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MDP Formulation Additional Insights

1.1 States

With two possible interventions, the two floodwalls F'I and F2, as shown in Supple-
mentary Fig. 1, there can overall be 4 possible system configurations; configuration A
where none of the measures have been implemented yet, B where only the lower flood-
wall F1 is constructed, C where only the higher floodwall F2 is constructed, and lastly
the terminal system D where both floodwalls have been built. Among these possible
systems, in the terminal system D, all possible flood measures have been implemented,
leaving the agent with no alternative actions to modify the system thereafter. Thus,
once the agent reaches the terminal system, the decision-making process essentially
terminates, with the agent receiving a terminal reward for remaining in the terminal
system until the end of the planning horizon. The terminal reward can be calculated
as the expected flooding, maintenance, carbon, and any other relevant costs/metrics
over the future planning horizon from the time of transition into the terminal system.
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Supplementary Fig. 1 : Representative flood levels to show the dependence on the
current system configuration. It can be seen that the flooded regions vary across the 4 considered
systems: A (system with no floodwalls), B (system with only the lower floodwall F1), C' (system
with only the higher floodwall F2) and D (system with both floodwalls).

Hence, the state space of the control problem can be potentially reduced to include
only the states belonging to the controllable systems. However, it is to be noted here
that in this case, the terminal reward for each state in the terminal system needs to
be pre-calculated, which can often be computationally very expensive and therefore
has been avoided here for the purposes of this study, and instead, the 221,760 states
of the terminal system have been also fully integrated in the MDP setting.

A related note here is that with a stationary storm surge model, the pertinent MDP
surge states can be eliminated from the problem formulation and instead represented
by expected relevant costs at each SLR state, considerably reducing the dimensionality
of the state space. We have not implemented this option in our work, though, in order
to describe the more general formulation, as explained in the manuscript, that can
also support non-stationary storm surge models without any limitations.

1.2 Transition Probabilities

To obtain the transition probabilities for the SLR states under a given SSP, Monte
Carlo sampling is performed to generate 100 million SLR trajectories using the SLR
model described in the manuscript. The continuous SLR values are then discretized
with a step size of 2 cm, with the maximum SLR value being 150 cm, resulting in a
total number of 77 discrete SLR states (Sszr). The probability of transitioning from
a given discrete SLR state s to another SLR state s’ for any year ¢ is then estimated
by counting the number of jumps from s to s’ and normalizing this count by the total
number of data in SLR state s. These computed transition probabilities are finally
smoothened over a time window of 5 years, and some representative probabilities are
shown in Supplementary Fig. 2.

The transition probability matrix structures for do-nothing and constructing the
first floodwall actions are provided in the main manuscript. The transition matrices
for the actions of constructing the second floodwall and constructing both floodwalls
are provided below.
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Supplementary Fig. 2 : Non-stationary transition probabilities for sea level rise states. Transition
probabilities are smoothened with a moving average over a window of 5 years.

Action ap,: This action corresponds to the implementation of the higher floodwall
Fy. Thus, this action will result in transitioning from system A to system C, and from
system B to system D, respectively. However, if the environment is already in system
C or D, it naturally remains there, respectively. Thus, the ap, transition matrix is
defined as: .

00 Tfi{”jc) 0
00 0 Ttime

TRl (g) = e (B—D) (1)
00 Tire 0
00 0 Tire,

Action ap, r,: This action corresponds to the implementation of both flood pre-
ventive measures at the same time. Thus, this action will result in transitioning from
any system it may be to the terminal system D. The ap, g, transition matrix is then

defined as:

000 T{S ),

000 Thme )

000 T,

000 T{S

TFu” (G’FI’FZ) =

POMDP Formulation Additional Insights

2.1 States

We consider two different climate scenario models, SSP2-4.5 and SSP5-8.5. The previ-
ously defined MDP state space is expanded to include all relevant states within each
of the climate scenario models under consideration. The decisions are assumed to be
taken at 5-year intervals now, instead of on an annual basis, as is done in the MDP
solutions, and we still consider a 40-years horizon. The state space under each system
configuration consists of 77 primary SLR states (Ssrr), considered for 8 different deci-
sion epochs, resulting in a total of 6,167 SLR states (S%; ), combined with 72 surge
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states (Ssurge), resulting in a total of 44,352 states, as Sy = S, p X Ssurge. Includ-
ing the states under all the four system configurations and a terminal state, the state
space under each climate model scemario consists of 44,352 x 4 + 1 = 177,409 states.
Therefore, the total POMDP state space characterizing two climate scenario models
consists of 177,409 x 2 = 354, 818 states.

2.2 Transition Probabilities

The transition matrix T (s'|s,a) for each of the considered climate models is

obtained following the same steps as those used for deriving the full MDP transi-
tion matrix based on one climate model. The T*™¢(s'|s,a), under each model, is
constructed now as follows:

T€22§52><44,352) = |- T(@E—j) (3)

Oii
. . 5,544 x 5,544
T(i — J)(n,ossxu,oss) = (2 )

T
(5,544 % 5,544) (4)

Oﬂ OJJ

(5,544%5,544) ~ (5,544x5,544)

where ¢ and j represent arbitrary, consecutive decision-steps with j = ¢ + 5. The
sub-matrix T(i — j) represents the fact that the only non-zero probabilities are the
ones corresponding to the transition from step ¢ to the subsequent step j. The matrix
T over 5,544 states is the 5-step Markov transition matrix obtained from the yearly

transition matrices for each climate model:
le — Ti*}i+5 — Ti*}i#»l x Ti+1~>i+2“. x T’L’+4~>’L’+5 (5)

where Tit(k=1)=itk for I = 1, .. 5 represents the non-stationary transition matrix
from year i + (k — 1) to year ¢ + k.

2.3 Observation Likelihoods

To obtain the likelihood of observing different SLR states under different climate model
scenarios, 100 million SLR trajectories are simulated, using the SLR model described in
the manuscript, utilizing both SSP model scenarios. The counts of different SLR states
for each year are computed for each model using the respective simulated ensemble of
SLR trajectories. These counts for each SLR state in each year are then proportioned
across the two models to obtain the likelihood of observing each SLR state under the
two models. The likelihood contours for the different SLR states over the next 40 years
are shown in Supplementary Fig. 3.

2.4 Costs

Since in the POMDP formulation decisions are taken once every 5 years, the costs
incurred at any decision time-step should include the sum of average annual costs that
can be accumulated over the next 5 years starting from the current decision time-
step. The annual costs that should be accumulated over the next 5 years include the
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Supplementary Fig. 3 : The observation likelihoods under different climate models. The
likelihood of observing the 77 SLR states over the 40 years horizon under climate model scenarios of
SSP2-4.5 (left) and SSP5-8.5 (right).

annual maintenance costs of the existing flood measures and the annual flood risks.
The costs associated with average/expected annual flood risk are calculated based on
n-step Markov transitions, where n represents the year after the current time-step.
Therefore, the expected flood risk C'y from state s at time-step ¢ + 1 is calculated as:

Cy(s,t+1) = Zpl "Is,a)Ry (s") (6)
s'eS
where p; (s'|s,a) is the state transition probabilities corresponding to the 1-step
Markov transition matrix from the current time-step. Similarly, the expected flood
risk Cy from state s at time-step ¢ + 2 is calculated as:

Cr(s,t+2)= > pa(s[s,a)Ry (s) (7)
s'eS
where py (s'|s,a) is the state transition probabilities corresponding to the 2-step
Markov transition matrix from the current time-step.

The annual expected flood risks are then calculated for every consecutive year
starting from the current year using the respective year’s step transition matrix. The
annual costs of the five years are suitably discounted and added to obtain the sum of
average flood-risk related costs over the next 5 years from the current time-step, as:

5
Cr(s,t >t+5) =Y +*Cp(s,t+k) (8)
k=1
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Additional Figures and Tables

The effect of the social cost of carbon on the total costs and carbon costs is illustrated
in Supplementary Fig. 4. The comparison of monetary costs and carbon costs between
salt marshes and oyster reefs is shown in Supplementary Fig. 5. [llustrative probability
distributions of being in a state starting from the current state, derived from Monte-
Carlo simulations and discrete-state Markov chains, based on the estimated transition
probabilities, are shown in Supplementary Fig. 6. The solution process of the Focused
Real-Time Dynamic Programming (FRTDP) solver used in this work is illustrated
in Supplementary Fig. 7. The system boundary of the construction section in the
EIO-LCA tool used in this work is shown in Supplementary Fig. 8.

3.1 Coastal City Model Parameters

The general parameters used to characterize the idealized coastal city are shown in
Supplementary Table 1.

3.2 Coastal Community Model Parameters

The general parameters used to characterize the idealized coastal community are
shown in Supplementary Table 2.

3.3 Summary of Results

The results in each scenario in coastal city and community settings are provided in
Supplementary Table 3.

3.4 Floodwall Cost and Flood Damage Parameters

The parameters related to costs of floodwalls and flood-induced damages are listed in
Supplementary Table 4. The land-use distribution of buildings destroyed by Hurricane
Sandy is reported in Supplementary Table 5.

3.5 Nature-based Infrastructure

The monetary construction and maintenance costs and respective carbon costs of the
different nature-based solutions are listed in Supplementary Tables 6 and 7. The wave
attenuation properties and the biological carbon sequestration of the nature-based
solutions considered in this work are shown in Supplementary Tables 8 and 9.
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Supplementary Fig. 4 : Effect of social cost of carbon on (a) the total overall (monetary + carbon)
costs and (b) the total carbon costs decomposed into categories of construction, maintenance and
flood-induced damages.
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Supplementary Fig. 5 : Comparison of (a) monetary costs and (b) carbon costs (associated with
construction, maintenance, flood-induced damages, and uptake processes (rewards)). Oyster reefs are
more effective against floods here, thus resulting in a reduction of overall costs.
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Supplementary Fig. 8 : The cradle-to-gate system boundary of the construction sector in the
Economic Input-Output Life-Cycle Assessment (EIO-LCA).




Supplementary Table 1 : List of coastal city model parameters

Parameter Value | Units Description

Ly 1 m Length of the city under study

Valz 15 $ million Exposure value of the city

faamage 0.07 - Vulnerability of the city to flooding

Voly 4,250 | m? Volume of the city = $HzDzLy

Hy 8.5 m Height of the city

Dy 1 km Depth of the city

Hicawall 1.2 m Height of the seawall

Hy,, 1.5 m Height of the floodwall

bl sy, 0.5 m Height of the base of the first floodwall
b2y, 2.5 m Height of the base of the second floodwall
Wgr 150 m Width of green resistance zone along the

wedge

Note: The city value is uniformly distributed among its zones.

Supplementary Table 2 : List of coastal community model parameters

Parameter Value | Units Description

Ly 1 m Length of the community under study
Valy 5 $ million Exposure value of the community

faamage 0.10 - Vulnerability of the community to flooding
Voly 8,500 m? Volume of the zone = %HZDZLZ

Hy 8.5 m Height of the community

Dy 2 km Depth of the community

Hyy 1.5 m Height of the floodwall

b £ 1.5 m Height of the base of the floodwall

Wyr 100 m Width of nature-based solution before the

wedge starts

Note: The community value is uniformly distributed among its zones.
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Supplementary Table 3 : Simulation-based comparison between MDP and optimal static
policies in coastal city and community settings. E[Cr] is the expected total (monetary +
carbon) costs in $ million per meter coastline. 95% confidence intervals are provided on the
expected costs, assuming Gaussian estimators, based on 1,000 Monte Carlo simulations

Setting Flood Protections E[Cr] (95% | E[C7] (95%
C.I) MDP CI) Best
static policy
Coastal city Two floodwalls (no pre- | 0.5632 0.5925
existing seawall) +0.0105 +0.0109(F1)
Green resistance zone and a | 0.0937 0.0992
floodwall (with pre-existing | +0.0040 +0.0038(GR)
seawall)
Coastal community Salt marsh and a floodwall 0.4473 0.4664
+0.0042 +0.0045(SM)
Oyster reef and a floodwall 0.4215 0.4316
+0.0047 +0.0049(OR)

Note: F1, GR, SM, and OR represent the best static policy, as reported in the manuscript.

Supplementary Table 4 : List of the cost and damage parameters

Parameter Value | Units Reference

City value 15 $ million per meter | Hazus 5.1 inventory
coastline 1]

Discount factor (vy) 0.97 - 2]

Floodwall construction cost | 13,848 | $ per meter coastline | [3]

(Ccfw)

Floodwall annual mainte- | 115.4 $ per meter coastline | [3]

nance cost (Cp, fo)

Flood damage GHG emission | 311.3 ton CO2-equivalent | EIO LCA tool [4]

intensity (GHGIy) per $ million

Floodwall construction GHG | 169.9 ton CO2-equivalent | EIO LCA tool [4]

emission intensity (GHGI.,,) per $ million

Floodwall maintenance | 269.2 ton CO2-equivalent | EIO LCA tool [4]

GHG  emission intensity per $ million

(GHGImfw)

Note: Construction and annual maintenance costs of floodwall listed here are for the coastal
city setting. The costs for the coastal community setting are obtained by reducing the

respective costs by 20 %.
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Supplementary Table 5 : Hurricane Sandy’s damaged buildings as a percentage of land use

(from [5] and corresponding EIO-LCA sector)

Land Use Damaged EIO-LCA Construction Sector
Building
Share
One & two family 88.0% Single family homes
Multi-family walk up 1.0% Multi-family homes
Mixed residential & commercial | 6.0% Commercial structures
Commercial & office 2.0% Commercial structures
Vacant 1.0% Other non-residential structures
Open space & recreation 1.0% Other non-residential structures
Industrial & manufacturing 0.2% Manufacturing buildings
Multi-family elevator 0.2% Multi-family homes
Transportation & utility 0.2% Utilities buildings and infrastruc-
ture
Parking 0.2% Utilities buildings and infrastruc-
ture
Public facility & institution 0.2% Schools and vocational buildings
Total 100% All sectors

Supplementary Table 6 : Construction and maintenance cost of nature-based infrastruture

Solution Cost Reference
Multi-functional $25/m? (capital cost) (calculated as area- | [6]
green space weighted average of $10/m2 (turfgrass),
$10/m? (meadow), $50/m? (trees), $88/m?2
(rain garden/swale) and $50/m? (path))
$2.7/m?/yr (maintenance) (calculated as
area-weighted average of $1/m?2/yr (tur-
fgrass), $0.1/m2?/yr (meadow), $9/m?2/yr
(trees), $1.6/m2/yr (rain garden/swale), and
$5/m?/yr (path))
Salt marshes $50,000-$250,000/ha [71; 8]
Assume $100,000/ha for the first 100m width,
then $1,000/m length along shore
Constructed oyster | $8,000-$386,000/ha 9]
reefs
Assume $50,000/ha for the first 5m, then $5/m
length along shore

12



Supplementary Table 7 : Construction and maintenance carbon cost of nature-based
infrastructure

Solution Carbon Cost Reference
Multi-functional 1.6 kg C/m? (construction) (calculated as | [10]; [11]
green space area-weighted average of 0.7 kg C/m? (turf-

grass), 0.5 kg C/m? (meadow), 0.48 kg C/m?
(trees), 5 kg C/m?2 (rain garden/swale) and 10
kg C/m? (path))

0.09 kg C/m? /yr (maintenance) (calculated as
area-weighted average of 0.05 kg/m?/yr (turf-
grass), 0 (meadow), 0.15 kg C/m?2/yr (trees),
0.3 kg C/m?/yr (rain garden/swale), and 0.3
kg C/m?/yr (path))

Salt marshes 1 kg C/m? (construction). If we assume 100 m
width, then 100 kg/m (along shore)
Constructed oyster | 0.5 kg C/m? (construction)

reefs

Note: Assuming no maintenance carbon cost for salt marsh and oyster reef. The construction
carbon costs for salt marshes and oyster reefs have been assumed based on authors’ experience in
this study, due to insufficient available information.

Supplementary Table 8 : Wave attenuation function of nature-based infrastructure

Solution Wave Attenuation Reference
Multi- 0.1% wave height attenuation per meter along the | [12]
functional wedge

green space
Salt marshes | 60% for b < 0.1 m; 6.34h 9972 otherwise (where | [13]
h is the total water depth in meters)
Constructed 40% for total water depth of 0.5-1.0 m; 10% for | [14]; [15]
oyster reefs water depth of 1.0-1.5 m; assume 5% for > 1.5 m
depth.

Note: Since water level reduction should not exceed wave height: if water level reduction
> wave height, then water level reduction = wave height.

13



Supplementary Table 9 : Biological carbon sequestration of nature-based infrastructure

Solution C Accumulation Reference
Multi-functional green | 0.17 kg C/m2/yr (calculated as area- | [6], [L1]
space weighted average of 0.15 kg/m?/yr
(turfgrass), 0.2 kg/m?/yr (meadow),
0.21 kg/m?/yr (trees), 0.3 kg/m?/yr
(rain garden/bioswale))
Salt marshes 440 g C/m?/yr If we assume 100 m | [16]
width salt marsh, then 44 kg C/m
(along shore) /yr
Constructed oyster | 0.0003-0.0027 g C/ha/yr (3 E-8 to 3 | [17]
reefs E-7 g C/m?/yr) If we assume 5 m

width reef, then 1.5 E-6 g C/m (along
shore) /yr

14



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

References

[1]

2]

FEMA. Hazus. https://www.fema.gov/flood-maps/products-tools/hazus.
[Accessed 31st October 2024].

New York State Department of Environmental Conversation. Appendix: Annual
social cost estimates. https://extapps.dec.ny.gov/docs/administration_pdf/voc
app23.pdf (Used 2022 Edition). [Accessed 31st October 2024].

Aerts, J. C., Botzen, W. W., de Moel, H. & Bowman, M. Cost estimates for flood
resilience and protection strategies in New York City. Annals of the New York
Academy of Sciences 1294, 1-104 (2013).

Hendrickson, C. T., Lave, L. B. & Matthews, H. S. Environmental Life Cycle
Assessment of Goods and Services: An Input-Output Approach (Routledge, 2010).
[http://www.eiolca.net (EIO-LCA) US 2007 (388 sectors) producer model].

Department of City Planning, City of New York. Hurricane Sandy: Initial lessons
for buildings. https://wwwl.nyc.gov/assets/planning/download/pdf/plans-stu
dies/climate-resilience/presentation_sandy.pdf (2012). [Accessed 31st October
2024).

Roy, S., Wu, H. & McPhillips, L. Carbon sequestration and greenhouse gas
emissions in urban green infrastructure. https://sites.psu.edu/climatedrawdow
n2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urb
an-green-infrastructure/. [Accessed 31st October 2024].

Minello, T. J., Rozas, L. P., Caldwell, P. A. & Liese, C. A comparison of salt
marsh construction costs with the value of exported shrimp production. Wetlands
32, 791-799 (2012).

Propato, M., Clough, J. S. & Polaczyk, A. Evaluating the costs and benefits of
marsh-management strategies while accounting for uncertain sea-level rise and
ecosystem response. PLOS ONE 13, €0200368 (2018).

Henderson, J. E. and O’Neil, L. J. Economic values associated with construction
of oyster reefs by the corps of engineers. https://apps.dtic.mil/sti/pdfs/ADA41
8661.pdf (2003). [Accessed 31st October 2024].

Strohbach, M., Arnold, E. & Haase, D. The carbon footprint of urban green space:
A life cycle approach. Landscape and Urban Planning 104, 220-229 (2012).

Moore, Trisha L.C. and Hunt, William F. Predicting the carbon footprint of
urban stormwater infrastructure. Ecological Engineering 58, 44-51 (2013).

Anderson, M. & Smith, J. Wave attenuation by flexible, idealized salt marsh
vegetation. Coastal Engineering 83, 82-92 (2014).

15


https://www.fema.gov/flood-maps/products-tools/hazus
https://extapps.dec.ny.gov/docs/administration_pdf/vocapp23.pdf
https://extapps.dec.ny.gov/docs/administration_pdf/vocapp23.pdf
https://extapps.dec.ny.gov/docs/administration_pdf/vocapp23.pdf
https://www1.nyc.gov/assets/planning/download/pdf/plans-studies/climate-resilience/presentation_sandy.pdf
https://www1.nyc.gov/assets/planning/download/pdf/plans-studies/climate-resilience/presentation_sandy.pdf
https://www1.nyc.gov/assets/planning/download/pdf/plans-studies/climate-resilience/presentation_sandy.pdf
https://sites.psu.edu/climatedrawdown2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urban-green-infrastructure/
https://sites.psu.edu/climatedrawdown2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urban-green-infrastructure/
https://sites.psu.edu/climatedrawdown2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urban-green-infrastructure/
https://sites.psu.edu/climatedrawdown2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urban-green-infrastructure/
https://sites.psu.edu/climatedrawdown2020/2020/07/24/carbon-sequestration-and-greenhouse-gas-emissions-in-urban-green-infrastructure/
https://apps.dtic.mil/sti/pdfs/ADA418661.pdf
https://apps.dtic.mil/sti/pdfs/ADA418661.pdf
https://apps.dtic.mil/sti/pdfs/ADA418661.pdf

181

182

183

184

185

186

187

188

189

190

191

192

193

[13]

Koch, E. W. et al. Non-linearity in ecosystem services: temporal and spatial
variability in coastal protection. Frontiers in FEcology and the Environment 7,
29-37 (2009).

Wiberg, P. L., Taube, S. R., Ferguson, A. E., Kremer, M. R. & Reidenbach, M. A.
Wave attenuation by oyster reefs in shallow coastal bays. FEstuaries and Coasts
42, 331-347 (2018).

Weaver, R. & Zehnder, J. Scale model design of oyster reef structures as part of
a showcase living shoreline project. Shore and Beach 85, 41-54 (2017).

Duarte, C. M., Losada, 1. J., Hendriks, I. E., Mazarrasa, I. & Marba, N. The
role of coastal plant communities for climate change mitigation and adaptation.
Nature Climate Change 3, 961-968 (2013).

Fodrie, F. J. et al. Oyster reefs as carbon sources and sinks. Proceedings of the
Royal Society Biological Sciences 284 (2017).

16



	MDP Formulation Additional Insights
	States
	Transition Probabilities

	POMDP Formulation Additional Insights
	States
	Transition Probabilities
	Observation Likelihoods
	Costs

	Additional Figures and Tables
	Coastal City Model Parameters
	Coastal Community Model Parameters
	Summary of Results
	Floodwall Cost and Flood Damage Parameters
	Nature-based Infrastructure


