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Coastal protection planning increasingly requires agencies to choose spatial combinations of
jurisdiction-level protection actions under scarce resources, rather than appraising isolated
projects one by one. Sea-level rise impairs mobility in transportation-dependent regions, and
the resulting economic consequences propagate beyond protected jurisdictions through inter-
county labor markets and freight supply chains. This study develops an integrated decision-
support framework that couples coastal-flood inundation, transportation network disruption,
and open multi-regional economic propagation, and instantiates it for the San Francisco Bay
Area across 256 binary protection configurations spanning eight counties. The framework
returns four decision-support outputs: avoided regional losses, economic justification,
benefit incidence, and a coordination basis. The Bay Area application shows three
preliminary patterns: (i) three-channel appraisal (direct passenger time, freight-mediated
propagation, and carbon) expands the economically justified set relative to direct-only
appraisal by roughly an order of magnitude; (ii) freight-mediated economic losses propagate
substantially beyond direct transport-network disruption into Manufacturing,
Finance/Insurance, and Real Estate, and accrue substantially outside the implementing
jurisdiction, providing an empirically measurable basis for interjurisdictional cost-sharing;
and (iii) the economic answer is conditional on the assumed levee unit cost, while a small
well-configured core remains robust across the plausible cost range.

1 Research Problem Statement and Purpose

Coastal climate adaptation in metropolitan regions presents an organizational problem before
it presents a modeling problem: local jurisdictions decide and pay for protection projects, while
the economic consequences of those projects propagate regionally through shared
transportation networks and inter-industry production linkages. Conventional project-level
cost-benefit appraisal evaluates each investment by direct losses avoided within jurisdictional
boundaries, missing both regional transport-network spillovers and cascading production

losses transmitted through input—output linkages. The result is a scale mismatch between the
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spatial scope at which projects are organized and the spatial scope at which their value is
realized: project priorities are misranked by ignoring network-position effects in regional
freight flows, and the empirical basis for interjurisdictional coordination is left implicit. This
study asks how project organization changes when these regional consequences are made

visible in the appraisal.

We position the problem at the intersection of four theoretical perspectives. Fiscal
federalism (Oates, 1999) and the literature on interjurisdictional externalities frame the
systematic divergence between local financing and regional benefit incidence. The collective-
action literature on Bay Area sea-level-rise adaptation documents the resulting coordination
failure under decentralized governance (Lubell et al., 2021). Project- and program-portfolio
decision theory provides the analytical vocabulary for evaluating interdependent investments
as combinatorial sets rather than as ranked individual projects (De Almeida and Duarte, 2011;
Petchrompo et al., 2022). And disaster economics and inoperability input-output modeling
supply the propagation mechanism that closes the loop between local protection decisions and
regional production losses (Haimes et al., 2005; Crowther and Haimes, 2009; Hallegatte, 2014).
The present study synthesizes these perspectives into a configuration-level decision-support

design for multi-jurisdictional climate adaptation.

By making regional consequences visible at the configuration level, the framework reveals

organizational implications that project-by-project appraisal cannot expose.

2 Brief Research Methodology and Approach

The framework organizes the analysis into general inputs, a three-module analytical chain, and
four decision-support outputs (Figure 1). Each candidate plan x is a binary protection decision
across N jurisdictions; the framework enumerates the full 2N configuration set and evaluates
each configuration through three non-overlapping monetized benefit channels and a

configuration-conditional cost.
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Figure 1. Configuration-level decision-support framework. A three-module analytical chain, hazard exposure and
transportation-network disruption, economic shock construction across three non-overlapping channels,; multi-regional
input-output propagation, produces four decision-support outputs: avoided regional losses, economic justification, benefit
incidence, and a coordination basis.

Module 1 (hazard exposure and transportation-network disruption) overlays flood-
inundation scenarios with the road network and produces jurisdiction-level mobility-disruption
metrics, principally the change in vehicle-hours of travel AVHT(X) under configuration x
relative to no protection. Module 2 (economic shock construction) monetizes AVHT(x)
through three non-overlapping channels: direct passenger-time savings, direct carbon co-
benefits, and a freight-attributable component translated into a county-by-sector inoperability
shock (detailed in the Table 1 note). Module 3 (multi-regional propagation) propagates the
shock through a multi-regional inoperability input-output (MRIIM) operator built from

regionalized industry-technology coefficients and a freight-tonnage trade-routing matrix:
M=T -A, q@) =0-M"-T s, Qx) =y - q) (1)
By(x) = PVF - [Q(0) — Q)] (2)

where A* is a regionalized industry-technology matrix, T* a multi-regional trade-routing
matrix calibrated to county-to-county freight tonnage, s(x) the freight-induced county-sector
inoperability shock, q(x) the configuration-conditional propagated inoperability vector, Q(x)
the resulting propagated production impact, and y the baseline regional gross domestic product
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(GDP) vector that aggregates sector-region inoperability into a scalar production impact. The
MRIIM-channel avoided propagated production loss is given by Eq. (2), with PVF (present-
value factor) denoting the 50-year present-value factor at a 3 % real discount rate. The three
avoided-benefit channels are aggregated into total present-valued benefit, compared with
present-valued protection cost C(x), and reported as four decision-support outputs: net present
value (NPV), benefit-cost ratio (BCR), cost-benefit Pareto frontier, and cross-jurisdictional
benefit incidence (off-county share). All monetized quantities are reported under a uniform
temporal scaling convention; configuration ranking, Pareto-frontier composition, channel mix,
and incidence shares are invariant to this convention, while absolute NPV magnitudes and

BCR-threshold acceptance counts are scaling-conditional.

3 Framework Application to the San Francisco Bay Area

We instantiate the framework for the San Francisco Bay Area, where N = 8 counties (Alameda,
Contra Costa, Marin, Napa, San Mateo, Santa Clara, Solano, Sonoma) yield 28 = 256 binary
configurations under a 0.5 m sea-level rise (SLR) scenario projected for 2054
(Papakonstantinou et al., 2019). The framework is designed as a decision-support tool for the
organizational actors that collectively define multi-jurisdictional adaptation projects in the Bay
Area: metropolitan planning organizations (the Metropolitan Transportation Commission,
MTC, as the Bay Area MPO); regional adaptation authorities and resilience programs (the San
Francisco Bay Conservation and Development Commission, BCDC; BayCAN); state-level
departments of transportation (the California Department of Transportation, Caltrans); county-
level transportation and public-works agencies that implement individual levee projects; and
federal partners administering cost-share frameworks (the U.S. Army Corps of Engineers,
USACE, Levee Safety Program). The cross-jurisdictional incidence output is targeted in
particular at the cost-sharing negotiations and benefit-share-weighted intergovernmental

transfers that span these actors. Detailed input sources are listed in Table 1.

Table 1. Input data sources.

Input data Description Source

Upstream hazard, transportation, | SLR inundation polygons, road | Papakonstantinou et al. (2019)

and protection scenarios network  with  flood-induced




capacity loss, 28 =256 binary levee
configurations across eight Bay
Area counties, and county-level

AVHT outputs

Economic propagation chain Regionalised industry-technology | BEA California Make/Use 2023;
matrix A* and open multi-regional | BEA Regional Economic
trade matrix T* (20 NAICS-2 | Accounts; freight-intensity
sectors, with a boundary node for | weights from FAFS5

non-Bay flows); industry-level

GDP weights for dollar conversion

Valuation parameters Freight share of AVHT = 20.9% | USDOT (2024); USACE NLSP
baseline (sensitivity 10—40%); | (2023); USACE (2018)

levee unit cost $3 / $5/$9 / $16 /
$85 M/km; passenger value of time
$15.50/h; 3% discount, 50-year

horizon

Carbon channel MOVES3 emission factors and | U.S. EPA MOVES3 (2020); U.S.
EPA (2023) social cost of | EPA (2023)
greenhouse gases; mathematically

invariant to freight share

4 Preliminary Key Findings
The Bay Area application yields three findings. The first two concern organizationally-relevant

invariant properties of the configuration set; the third is reported as a baseline-conditional

illustrative result.

4.1 Finding 1. Efficient configurations are targeted, not comprehensive, and the highest-
value single-county investment is driven by network position rather than local

exposure.

Across the full 256-configuration set, only 16 configurations are Pareto-efficient in cost-benefit
space (15 build configurations plus the no-build baseline), spanning configurations of size one
through seven. Comprehensive eight-county protection is not Pareto-efficient: it is dominated
by the seven-county all-except-Napa configuration, which delivers the same total avoided
benefit at lower cost. Among the eight single-county configurations, Sonoma protection yields

the highest benefit-cost ratio (BCR = 7.71), and the identity of this highest-BCR configuration
5



is invariant to the temporal scaling convention used to monetize benefits. Sonoma is neither
the largest Bay county by gross domestic product nor the most exposed under the 0.5 m SLR
scenario; the result is driven by Sonoma's network position in regional freight flows. Project
organization that ranks jurisdictions by local damages avoided therefore systematically

misprioritizes bottleneck-position jurisdictions.

4.2 Finding 2. Avoided regional losses accrue systematically beyond the implementing
Jjurisdiction, converting local protection into a regional public-good problem.
Single-county protection investments transfer on average 84 % of the propagated avoided
production losses to non-implementing counties; the off-county share ranges from roughly 50 %
to over 100 % across the eight implementing-county scenarios (off-county share exceeds 100 %
when own-county retained benefit is near zero or slightly negative due to local congestion
rerouting). Industry-side, propagated benefits under all-eight protection concentrate in
Manufacturing (=43 %), Finance and Insurance (= 15 %), and Real Estate (= 11 %); the directly
disrupted Transport and Warehousing sector accounts for less than 10 %, indicating that cross-
sector input—output cascading substantially dominates direct transport-channel losses (Figure
2). The 84 % off-county incidence is a structural property of the regional production network
and provides an empirical anchor for the collective-action problem documented in Bay Area

SLR adaptation planning (Lubell et al., 2021).



Avoided economic losses propagate beyond direct transport disruption into Manufacturing, Finance, and Real Estate
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Figure 2. Avoided MRIIM-channel propagation under all-eight vs no-protection baseline, decomposed by Bay Area county
(rows) and 2-digit NAICS industry (columns). Cell values are monetized avoided propagation at the baseline temporal
scaling convention (1. = 1); rankings and channel mix shown elsewhere are J-invariant. Passenger-time and carbon
channels are excluded.

4.3 Finding 3. The economic-decision boundary shifts substantially when appraisal scope
is widened, but the absolute magnitude of this shift is conditional on the temporal
scaling convention.

As a baseline-conditional illustrative snapshot of the scope-shift effect, we report the BCR > 1

acceptance counts at the baseline AM-peak-equivalent temporal scaling convention; these

counts are scaling-conditional and are presented for illustration rather than as a primary

invariant finding. Under this convention, direct-only passenger-time appraisal accepts only 8

of 255 build configurations as economically justified (BCR > 1); adding direct carbon co-

benefits raises this count to 56; full three-channel accounting raises it to 190 (Figure 3). These
counts approach 255 under larger annual-equivalent scaling assumptions and should not be
read as scaling-invariant headlines. The structural property they illustrate, that three-channel
accounting amplifies direct-only benefit estimates in the same direction for every configuration
with no reverse flips, is itself invariant to the scaling convention, as are the Pareto composition,
ranking, channel mix, and benefit-incidence findings reported above. The qualitative

organizational implication, that project portfolios appraised at narrower scope systematically



under-fund regionally valuable investments, follows from this invariance rather than from the

specific count.

Robustness. The three findings persist across the tested sensitivity dimensions: levee
unit cost ($3 to $85M/km), freight share (10 to 40 %), and temporal scaling A € {1, 250, 750}.
Under cost variation, a robust core {Sonoma, Solano, Santa Clara} retains BCR > 1 across the

$3-$9M/km range (Figure 3).

Cost assumptions shift the decision boundary; a small configured core remains justified
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Figure 3. Three-channel BCR for three Bay Area protection configurations across five levee unit-cost scenarios. The robust
core {Sonoma, Solano, Santa Clara} is highlighted. BCR = 1 marks the economic-justification threshold; the shaded band
indicates the USACE NLSP $5M/km central candidate.

5 Implications

These results have direct organizational implications for the design of multi-jurisdictional
climate-adaptation projects. (i) Prioritization: the network-position result reframes how
jurisdictions are ranked in regional project portfolios. Local-damage criteria miss bottleneck
jurisdictions such as Sonoma, whose protection delivers the largest regional return; explicit
incorporation of transportation-network position 1is therefore a project-organization
requirement, not a methodological refinement. (ii) Coordination scope: the Pareto-efficient set
spans configurations of cardinality one through seven, and the all-eight configuration is
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dominated. More protection is not always better; the scope of regional coordination should be
designed to identify dominated configurations and exclude them, rather than expanding by
default. (iii) Cost-sharing architecture: the 84 % off-county MRIIM-channel incidence
operationalizes the fiscal-federalism prediction (Oates, 1999) that decentralized financing of
regionally beneficial investments will under-deliver. Federal cost-share frameworks (USACE,
2018), regional protection authorities, and benefit-share-weighted intergovernmental transfers
become candidate institutional designs for closing this scale mismatch. (iv) Regional
governance design: the configuration-level appraisal layer can be embedded in metropolitan
planning processes (MTC, BCDC, BayCAN) as a transferable decision-support design for

ongoing coordination, not as a one-time evaluation.

What the analysis reveals, beyond the specific Bay Area numbers, is how project
organization changes when benefits propagate beyond the implementing jurisdiction. Direct-
only project-level appraisal implicitly assumes scope alignment between financing and benefit;
configuration-level appraisal with explicit cross-jurisdictional incidence makes the regional
scope visible and shifts the unit of organizational analysis from the project to the portfolio. The
framework is portable to other coastal metropolitan regions facing the same scale mismatch.
Planned extensions, including segment-level rather than county-level protection units, dynamic
traffic assignment, and alternative propagation models, will sharpen the numerical estimates

without altering the organizational insight that the present study foregrounds.
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