuse: I 1/400 277 0.11 0
Rhine-Meuse: II 1/300 1093 0.13 0
Rhine-Meuse estuary 1/400 158 0.11 0.10

Table 1: Parameters for the six dyke ring ones. Source: Kolen and Wouters (2007) and
Kolen and Nicolai (forthcoming). Note that a smaller flooding size parameter χf,i implies a
larger expected disaster size. The parameters ζH,i and ζh,i indicate the percentage increase
in expected damages per metre increase in the dyke height and sea level, respectively.

4.5 Calibration: Economy

We set the adjustment cost parameter in the capital investment function to θK = 39.08,

while the annual volatility and annual arrival rate for economic disasters are set to σK = 0.02

and λe = 0.088, respectively. This combination of parameters reproduces the empirical

fact that volatility of aggregate consumption is much less than of dividends (cf. Hambel
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Parameter name Unit Symbol Value Source

Flood risk curvature metre−1 α 3.73 WV21
Mean water level in-
crease relative to SLR

ζ 1.02 WV21

Flood investment cost Euros/metre ν 42 · 109 See Appendix B
Flood adjustment cost metre·year/Euros θH 4.57 ·10−10 ibid.
Depreciation rate year−1 δH 0.01 ibid.
Initial protection stock metre H0 0.52 ibid.

SLR constant metre
1

1+θx X0 0.61 SSP2-4.5
0.42 SSP5-8.5

SLR rate (1/year)
1

1+θx ηX 0.014 SSP2-4.5
0.0087 SSP5-8.5

SLR skewness θX 5.99 SSP2-4.5
3.27 SSP5-8.5

SLR volatility metre/year1/2 σX 0.0056 SSP2-4.5
0.0070 SSP5-8.5

SLR steady-state mean metre
1

1+θx X 1.04 SSP2-4.5
1.34 SSP5-8.5

Table 2: Parameters governing the rate of sea level rise, the convexity of flood risk in sea
level rise, and investment and maintenance costs. For sea level rise parameters, we give in
turn the values for the SSP2-4.5 and SSP5-8.5 scenario; see Van Dorland et al. (2023). The
steady-state means of the Ornstein–Uhlenbeck process X and the transformed process for
sea level rise h differ. The former are in the last two rows of the table, while the latter are
1.27 m (SSP2-4.5) and 3.49 m (SSP5-8.5).

et al., 2024). The survival fraction of economic disasters follows a power distribution with

distribution parameter χe = 8, which means an average disaster destroys 11% of capital.

The productivity of capital, including human capital, is set to A = 0.113, matching Pindyck

and Wang (2013) and close to the value in Hambel et al. (2024). We match the annual risk-

free discount rate and the macroeconomic risk premium used by the Dutch government in

cost-benefit analysis of −1% and 3.25%, respectively, using the expressions in Section 3.1,

which hold without sea level rise.21 The coefficient of relative risk aversion that matches

the risk premium is γ = 4.30. Given this value, we match the risk-free rate by setting

ρ = 0.049/year if ψ = 0.5 and ρ = 0.025/year if ψ = 1.5.

21The inaccuracy from the assumption of constant flood protection and flood risk is marginal, because
flooding is only a very small part of overall disaster risk for the Netherlands. Given optimal policy, sea level
rise does not change this except in the more extreme climate scenarios.
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5 Quantitative Assessment

We first show the optimal investment in flood protection over time for two pathways for sea

level rise (SSP2-4.5 and SSP5-8.5) under our baseline calibration.22 We then examine the

effects of economic and sea level rise uncertainty on optimal investment. Both sources of

uncertainty turn out to be important. Our simulations indicate that the effect of economic

uncertainty on investment depends on the elasticity of intertemporal substitution, while sea

level rise uncertainty unambiguously increases flood protection investment.

The figures below include two panels. The left panel shows optimal investment in flood

protection over time. The right panel shows the return period of flooding disasters, given sea

level rise and optimal investment in flood protection. From the disaster arrival rates in the

dyke ring zones, we calculate the annual probability of a flood occurring anywhere.23 The

return period is defined as the inverse of that number and corresponds to the exceedance

norms used in flood protection policy in practice.

Since the parameter values in our calibration are not precisely known, we offer results

with alternative calibrations of flood risk and flood protection investment costs. Finally, we

provide an overview of the welfare cost of flood risk and sea level rise for all our results.

5.1 Baseline results: no sea level rise uncertainty

To demonstrate the basic mechanisms at work, we first show results without sea level rise

uncertainty.24 Thus, we replace each stochastic process for sea level rise by a deterministic

process that follows has the same mean.25 Flood protection investment is proportional

to the aggregate capital stock or GDP (provided there is no sea level rise uncertainty),

and is thus subject to regular macroeconomic shocks and disasters. This means that flood

protection investment as percentage of output is deterministic. The left panel of Figure 3

indicates that optimal flood protection investment is significantly higher under the more

22We solve the HJB equation of our model using finite differences. Specifically, we use the implementation
in Achdou et al. (2022), which allows use of MATLAB’s sparse matrix tools. Since the flood arrival rate is
exponential, it becomes very large in the low-H, high-h corner of the grid. We therefore set the maximum
annual flood arrival rate to 1 to ensure convergence. Doubling or halving this maximum arrival rate does
not affect the solutions.

23The combined annual probability of flooding is 1−Πi=6
i=1e

−λf,i ≈
∑i=6
i=1 λf,i if arrival rates λf,i are small.

The vertical axis on the right panels is calculated as (1−Πi=6
i=1e

−λf,i)−1.
24The optimal path of the flood protection stock depends on the optimal investment paths. For subsequent

results, we will use the year 2100 as an appropriate investment horizon, but we show a longer timescale here
to illuminate the logic underlying the results.

25The volatility parameter σX is set to zero, and the mean-reversion parameter ηX is adjusted to ensure
the deterministic process equals the mean of the skewed stochastic process with negligible error.
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pessimistic global warming scenario SSP5-8.5, and more so as the years progress and the

differences in global warming and sea level rise between these two scenarios increases. Sea

level rise begins to flatten several decades earlier under the SSP2-2.5 scenario, which causes

flood protection investment to fall. In the SSP5-8.5 scenario adjustment costs are high, so

investment has to be high too in the first decades to get the same level of protection.26
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Figure 3: Optimal flood protection investment and the return period of flooding for the
global warming scenarios SSP2-4.5 and SSP5-8.5 without sea level rise uncertainty (baseline
results).

The right panel of Figure 3 shows that optimal exceedance norms are significantly tighter

than the current norms. They increase over time, because investment in flood protection

becomes cheaper as the existing flood protection stock increases, while expected damages

from flooding increase with sea level rise. Furthermore, adjustment costs of flood protection

fall over time as the economy grows.27 For these reasons, flood protection policy eventually

becomes more stringent in the SSP5-8.5 than in the SSP2-4.5 scenario, despite the higher

investment costs. Once sea level rise stops, flood protection converges to its long-run level

(see Section 3). Although the the optimal long-run level of flood protection is consider-

ably higher than its present level in the Netherlands, initial investment is close to actual

investment – we provide a fuller comparison with current policy in section 5.8.28

26The shape of the flood protection investment paths is clearly influenced by the specification of adjustment
costs. In the flood protection investment function, the adjustment cost parameter is divided by the flood
protection stock, so that investment capacity rises linearly with it.

27Adjustment costs fall as θH,t falls and νt rises in (6).
28Around 360 million Euros per year has been allocated by the Dutch government to flood protection
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Sea level rise does not affect the risk-free rate and the macroeconomic risk premium

under the SSP5-8.5 scenario much compared with the baseline without sea level rise uncer-

tainty (see Figure 9 in Appendix C). The risk-free rate is only marginally lower and more so

for lower ψ, as then the intertemporal substitution effect resulting from lower consumption

growth is larger (see the second term on the right-hand side of (16)).29 The risk premium

is only marginally higher.

5.2 Effects of higher risk of rare macroeconomic disasters

Figure 4 shows what happens if the risk of macroeconomic disasters is increased by around

44%. This lowers the discount rate and thus increases optimal flood protection investment

if the elasticity of intertemporal substitution is below unity (i.e. ψ = 0.5). As a result, the

right panel indicates that the time for a flood to occur increases significantly. Conversely,

if the elasticity of intertemporal substitution is above unity (i.e. ψ = 1.5), the higher

macroeconomic disaster risks increases the discount rate and thus diminishes optimal flood

protection investment. Now it becomes more likely that a flood will occur (lower flood

return period). The reason for these opposite effects of macroeconomic disaster risk on the

discount rate (13) is that the discount rate contains a prudence and an insurance term as

can be seen from (16). For ψ < 1, the former dominates, so the discount rate goes down

and flood protection investment goes up. For ψ > 1, the reverse holds.

Macroeconomic disaster risk has a considerable effect on flood protection investment.

The effect is asymmetric, since it diminishes over time if ψ = 1.5 but not if ψ = 0.5.30

Given sea level rise and the exponential shape of the flood arrival rate, investment cannot

remain below its baseline level for very long if ψ = 1.5. The higher investment rate if

ψ = 0.5 is up to a point self-reinforcing, because a larger accumulated flood protection

stock makes further investment more efficient through lower adjustment costs. A higher

degree of regular macroeconomic uncertainty (higher volatility σK) yields similar results,

though quantitatively smaller (see Appendix D, along with the corresponding figures for

the SSP5-8.5 scenario).

reinforcement until 2050, which is less than in our optimal scenarios.
29Another reason may be that flood protection spending must go up in the near future, increasing the

marginal utility of consumption relative to the present. This effect outweighs higher economic (flood) risk
pushing up the discount rate for EIS>1.

30For ψ = 1.5, the difference relative to baseline becomes negative at some point, because investment costs
are high when the accumulated flood protection stock is low.
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Figure 4: Effects of a higher risk of macroeconomic disasters on optimal flood protection
investment and the return period under the SSP2-4.5 scenario without sea level rise uncer-
tainty. The disaster arrival rate is increased by 44%, so the discount rate falls to 1% for
ψ = 0.5.

5.3 Effects of sea level rise uncertainty

Figure 5 shows the optimal path for stochastic flood protection investment and the return

period with stochastic sea level rise as in (9) and compares them to the baseline where sea

level rise follows the mean of the stochastic process.31 Optimal flood protection investment

paths differ, because the optimal policy response differs when sea level rise is stochastic

even when the mean is kept constant. Furthermore, the average of any nonlinear response

of optimal investment to variations in sea level rise will differ. With quadratic adjustment

costs, the former dominates the latter effect.

5.4 Effects of doubling flood risk

The true flood arrival rate in the Netherlands is only known approximately. Because the

level of flood protection is high, major disasters presuppose either meteorological conditions

that have not yet been observed or unforeseen failures in flood defences. Such probabilities

31The figures display the average of 50,000 simulated paths of flood protection investment and the return
period with stochastic sea level rise. Because the process for sea level rise is skewed, which is a convex
transformation, the mean of the stochastic process lies above its median. We ensure that the deterministic
process coincides with the mean of the stochastic process by slightly increasing the rate of sea level rise
parameter ηX when we shut down the volatility parameter σX . See Appendix F for details.
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Figure 5: Effects of stochastic sea level rise on optimal flood protection investment and the
return period under the SSP2-4.5 scenario. The blue line shows the deterministic path; the
red line shows the mean of the stochastic path; and the dashed lines show the 5 and 95
percentiles of the stochastic paths. In the right panel, the red line shows the inverse of the
mean flood arrival rate.

are inherently difficult to estimate.32 While the WV21 studies led to an upwards revision

in estimated flood risk along rivers, some argue that the probability of many scenarios is

overestimated.33 The return on flood protection investment is determined by flood risk,

i.e. the flood arrival rate times expected risk-adjusted flood damages as in (12). Changing

either will thus have a similar effect on optimal investment. Figure 6 shows the effects of

doubling the initial flood arrival rate in all zones relative to the baseline results.

It turns out that this has little influence on optimal exceedance norms in the long run.

To understand this, recall that the long-run optimality condition for the flood arrival rate

equates the marginal reduction in risk-adjusted damages from flood protection to its user

cost. If initial flood risk is greater, more needs to be invested to bring it down, but that

32The exponential functional form we use to approximate the flood arrival rate stems from the observed
distribution of high water levels along the coast. The initial arrival rates in each zone come from Kolen and
Nicolai (forthcoming) and rely in part on subjective expert judgment. The results for damages from Kolen
and Wouters (2007) are based on computer-simulated inundation patterns.

33See, ABN AMRO, ‘Climate change and the Dutch housing market: Insights and policy guidance based
on a comprehensive literature review’, 2024, and references therein. The criticism is essentially that the
correlation between different extreme events is neglected. Kolen and Nicolai (forthcoming), on which we
base our calibration of flood risk, explicitly take this correlation into account.
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Figure 6: Effects of doubling the initial flood arrival rate, P0,i in each zone on optimal flood
protection investment and the return period under the SSP2-4.5 scenario with no sea level
rise uncertainty.

matters only if the user cost changes with the level of flood protection.34 The flood arrival

rate does take many decades to converge to its baseline level. Early on, there is not enough

spare investment capacity to reduce flood risk at an acceptable cost. The capacity only

becomes available once sea level rise has flattened.

5.5 Effects of doubling dyke heightening costs

The cost projections in the KP ZSS studies, which we use for calibration, are not very

precise. Within the confidence intervals provided, the cost of dyke heightening can be half

or double the central estimate. The budget allocated by the Dutch government to achieve

the updated flood protection standards by 2050 has overrun by a factor two.35 Figure 7

therefore shows the effects of doubling the cost of dyke heightening.

Doubling investment costs leads to higher, more costly investment, but flood protection

falls and in the long run the optimal exceedance norms are roughly halved. Holding the

flood protection stock H constant, the marginal damage reduction from investment is in

the long run proportional to the flood arrival rate (see the discussion of Results 1 and 2 in

34For example, if total maintenance costs are very nonlinear in the level of flood protection.
35This refers to the HWBP programme (Hoogwaterbeschermingsprogramma). Revised cost projections

from 2023 to 2050 are roughly twice the original budget, see for example, in Dutch, Ministry of Infrastructure
and Water Management 2024, p.2.
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Figure 7: Effects of doubling investment costs on optimal flood protection investment and
return period under the SSP2-4.5 scenario with no sea level rise uncertainty. Relative to
the baseline, the cost parameter ν is doubled while the adjustment cost parameter θH is
halved. This way, investment capacity is unaffected (adjustment costs stay constant given
dyke heightening).

Section 3). If the user cost changes, the flood arrival rate must change by the same amount

to equate the marginal benefit and cost of flood protection investment. In the WV21 data

the expected damages from a flood event are increasing in the stock H, which in turn is

tied to the flood arrival rate. However, the above reasoning still holds approximately.

5.6 Cumulative dyke heightening

Table 3 displays cumulative dyke heightening, in metres between the years 2022 and 2100,

along the optimal path of each scenario. This dyke heightening is averaged over dyke ring

areas, weighted by investment cost (see Appendix B for details). Expected sea level rise by

2100 is 0.64 m under the SSP2-4.5 scenario and 0.22 m higher by the end of the century

under the SSP5-8.5 scenario with very little mitigation and much more global warming and

sea level rise. Doubling flood risks increases dyke heightening, while doubling investment

costs curbs dyke heightening. If both initial flood risk and investment costs are doubled,

the effect on optimal policy nets approximately to zero36. Higher economic disaster risk

leads to more (less) dyke heightening if the elasticity of intertemporal substitution is below

36The net effect is not exactly zero because the optimal discount rate moves down a little.
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(above) one. The total amount in Euros of flood protection investment between 2022 and

2100, along the optimal path and discounted at the risk-adjusted discount rate is given in

parentheses.37

SSP2-4.5 SSP5-8.5

Baseline 0.72 (15) 0.91 (18)
With sea level rise uncertainty 0.73 (16) 0.92 (18)
Doubling of initial flood risk 0.89 (20) 1.06 (23)
Doubling of investment costs 0.54 (19) 0.73 (25)
Doubling of flood risk and costs 0.72 (30) 0.91 (36)
Higher economic disaster risk (ψ = 0.5) 0.83 (19) 1.01 (21)
Higher economic disaster risk (ψ = 1.5) 0.72 (14) 0.89 (17)

Table 3: Cumulative dyke heightening between 2022 and 2100 expressed in metres, and in
parentheses the associated discounted investment cost in billion Euros (2022 price level).

5.7 Welfare costs of disaster risk

Pindyck and Wang (2013) show that the welfare cost of disaster risk in their setting can

be expressed as an equivalent permanent consumption tax. If there is homogeneity in the

capital stock, such a tax is non-distorting and boils down to a loss of wealth. Since this

also holds in our model, we use the same welfare measure (see Appendix G). For each of

the simulations discussed above, we solve the model with zero sea level rise. We then derive

the permanent consumption tax that equates welfare to its value with sea level rise for

the different simulations. Table 4 thus presents the willingness to pay (WTP), i.e. the

percentage of consumption one is prepared to sacrifice for ever into the future, to avoid sea

level rise for each of the simulations, both for the SSP2-4.5 and the SSP5-8.5 scenario.

The baseline results shows that society is prepared to sacrifice permanently 0.085% of

consumption to avoid sea level rise in the SSP2-4.5 scenario. However, in the SSP5-8.5

scenario with more emissions and global warming and sea level rise, society is willing to

sacrifice almost one-and-half times as much. If sea level rise is stochastic, society is willing

to sacrifice a little more in each scenario. If the flood arrival rate were to double, society

is willing to increase the sacrifice to avoid sea level rise to a permanent cut in aggregate

consumption of 0.12% in the SSP2-4.5 and to 0.16% in the SSP5-8.5 scenario. Finally, if

37Since investment costs scale with output in our model, they are stochastic even if sea level rise is not. We
use the expected growth rate to calculate expected costs. Although the optimal discount rates and expected
economic growth vary between scenarios, we use their baseline values everywhere for comparability.
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SSP2-4.5 SSP5-8.5

Baseline 0.085 0.12
With sea level rise uncertainty 0.090 0.13
Doubling of initial flood risk 0.12 0.16
Doubling of investment costs 0.14 0.19
Doubling of flood risk and costs 0.16 0.23
Higher economic disaster risk (ψ = 0.5) 0.10 0.15
Higher economic disaster risk (ψ = 1.5) 0.080 0.11

Table 4: WTP to avoid sea level rise, expressed as a permanent consumption tax (%).

dyke heightening costs double, society is willing to pay roughly one-and-half times as much

in each of the two global warming scenarios.

In line with previous contributions in the macro finance literature, we find that society’s

willingness to pay to eliminate heightened disaster risk exceeds its expected financial cost.

Comparing our baseline model solutions with and without sea level rise, we can calculate the

present discounted value (PDV) of increased adaptation investment and flood damages due

to sea level rise. This sum is 12 billion Euros under SSP2-4.5, and 16 billion Euros under

SSP5-8.5. Meanwhile, the present discounted value of the equivalent (in welfare terms)

consumption tax is 17 billion Euros under SSP2-4.5 and 24 billion Euros under SSP5-8.538.

Since optimal exceedance norms weakly depend on the sea level, the financial cost of

sea level rise is mostly that of additional investment. In our baseline calibration, the cost

of increased adaptation investment due to sea level rise is roughly 5 times that of increased

flood damages under both the SSP2-4.5 and the SSP5-8.5 scenario. Somewhat surprisingly,

within each pathway, the effect on welfare of sea level rise uncertainty is muted. Although

investment paths are strongly affected by sea level rise uncertainty (see Figure 5), the flood

arrival rate can be kept under control without excessive adjustment costs in our calibrated

model.39 Most of the variation in investment costs and flood damages then averages out. In

limiting total investment capacity, adjustment costs do generate a more sizeable interaction

effect between the cost of sea level rise and initial flood risk.

Table 4 also shows results for higher macroeconomic disaster risk when the rate of

time preference is adjusted to ensure that the risk-free rate remains matched to the data.

38The PDV of adaptation investment, expected flood damages, and the consumption tax is calculated
by simulating the model forward for 1000 years, correcting for the correlation of investment costs, flood
damages, and consumption with output, and discounting by the optimal risk-adjusted rate of 2,25%.

39This finding aligns with the results of the KP ZSS studies to which we calibrate the model. There, it is
argued that due to fixed costs required investment is in fact weakly concave in sea level rise between 2050
and 2200, provided it follows a predictable path. See, in Dutch, ibid p.29.
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With ψ < 1, this higher risk depresses the discount rate and increases flood protection

investment and thus increases the return period. As a result, society is willing to forsake

more consumption to avoid sea level rise. With ψ > 1, we obtain the opposite effects.40

5.8 Comparison with current policies

We find that optimal policy requires a continuous tightening of flood protection standards.

The flood protection norms established by legislation in 2017, which we use to calculate

the initial flood return period, are thus not sufficiently stringent. In the simulation where

we shut down sea level rise it is optimal to more than double the return period of flooding

in the long run, from 76 to 194 years. Once we allow for sea level rise, which makes flood

events more destructive, the optimal return period in the long run increases further to 242

years (SSP2-4.5) or 378 years (SSP5-8.5).

The Dutch government has initiated a research programme examining the cost and

feasibility of maintaining the current flood protection norms in the face of sea level rise. First

findings of this programme, called KP ZSS (‘Kennisprogramma Zeespiegelstijging’), were

released in 2023. It found that necessary dyke heightening in most dyke ring zones, averaged

by the length of dykes, are a little less than sea level rise itself.41 Our analysis weights the

required heightening of segments by the investment cost and finds that it slightly exceeds

sea level rise.42 KP ZSS also estimated the overall cost of maintaining flood protection

standards to be roughly 300 million Euros per year given sea level rise of 0.75 metres by

2200 (ibid p. 32). This estimate is identical to our own because we use it for calibration.

We can also compare our optimal flood protection investment rates with actual expen-

ditures. There is no unified budget for flood protection spending in the Netherlands, but

most strengthening of primary flood defences is currently funded under a programme called

HWBP (‘Hoogwaterbeschermingsprogramma’). The most recent cost estimate, revised up-

wards from 360 million Euros, is 857 million Euros per year.43 At 0.076% of output in

2024, this is close to optimal investment in most of our scenarios. Since the optimal flood

protection level in our results rises faster than what is planned under HWBP, our baseline

calibration of investment costs may thus be somewhat optimistic.

40Note that the baseline for the two different values of ψ is the same as ρ is adjusted to match the risk-free
interest rate. The welfare cost in the baseline is thus the same for both values of ψ.

41For example, given sea level rise of 0.75 metres by 2200, required heightening along the coastline is 0.70
metres, and less along the rivers. See KP ZSS 2023 (in Dutch) p.24.

42This can be seen from the fact that ζ > 1. Another difference with the KP ZSS methodology is that we
assume the norms are exactly satisfied, while KP ZSS allows for initial dyke height to exceed the norms.

43See, in Dutch, Ministry of Infrastructure and Water Management 2024, p.2. The lower bound for costs
is put at 561 million euros per year and the upper bound at twice that level, 1.2 billion euros per year.
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6 Conclusion

We have put forward a tractable DSGE framework to assess optimal flood protection invest-

ments in the face of gradual sea level rise as well as macroeconomic and flood risks. Policy

makers can curtail the flooding risk by investing in flood protection. Our framework allows

policymakers to differ in their aversion to intertemporal fluctuations and their aversion to

risk, where prudence increases in the former. We have obtained two sets of results.

First, we have derived a rule for the optimal long-run level of flood protection as function

of relative risk aversion, the elasticity of intertemporal substitution, and uncertainty of

economic growth. We have shown that regular economic uncertainty and especially the

risk of rare macroeconomic disasters leads to less (more) flood protection if the elasticity

of substitution is greater (less) than one. Second, we have calibrated our model to the

Netherlands and shown that sea level rise uncertainty leads to more flood protection. Third,

we have shown how changes in flood risk and in dyke heightening costs affect flood protection

investment and the flood return period.

Within each climate scenario, our quantitative analysis revealed that doubling initial

flood risk or investment costs changes optimal dyke heightening by up to a quarter (by

less when sea level rise is greater). Increasing economic disaster risk affects optimal dyke

heightening through the optimal discount rate. If the elasticity of intertemporal substitution

is less (greater) than 1, total dyke heightening increases (reduces). Sea level rise uncertainty

by comparison has a limited effect on optimal policy despite the fact that it is modelled as

a skewed distribution.

Our results suggest that the welfare cost of sea level rise under an optimal flood protec-

tion policy correspond to up to a 0.23% permanent drop in consumption. In comparison,

Desmet et al. (2021) use a model of coastal retreat, abstracting from flood protection and

(within-model) sea level rise uncertainty, and find a figure of 1.05% for the welfare loss in

PDV terms. This is higher, since it does not allow flood protection to react to flood risk.

Hsiao (2023) also shows that adaptation lowers the social cost of sea level rise. For the

Netherlands flood protection investment is very cheap compared to the value of land.

This brings us to avenues for future research. First, our analysis deals with risk, i.e.

uncertain outcomes with known probabilities. But as Barnett et al. (2020) point out,

given the wide variety of economic, climate and flood research, one might want to allow for

ambiguity with unknown weights for alternative possible models and for misspecification to

capture unknown flaws in the approximation of models. Since many parts of our model are

approximate (e.g. the exponential functional form for flood risk), and parameter values are
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unknown, it would be of interest to use the robust control techniques developed by Hansen

and Sargent (2007) to deal with this type of uncertainty, ambiguity and mis-specification.

Second, it is of interest to allow policymakers to learn over time about the parameters driving

the stochastic process for sea level rise rather than conditioning all information on past data.

Third, policymakers may recognise that fixed costs and irreversibilities in flood protection

investments in the presence of uncertainty can lead to hold-up problems. This could be

analysed using the real option theory outlined in Dixit and Pindyck (1994). With data on

fixed costs, one could examine and test how the ‘saw-tooth’ pattern of investment is affected

by flood uncertainty. Finally, our application has been to flood control in a flood-prone rich

country. It would be of interest to extend our analysis to allow for heterogeneity among

households (rich versus poor, borrowing-constrained or not) and to develop applications

to flood-prone developing regions where adaptation is more challenging due to political,

borrowing, and other constraints.
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Appendix

A: Derivations

Derivation of Result 1

We have the aggregator function

f(Cs, Vs) =
ρ

1− ψ−1

C1−ψ−1 − ((1− γ)V )ω

((1− γ)V )ω−1
(19)

with ω ≡ 1−ψ−1

1−γ . The investment function net of adjustment costs is ΦK(IK,t,Kt) and gives

the rate at which the consumption good can be converted into productive capital. It is

homogeneous of degree one in investment and capital with quadratic adjustment costs, so

ΦK(IK,t,Kt) ≡ IK,t −
1

2
θK

I2K,t
Kt

. (20)

Similarly, the investment function for flood protection net of adjustment costs is defined by

ΦH(IH,t,Kt, Ht) ≡
1

νt

(
IH,t −

1

2
θH,t

I2H,t
Ht

)
. (21)

The HJB equation is
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0 = max
IK ,IH

{f(C, V ) + (ΦK(IK ,K)− δKK)VK(K,H, h) + (ΦH(IH ,K,H)− δHH)VH(K,H, h)+

1

2
σ2KK

2VKK(K,H, h) + ηh(h)Vh(K,H, h) +
1

2
σh(h)

2Vhh(K,H, h)+

λeE[V (ZeK,H, h)− V (K,H, h)] +

i=nc∑
i=1

λf,i(H,h)E[V (Zf,iK,H, h)− V (K,H, h)]}.

(22)

Using V (K,H, h) = 1
1−γ (g(H,h)K)1−γ and (6), and dividing by (g(H,h)K)1−γ , we obtain

0 = max
iK ,iH

{( ρ

1− ψ−1
((
A− iK − iH
g(H,h)

)1−ψ
−1 − 1) + (ϕK(iK)− δK)− 1

2
γσ2K+

(ϕH(iH , H)− δHH)
gH(H,h)

g(H,h)
+ ηh(h)

gh(H,h)

g(H,h)
+

1

2
σh(h)

2(
ghh(H,h)

g(H,h)
− γ(

gh(H,h)

g(H,h)
)2)

−λe
1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H,h)
1

χf,i(H,h) + 1− γ
}.

(23)

Using the investment adjustment cost functions

ϕK(iK,t) = iK,t −
1

2
θKi

2
K,t (24)

and

ϕH(iH,t) =
1

ν
(iH,t −

1

2
θH

i2H,t
Ht

), (25)

we obtain the first-order optimality conditions for iK ,

−ρ(A− iK − iH
g(H,h)

)−ψ
−1 1

g(H,h)
+ (1− θKiK) = 0, (26)

and for iH ,

−ρ(A− iK − iH
g(H,h)

)−ψ
−1 1

g(H,h)
+

1

ν
(1− θH

H
iH)

gH(H,h)

g(H,h)
= 0. (27)

Plugging (26) into the HJB equation gives
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A− iK − iH = − 1− ψ−1

1− θKiK

(
− ρ

1− ψ−1
+ (ϕK(iK)− δK)− 1

2
γσ2K+

(ϕH(iH , H)− δHH)
gH(H,h)

g(H,h)
+ ηh(h)

gh(H,h)

g(H,h)
+

1

2
σh(h)

2(
ghh(H,h)

g(H,h)
− γ(

gh(H,h)

g(H,h)
)2)

−λe
1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H,h)
1

χf,i(H,h) + 1− γ
}

)
.

(28)

Without sea level rise, the terms involving ηh and σh drop out of (28). There are three

unknowns: iH , iK , and H. Given that there is a steady state for the flood protection stock,

let iH be the (lowest) level of flood protection investment such that ϕH(iH , H) = δHH.

Then, (28) becomes

A− iK − iH + θK(−AiK + i2K + iKiH) + (1− ψ−1)(iK − θK
1

2
i2K) =

−(1− ψ−1)

(
− ρ

1− ψ−1
− δK − 1

2
γσ2K − λe

1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H,h)
1

χf,i(H,h) + 1− γ

)
.

(29)

Rearranging terms gives

1

2
θK(1 + ψ−1)i2K − (

1

ψ
+ (A− iH)θK)iK =

−A− iH − (1− ψ−1)

(
− ρ

1− ψ−1
− δK − 1

2
γσ2K − λe

1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H,h)
1

χf,i(H,h) + 1− γ

)
.

(30)

The third condition comes from taking the derivative of (23) with respect to H (the

envelope condition). The first-order optimality conditions give g(H,h)(ψ
−1−1) = (A− iK −

iH)
ψ−1−1
1−ψ ( ρ

1−θK iK )−1. Using this and gH(H)
g(H) = ν (1−θK iK)

(1− θH
H
iH)

gives
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−ν(A− iK − iH(H))
(1− θKiK)2

(1− θH
H iH(H))

+
1

2

θH
H2

iH(H)2
(1− θKiK)

(1− θH
H iH(H))

− νδH
(1− θKiK)

(1− θH
H iH(H))

+

αλf (H,h)
1

χf (H,h) + 1− γ
+ λf (H,h)(

1

χf (H,h) + 1− γ
)2
∂χf (H,h)

∂H
= 0.

(31)

Finally, the risk-adjusted discount rate is the expected return on equity, dQt+Dt−dt
Qt−

,

where Qt denotes the value of equity and Dt denotes dividends. In equilibrium, Ct =

Dt and Qt = Kt
1−θK iK,t . In steady state, Ct = cKt and Qt = qKt, so that dQt+Dt−dt

Qt−
=

(A − iK − iH)(1 − θKiK) + dKt
Kt−

. The risk- and growth-adjusted discount rate is then

(A− iK − iH)(1− θKiK). To obtain Result 2, replace this with r∗ in the first term of (31).

The formulae for r∗ in the text can be recovered straightforwardly using equation (28),

taking 1− θKiK to the left-hand side of the equation.

Derivation of Equation (40)

Given Assumption 3 in Section 6, if there are dyke ring areas i and j with arrival rates of

flooding given by equation (39), then

λf,i(Hi,t+dt, hi,t+dt)

λf,i(Hi,t, hi,t)
=
λf,j(Hj,t+dt, hj,t+dt)

λf,j(Hj,t, hj,t)
, ∀t, dt ≥ 0. (32)

Writing dHi,t for Hi,t+dt −Hi,t, and similarly for other variables, it follows that

αi(dHi,t − dhi,t) = αj(dHj,t − dhj,t),∀i, j, t. (33)

According to Assumption 1, adjustment costs apply to investment summed over all

areas. Since adjustment costs are the only source of nonlinearity in investment costs, at the

dyke ring level we can define constant local cost factors νi that describe the relative cost of

dyke heightening. In particular, we can write

dHi,t =
ν

νi

iH,i
iH

dHt. (34)

The rate of dyke heightening in an area is proportional to the amount of investment

allocated to it, and inversely proportional to the local cost; iH and ν are aggregates which

sum over areas; and dHt = ϕ(iH,t, Ht). Finally, Assumption 2 specifies that the rate of
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increase of the mean water level in an area is proportional to sea level rise, so that

dhi,t = ζidht. (35)

Then, some rearranging shows that

αi(
ν

νi

iH,i
iH

ϕ(iH , Ht)− dhi,t) =
1∑

i(
νi/ν
αi

)
(ϕ(iH , Ht)−

∑
i

νiζi
ν
dht). (36)

Define α ≡ 1∑
i(
νi/ν

αi
)
, Ht ≡

∑
i
νi
ν Hi,t (directly from (34)) and ζ ≡

∑
i
νi
ν ζi. The formula

for local flood risk then gives

dλf,i,t = −α(dHt − ζdht)λf,i,t, (37)

which given the initial flood arrival rate P0,i integrates to

λf,i(Ht, ht) = P0,ie
−α(Ht−H0−ζht). (38)

Compared to the dynamic programming problem in which local investment rates are

allowed to vary independently, Assumption 1 involves a simplification. Given Assumption

2, each hi,t is stochastic, containing the Brownian motion from the process for aggregate sea

level rise. Therefore, the policy functions iH,i,t that would keep the relative arrival rates of

flooding constant everywhere would not be Ft-measurable. The simplified problem assumes

away a source of uncertainty, i.e. the relative increase in flood risk between locations.

B: Data Sources, Aggregation, and Calibration

The aforementioned WV21, which was carried out between 2005 and 2011, forms the back-

bone of our data relating to flood risk and flood protection. It contains, at the dyke ring

segment level, estimates of the fixed and variable (per metre) costs of heightening the dykes,

the local structural rate of sea level rise, and the local convexity of flood risk in the sea

level44. The second major data source is KP ZSS (‘Kennisprogramma Zeespiegelstijging’),

an official research programme that explores the required policy response to sea level rise

in the Netherlands from 2050 onwards. The first round of findings, released in 2023, con-

tain estimates for the amount and costs of dyke heightening, sand suppletion, and increased

pump capacity necessary under different scenarios for cumulative sea level rise between 2050

and 2200. This data is provided at a more aggregated level of six zones: the south-western

44We thank Dr. Jarl Kind for sharing the relevant WV21 data with us.
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Delta, the western coast, the (northern) Wadden coast, the IJssel lake, the Rhine-Meuse

area, and the Rhine-Meuse estuary (abbreviated RMM). As briefly sketched above, these

zones face distinct challenges under scenarios with sea level rise.

We use two further data sources. First, to obtain current spending on maintenance

and investment, we refer to the budget enacted by the Dutch parliament in 2022, covering

all flood protection spending.45 Second, as explained below, we use a third government-

commissioned study from 2007 for a plausible estimate of maximum damages from flooding.

Data aggregation

The single nationwide flood protection and climate variables in our model should be viewed

as aggregates that combine existing flood protection, sea level rise, and flood risk variables

at a more local level. In the Netherlands, one such level is the dyke ring area. By definition,

flooding in each dyke ring area is a separate event, because flooding in multiple areas

cannot result from a single dyke failure. In flood protection policy, exceedance norms

were traditionally set at the dyke ring area level, before being further disaggregated.46 We

make several assumptions to obtain a mapping from the disaggregated WV21 data to the

aggregate variables in the model. First, the flood arrival rate in each dyke ring area depends

on local sea level rise and local flood protection so that flooding in one area does not cause or

prevent flooding elsewhere. Second, when flood protection investment is divided over dyke

ring areas, adjustment costs apply to aggregate investment as constraints on investment

capacity exist at the national level (e.g. due to a limited number of engineers). Third, sea

level rise in each dyke ring area depends linearly on sea level rise along the North Sea coast.

This allows for different areas to be more or less exposed to sea level rise, but does not

allow for unrelated land subsidence. Finally, flood protection investment does not affect the

spatial distribution of flood arrival rates.47

Implicitly, we also assume that the spatial distribution of vulnerable productive capital

remains constant over time. Since flooding in a dyke ring area destroys a fraction of the

local capital stock, we would otherwise need to keep track of this distribution to calculate

expected damages. There is a literature that examines how economic activity in flood-prone

areas could respond to sea level rise, which contains opposing views.48

45See, in Dutch, Tweede Kamer der Staten-Generaal, parliamentary paper 36 200 J, 2022.
46Since the Waterwet of 2017, they are set at the dyke ring segment level.
47For example, if the arrival rate of flooding is halved in one dyke ring area, it must be halved in all areas.

Policymakers thus cannot allocate relatively more investment to some areas than to other areas.
48For the United States, more theoretical work (e.g. Bilal and Rossi-Hansberg 2023) indicates that migra-

tion away from flood-prone areas will reduce the amount capital at risk, with ambiguous welfare implications,
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Suppose that there are 1, 2, ..., nf dyke ring areas with nf flooding processes Jf,i,t, with

the arrival rate and expected damages depending on local flood protection and sea level

rise. Then, the arrival rate of flooding in each dyke ring area i is

λc,i,t(Hi,t, hi,t) = P0,ie
−αi(Hi,t−Hi,0−hi,t). (39)

Appendix A shows that under the above assumptions the local flood protection stock Hi,t

can be related to an aggregate Ht defined as its cost-weighted average, and local sea level

rise hi,t to sea level rise along the North Sea coast ht, i.e.

λc,i,t(Ht, ht) = P0,ie
−α(Ht−H0−ζht), (40)

where α and H0 are cost-weighted averages of variables at the dyke ring area level, and

ζ weights sea level rise ht by its average effect on the water level in dyke ring areas. All

variables can be calculated from the WV21 data. The policy maker changes the arrival

rate of flooding, relative to its initial level, by the same amount in all zones – this is

the key simplifying assumption. The model thus remains computationally tractable, but

requires an assumption on how flood events across dyke ring areas are related. To simplify

these correlations, it is convenient to define an aggregated dyke ring zone level. Instead of

including a disaster process for each dyke ring area, we group dyke ring areas by dyke ring

zone.

Flood risk

The WV21 data contains the estimated annual failure probability for all 198 primary dyke

ring segments of the Netherlands, but not probabilities for combinations of segments. To

approximate these, we refer to Kolen and Wouters (2007) and Kolen and Nicolai (forthcom-

ing). The first study was tasked with constructing ‘worst credible’ flood scenarios that could

occur in the Netherlands, given flood protection levels. It found that even under extreme

scenarios flooding would be mostly contained in one of six zones.49 This was due to the

distinct nature of flood risk in these zones (e.g. river-based versus sea-based flooding), and

storms being at peak strength for a limited amount of time. The main exception to this

while more empirical projections are that migration will increase the amount of capital at risk. See Barrage
(2024) on the fiscal cost of climate change, which makes the same assumption as we do.

49They are roughly the same zones mentioned above as used by the KP ZSS studies, i.e. the south-
western Delta, the western coast, the (northern) Wadden coast, the IJssel lake, the Rhine-Meuse area, and
the Rhine-Meuse estuary (RMM). Kolen and Wouters used slightly larger and overlapping zones, however.
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rule was a scenario featuring a hurricane over the North Sea battering the western coastline,

which we picture in Figure 8 below.

Figure 8: A map showing the affected dyke ring areas in one of the scenarios of Kolen and
Wouters (2007), causing widespread damage in both the western coast and south-western
Delta areas. The return period of each scenario is related to the prevalent norm in the
affected zones - in this case, more than 10,000 years. Source: Kolen and Wouters (2007),
accessed online through LIWO (‘Landelijk Informatiesysteem Water en Overstromingen’).

Moving beyond these worst cases, Kolen and Nicolai (forthcoming) construct more than

5 million unique flood events, defined as combinations of breaches, from 1,846 simulated

scenarios. They then assign probabilities to each event using correlation matrices. For our

purposes, accounting for all these events in the model would be technically feasible but

cumbersome. Instead, we take summary statistics from the paper that give the annual

probability of flooding for each of the six zones mentioned above, given the exceedance

norms at the dyke ring segment level and the correlation structure of flooding within each

zone. We take flooding across zones to be independent, except for the extreme scenario

shown above.
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Calibration of flood protection investment

Four parameters in the model relate to the cost of flood protection investment: the relative

(to productive capital) cost parameter ν, the adjustment cost parameter θH , the average

initial dyke height H0, and the depreciation rate of flood protection δH .

We obtain three calibration targets directly from empirical data:

1. From the latest budget adopted by the Dutch parliament, the projected maintenance

costs for flood protection between 2022 and 2036 is 246 million Euros per year50.

2. The KP ZSS studies suggest that the cost of additional flood protection investment

necessary to maintain flood protection standards, assuming sea level rise proceeds at

0,5 centimeters per year from 2050 onwards, is 311 million Euros per year.51

3. Jonkman et al. (2013), suggest that the depreciation rate of several types of flood

defenses is 1%-2% per year.

We first solve numerically the optimal control problem of minimising total investment

costs subject to achieving some increase in flood protection, and then find combinations of

parameters that satisfy the above requirements on the cost-minimising path.

The adjustment costs in investment cannot be observed directly, but imply a maximum

level of productive investment. In the KP ZSS studies, the maximum sea level rise that can

be offset in its effect on the flood arrival rate by investment in flood protection between

2050 and 2200 is put around 5,15 metres52. We use this number to fix adjustment costs for

most results, but also provide extensive comparative statics for different parameter values.

Calibration of preference parameters

We calibrate the preference parameters so that, under the baseline values for economic

volatility and economic and climate disaster risk, the optimal risk-free rate and equity

50This figure does not account for expenditure from local Water Boards and so is a lower bound for
maintenance costs.

51Two studies within the KP ZSS programme report the cost of the required strengthening of hard
structures given sea level rise (295 million Euros per year), and the required volume in cubic metres of sand
suppletions. The cost of sand suppletions in the Netherlands per m3 reported in Jonkman et al. (2013) is
used to convert the latter figure into Euros.

52The results of KP ZSS indicate that sea level rise of 3 metres can probably be met by current technol-
ogy and methods, ‘though only with great and far-reaching efforts’ (see, in Dutch, ‘Tussenbalans van het
Kennisprogramma Zeespiegelstijging’, p.41). A preliminary cost calculation for a potential sea level rise of
5,15 metres is reported in the same document.

44



returns match the rates used by the Dutch government. Currently, the discount rate ap-

plicable to most government investment projects is 2.25%. This comprises a risk-free rate

of −1% and a risk premium of 3.25%. The guidelines allow different rates to be used in

exceptional cases, for example a lower rate of 1.60% for projects with mostly fixed costs

and risk-free returns, but these are not used in the cost-benefit analysis for flood protection

investment. The commission establishing the discount rates to be used is the ‘Werkgroep

discontovoet’. For its latest report, see, in Dutch, ‘Rapport Werkgroep discontovoet 2020’.

(Given that the era of negative interest rates has gone, a new commission is currently re-

considering the discount rate to be used.) The offical 2020 report on the discount rate

refers mostly to market returns enjoyed by private investors as a basis for these estimates.

As set out in the report, the commission uses this indirect approach to welfare analysis

because it sees the values of preference parameters as too uncertain for practical purposes.

A calibrated Ramsey rule is used only as a robustness check on the discount rate obtained

from market returns. In contrast, we show how economic and climate uncertainty affect

optimal exceedance norms once they are incorporated explicitly in the policy framework.

C: Optimal risk-free rate and risk premium

2022 2040 2060 2080 2100
-1.02

-1.01

-1

-0.99

2022 2040 2060 2080 2100
3.24

3.25

3.26

Figure 9: Optimal risk-free rate and risk premium under the SSP2-4.5 and SSP5-8.5 sce-
narios, compared to a scenario with no sea level rise.
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D: Effects of Higher Regular Macroeconomic Uncertainty

The two figures below show what happens if regular macroeconomic volatility σK is in-

creased by around 44% in the SSP2-4.5 and SSP5-8.5 scenarios. They complement Figure

(4) in the main text, which considers economic disaster risk. The effects are similar but

quantitatively much smaller, reflecting the lesser importance (relative to disaster risk) of

regular volatility in the optimal discount rate.
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K
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K
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Figure 10: Effects of higher macroeconomic volatility σK on optimal flood protection invest-
ment and the return period under the SSP2-4.5 scenario without sea level rise uncertainty.
The volatility is increased by 44%.

The third figure shows what happens if the risk of macroeconomic disasters is increased

by around 44% in the SSP5-8.5 scenario, instead of SSP2-4.5. It is otherwise the exact

analogue of Figure (4) in the main text. The effects are similar: higher economic uncertainty

increases (decreases) investment if ψ = 0.5 (ψ = 1.5). The difference is asymmetric since

investment does not fall far below its baseline level.

E: Effects of Sea Level Rise with Arctic Ice Sheet Collapse

Figure 13 shows the projection by Van Dorland et al. (2023) of sea level rise given abrupt

collapse of the Arctic Ice Sheet. No confidence interval is given for that projection. The

calibration of the skewed Ornstein–Uhlenbeck process seeks to match projected sea level rise

in the extreme scenario in 2040, 2050, and 2060 as the 99th percentile of the process. The

median of the process is fixed to match observed sea level rise in 2005. The data provided by
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Figure 11: Effects of higher macroeconomic volatility σK on optimal flood protection invest-
ment and the return period under the SSP5-8.5 scenario without sea level rise uncertainty.
The volatility is increased by 44%.
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Figure 12: Effects of a higher risk of macroeconomic disasters on optimal flood protection
investment and the return period under the SSP5-8.5 scenario without sea level rise un-
certainty. The disaster arrival rate is increased by 44%, so that the discount rate falls to
1%.

Van Dorland et al. (KNMI) end in 2060. The parameter values of the calibrated Ornstein–

Uhlenbeck process with skew are X0 = 0.75, ηX = 0.0023, θX = 9.06, σX = 0.0035,
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X = 1.43. The calibration is not satisfactory because the very high skewness parameter

translates to very high median sea level rise after 2100. We therefore do not calculate

optimal policy for this scenario. To allow for the possibility of Arctic Ice Sheet collapse, a

separate ‘tipping point’ process would need to be constructed.

2000 2010 2020 2030 2040 2050 2060
0
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0.6
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Figure 13: The red line is projected sea level rise given abrupt collapse of the Arctic Ice
Sheet provided by KNMI. The solid black line is the fitted median, and the dotted lines are
the 1st and 99th percentiles of the fitted process.
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F: Modelling Sea level rise uncertainty

We now discuss how we compare optimal policy with and without sea level rise uncertainty.

Since the Ornstein–Uhlenbeck process is skewed, setting the volatility parameter σX to zero

reduces expected sea level rise. To correct for this, we adjust the parameter ηX .

As discussed in subsection 2.6, we calibrate a process for sea level rise that is written

as ht = X1+θX
t − X1+θX

0 , with dXt = ηX(X − Xt)dt + σXdBX,t. The probability density

function of Xt is
e

−(X−X0e
−ηXt−X(1−e−ηXt))2

2σ2
X

(1−exp(−2ηXt))/(2ηX )

σX
√

2π(1−exp(−2ηX t))/(2ηX)
. We also have dht

dXt
= (1 + θX)X

θX
t , which we

can rewrite as dht
dXt

= (1+ θX)(ht+X1+θX
0 )

θX
1+θX . By change of variables, the PDF of ht can

be written as

ft(h) =
e

−((h+X
1+θX
0 )

1
1+θX −X0e

−ηXt−X(1−e−ηXt))2

2σ2
X

(1−exp(−2ηXt))/(2ηX )

σX
√
2π(1− exp(−2ηXt))/(2ηX)(1 + θX)(h+X1+θX

0 )
θX

1+θX

. (41)

The mean of ht at time t is
∫∞
−∞ ft(h)hdh, which can be found by numerical integration.

If we compare optimal policy with and without sea level rise uncertainty, we adjust the

rate of sea level rise in the latter case to ensure that the mean of both processes are the

same in 2100. The alternative process is dX ′
t = η′X(X − X ′

t)dt, with X ′
0 = X0, so that

h′t = (X0e
−η′X t +X(1− e−η

′
X t))1+θX −X1+θX

0 , and we set η′X so that h′t = E[ht] in 2100 (in

practice, the means do not visibly differ anywhere). We get η′X = 0.0143 (ηX = 0.0140) for

SSP2-4.5, η′X = 0.00876 (ηX = 0.00866) for SSP5-8.5, and η′X = 0.00479 (ηX = 0.00472)

for the scenario of extreme sea level rise.

G: Welfare Measure - Permanent Consumption Tax

Here we show that a permanent consumption tax does not change optimal investment

rates in capital and flood protection, so that it can be used to compare welfare with and

without sea level rise. It extends the derivations of Appendix C in Pindyck and Wang

(2013) to our model. Let V (K,H, τ) denote the value of consumption with sea level rise h

fixed at its 2022 level, but with a permanent tax removing a part of consumption. Write

V (K,H, τ) = 1
1−γ (g(H, τ)K)1−γ . With the tax and without sea level rise, the reduced-form

HJB equation becomes
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0 = max
iK ,iH

{( ρ

1− ψ−1
((
(1− τ)(A− iK − iH)

g(H, τ)
)1−ψ

−1 − 1) + (ϕK(iK)− δK)− 1

2
γσ2K+

(ϕH(iH , H)− δHH)
gH(H, τ)

g(H, τ)
− λe

1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H)
1

χf,i(H) + 1− γ
}. (42)

The first-order optimality condition for iK becomes

−(1− τ)ρ(
(1− τ)(A− iK − iH)

g(H, τ)
)−ψ

−1 1

g(H, τ)
+ (1− θKiK) = 0, (43)

which gives

c = (
(1− τ)ρ

1− θKiK
)ψg(H, τ)1−ψ. (44)

The first-order optimality condition for iH becomes

−(1− τ)ρ(
(1− τ)(A− iK − iH)

g(H, τ)
)−ψ

−1 1

g(H, τ)
+

1

ν
(1− θH

H
iH)

gH(H, τ)

g(H, τ)
= 0, (45)

which gives

iH =
H

θH
(1− ν(1− θKiK)

g(H, τ)

gH(H, τ)
). (46)

Finally, plugging (43) into (42) gives

A− iK − iH = − 1− ψ−1

1− θKiK

(
− ρ

1− ψ−1
+ (ϕK(iK)− δK)− 1

2
γσ2K+

(ϕH(iH , H)− δHH)
gH(H, τ)

g(H, τ)
− λe

1

χe + 1− γ
−
i=nc∑
i=1

λf,i(H)
1

χf,i(H) + 1− γ
}

)
. (47)

Now suppose that g(H, τ) = (1 − τ)g(H, 0) for 0 ≤ τ < 1. Then, gH(H,τ)
g(H,τ) = gH(H,0)

g(H,0) , so

any iK and iH that solve (46) and (47) for τ = 0 also solve these equations for 0 ≤ τ < 1.

Plugging these solutions in (44) gives:

(1− τ)(A− iK(τ = 0)− iH(τ = 0)) = (
(1− τ)ρ

1− θKiK(τ = 0)
)ψg(H, τ)1−ψ, (48)
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(1− τ)(A− iK(τ = 0)− iH(τ = 0))
1

1−ψ (
ρ

1− θKiK(τ = 0)
)

−ψ
1−ψ = g(H, τ), (49)

(1− τ)g(H, 0) = g(H, τ). (50)

This proves the supposition. Pindyck and Wang argue that the consumption tax is non-

distortionary, because it lowers consumption by the same fraction in all periods and so does

not affect households’ intertemporal marginal rate of substitution. This reasoning continues

to hold. The economy is not necessarily on a balanced growth path, due to the presence of

the flood protection stock H, but its costs are scaled so that its optimal level is independent

of K and hence of the consumption tax.

51


