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1. Coastal Protection Services

Overview

Coastal protection services include ecosystem contributions to mitigating the impacts of
tidal surges, sea level rise, erosion and storms on local communities and coastal
infrastructure (United Nations et al. 2021). Coastal ecosystems, including mangroves, salt
marshes, coral reefs and seagrass, provide these essential coastal protection services
(Barbier et al. 2011). For example, mangroves have been shown to reduce wave heights by
13-66% over a 100-meter-wide forest (Mclvor et al. 2012). This service is increasingly
critical as sea level rise and extreme weather events accelerate under climate change.
Protecting and restoring healthy coastal ecosystems is crucial to enhancing the resilience
of coastal communities and reducing damage costs.

Near-coastal zones, all land within 100 km of the coast at elevations up to 100 m, were
home to over 27% of the global population (~ 1.9 billion) in 2010 (Kummu et al. 2016). Over
10% (634 million) of the global population lived in low-elevation coastal zones, land with an
elevation of up to 10 m in hydrological connection with the sea, in the year 2000 (Balk et al.
2009; MacManus et al. 2021; McGranahan et al. 2007). Protecting and enhancing coastal
protection services is therefore vital to maintaining and improving the livelihoods of billions
globally.

The provision of coastal protection services by natural ecosystems depends on several
factors. These include the extent, structure, and health of coastal ecosystems, as well as
their proximity to coastal populations and infrastructure. The protection and restoration of
these ecosystems offer opportunities to advance nature-based solutions for climate
change adaptation and curb biodiversity loss.

Objective of the module

The coastal protection module assesses the role of ecosystems in risk reduction, as
determined by hazard (in this case, coastal flood hazard), exposure, and vulnerability.
Specifically, risk results “from dynamic interactions between climate-related hazards with
the exposure and vulnerability of the affected human or ecological system to the hazards”
(Intergovernmental Panel on Climate Change [IPCC] 2022; Figure 1). In this module there
have been novel efforts in linking the ecosystem services dimension and the local
population risk dimension using an accounting framework (La Notte et. al 2025). The model

quantifies the population benefiting from reduced hazard exposure by comparing hazard



levels with and without ecosystem protection, focusing on populations and areas prone to
coastal flooding. The resulting outputs represent the supply of ecosystem-based hazard
mitigation and the demand for such protection among human communities. This module
produces spatially explicit indicators of hazard proneness, exposure, vulnerability, and
avoided risk. Avoided risk is quantified as the human population benefitting due to the
presence of a particular coastal protective ecosystem, in ecosystem service supply-use
accounts.

Methodology

The  methodology underlying this module estimates the biogeophysical
exposure-vulnerability of coastal areas to flooding from wind waves, storm waves, and surge
potential (i.e., coastal hazards). The hazard component, which estimates how hazard prone
areas are (hazard proneness) to coastal flooding, draws conceptually on the InVEST Coastal
Vulnerability model (Natural Capital Project 2020) but has been substantially adapted to
integrate new geophysical variables, ecosystem parameters, and spatially explicit datasets
suited for SEEA-EA accounting. We interpret this index as representing hazard proneness,
aligned with the IPCC definition'.

To assess the mitigating effect of coastal ecosystems (the potential supply of the Coastal
Protection Ecosystem Service, CP-ES), hazard proneness is computed with and without the
presence of mangroves, salt marshes, seagrasses, and coral reefs. The spatial distribution of
the difference between these two conditions represents the potential supply of the coastal
protection in hazard prone areas (i.e, the ecosystem-supplied reduction in hazard
proneness of different areas). The demand for coastal protection corresponds to the
number of people in areas prone to coastal flooding that require protection. The final output
layer and summary statistics reveal the local population benefiting from the service. It also
reveals the local populations who's demand for this service areis not currently being met.

Hazard proneness to coastal flooding

The hazard proneness index is derived as a combination of 7 sub-indices (Table 5):

1. The geomorphology index represents the landform's proneness to erosion and
assigns a score to each landform type accordingly. The geomorphology index will be
estimated based on biogeophysical characteristics of the areas. Geomorphology
represents the physical characteristics of the coastline that influence its sensitivity
to wave action, erosion, and flooding. Geomorphology was derived from the CCI

' According to the IPCC, “hazard refers to the possible future occurrence of natural or human-induced
physical events that may have adverse effects on vulnerable and exposed elements”
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CORINE Land Cover dataset, which provides detailed classifications of coastal
landforms, including beaches, rocky shores, dunes, wetlands, and artificial structures.
These classes were translated into geomorphology exposure ranks where more
erodible features (e.g., sandy beaches, wetlands) receive higher vulnerability scores,
and resistant features (e.g., rocky cliffs, armored coasts) receive lower scores.

The relief index represents the land's proneness to flooding due to variations in
terrain elevation. Higher elevations are at lower risk of inundation than lower
elevations (Natural Capital Project 2020). The relief index was estimated using the
global 30 m Digital Elevation Model (DEM) derived from ASTER and SRTM data, which
provides high-resolution elevation information suitable for global terrain and relief
analyses (NASA/METI/AIST/Japan Spacesystems, and U.S./Japan ASTER Science
Team, 2019).

The natural habitats index represents the relative level of protection provided by
different coastal ecosystems (Mangrove, seagrass, salt marsh and corals) (see Table
6 for a detailed description of the datasets, crosswalk between the datasets and
IUCN GET Typology, as well as potential future applications).

The wave exposure index is a semi-quantitative indicator of potential for shoreline
erosion (Natural Capital Project 2020). It is calculated using ECMWF-ERA5 data by
integrating significant wave height and wave direction to quantify the intensity and
directionality of wave impact on a given region.

Wind exposure represents the relative susceptibility of coastal segments to powerful
waves generated by strong winds (CMEM, 10 km resolution).

The surge potential index represents the relative exposure to storm surges
(ECMWF-ERAD).

Sea-level rise input to the model was obtained from ECMWF ERA5 reanalysis data,
which provides high-resolution global estimates of ocean surface height and
long-term sea-level trends.

According to the rules in Table 5, a sub-index is found for each variable, and the final hazard

index (H) is obtained by a geometric mean of the seven sub-indices, ranging from 1to 5.

Table 5. Modelled hazard sub-indices inspired by Natural Capital Project (2020).
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By denoting the set of studied coastal ecosystems as E (
E = {mangroves, saltmarshes, seagrasses, corals}), then Ve € E:

AH =H - H (M

e without E with e

where H . . Tepresents the hazard proneness index in the absence of all protective

ecosystems, and H .. the hazard proneness index when only one ecosystem, ecosystem e,

th
is included. To isolate the protective effect of each individual ecosystem type, the model is
run under the assumption that when evaluating a given ET, all other ecosystem types
present along the same coastal segment are replaced by a neutral baseline surface such as
the waterbody in this module. This ensures that the estimated reduction in hazard reflects
only the contribution of the focal ET rather than the combined influence of multiple
co-occurring habitats.

A positive AH, indicates a reduction in hazard proneness attributable to ecosystem e. To

isolate the contribution of individual ecosystems, the model is run iteratively. In each
iteration, the hazard is modeled by comparing the baseline (no ecosystems) against a
scenario where a single ecosystem layer is present (Equation 1). It serves as an indicator of
the potential spatial supply of the coastal protection service by ecosystems and is
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calculated as the mean of the spatial hazard reduction across each area of influence of
each ecosystem.

Exposure and Vulnerability to Coastal Flooding

Exposure is defined as the presence of people, infrastructure, and economic activity in
areas that may be affected by coastal hazards. In the supply-use ecosystem modelling
framework, we quantify who/what needs protection and who/what benefits from the
presence of the ecosystem. Vulnerability? assesses the sensitivity or susceptibility of
exposed elements to harm and their lack of capacity to cope with or recover from hazard
impacts.

In this model, exposure and vulnerability are combined to create a layer that represents the
population living in flood-prone areas most likely to be affected by coastal flooding.
Population data (which represents exposure, or the potential users of the coastal protection
service) is overlapped with two vulnerability layers: a deprivation index, which serves as a
stratifier of the results, and a layer defining low-elevation coastal zones. The resulting layer
serves as a foundation for assessing both the demand for and the supply of coastal
protection services. The vulnerability aspect acts as a stratifier for exposure,to identify the
least, moderately, and highly vulnerable populations.

EV = f(Pop, LECZ, GRDI) (2)

Where EV is the Exposure-vulnerability layer, Pop refers to the population, Low-Elevation
Coastal Zone (LECZ) delimits the low elevation coastal zones, and Global Relative
Deprivation Index (GRDI) integrates the different levels of deprivation (i.e., vulnerability) of
the population. The WorldPop population grid provides a spatially explicit representation of
population density. At the same time, the LECZ dataset specifies which portion of that
population lives within physically flood prone places (exposure). When these are combined
with the GRDI, the result is a stratified population layer that includes both the number of
exposed individuals and the degree to which their socioeconomic circumstances heighten
their exposure to flooding (exposure and vulnerability). The stratification of the GRDI covers
three classes: “High vulnerability” (for values >= 67), “Medium vulnerability” (for values
between 34 and 66) and “Low vulnerability” (for values below 33). Accordingly, EV is an
area-based, deprivation-stratified population estimate in low-lying coastal regions, and is a
combined single layer of physical exposure and social vulnerability for subsequent
estimation of both demand for and supply of coastal protection ecosystem services.

2 “Vulnerability refers to the propensity of exposed elements such as human beings, their livelihoods, and
assets to suffer adverse effects when impacted by hazard events (UNDRO, 1980; Cardona, 1986, 1990)”.



Ecosystem Service Demand

The demand for coastal protection (CP-ES demand) comes from the number of people
living in areas prone to coastal flooding (EV) that might be affected by the hazard (H). In this
case, it corresponds to the population in areas at risk of the hazard.

The baseline population at risk is identified by spatially intersecting the population layer

with the hazard extent modeled in the absence of ecosystems (i.e, H ), to identify the

without E
potential beneficiaries of the protection. At the same time, the exposure-vulnerability (EV)

component is stratified by vulnerability classes, to differentiate among the levels at which
levels of social deprivation influence the levels of impact. This stratification enables a more
accurate identification of population groups (low, moderate, or highly vulnerable) and
estimates which group is likely to benefit most from the presence of coastal ecosystems.

Demand (D) is therefore a function of population, vulnerability and hazard:

D = f(EV, H ) (3)

without E

Table 7 illustrates the details of the datasets included as inputs for developing the demand and
supply tables

Dataset Description Purpose Temporal Spatial
Population Gridded WorldPop Counting Annual (2000 100m
count population population - 2020) (~0.0009°)
counts and
densities Annual (2025 100 m*
Kased on - 2100) (~0.0009°)
census +
remote
sensing
Global Relative level NASA Stratifying the = Static 30
Gridded of Socioeconomi | results by baseline arc-seconds
Relative multidimensio ¢ Data and Vulnerability ' (5010-2020)  (~1km)
Deprivation nal(6 Applications level
Index (GRDIv1) dimensions) Center
deprivation (SEDAC)

and poverty in
each pixel
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Low Elevation

Coastal Zone

(LECZv3)

GLC_FCS30D
Global
30-meter
Land Cover
Change
Dataset
(1985-2022)

Allen Coral

Atlas

represented

as an index
from O to 100
where a value

of 100
indicates the
highest level

of deprivation
and zero the
lowest

Urban,
quasi-urban,
and rural
populations in
<10m
elevation
coastal zonesl|
for 234
countries and

territories

Global land
cover layer
classified into
35 land cover
classes.

High-resolutio
n Global coral
reef habitat
maps (benthic
and
geomorphic
classes)

NASA
Socioeconomi
¢ Data and
Applications
Center
(SEDAC)
Zhang et al.
(2024)

High-resolutio
n Global coral
reef habitat
maps (benthic
and
geomorphic
classes)

Define the
hazardous
area

Delineate
presence of
Mangroves,
Salt marshes
and
Waterbodies

Delineate
presence of
Seagrasses
and Corals

*new worldpop layer to be integrated for upgrading the model

Ecosystem Service Users, Potential Supply and Use

1990, 2000, 9

2015 arc-seconds
(~300m)

Annual 30m

(1985-2022).

Further

updates TBC

Annual (2018 -
2020)

The Coastal Protection Ecosystem Service (CP-ES) model generates complementary

indicators to quantify both the potential supply of the service and the actual users



benefiting from it. A dual-indicator approach is necessary because a single metric cannot
fully capture the nuances of risk mitigation. Specifically, an indicator focused solely on the

number of users communicates the spatial extent of the beneficiaries but fails to convey

the level of protection each individual receives. Conversely, an indicator detailing the

magnitude of hazard reduction illustrates the biophysical effectiveness of the ecosystem

but lacks demographic context regarding who is actually benefiting.

To resolve this and provide a comprehensive understanding of whether exposed and

vulnerable areas are benefiting from nature-based protection, the model computes three

distinct, spatially explicit metrics that are designed to be evaluated in combination:

Ecosystem Servce Users, or Beneficiary Count (BC)

The Ecosystem Service Users represent the specific subset of the exposed
population (Demand, D) that actively experiences a reduction in physical hazard due
to an ecosystem'’s presence. This is measured as a discrete count of the number of
people in hazardous areas who benefit from the protective habitat. The Beneficiary
Count (BC) is calculated by spatially intersecting the population that is potentially
exposed and vulnerable to coastal flooding (the EV layer) with areas where the
ecosystem actively reduces hazard proneness (i.e., where AH > 0).

Protection Magnitude or Hazard Reduction

This metric serves as an indicator of the physical biophysical benefit provided by the
ecosystem. It is calculated as the mean spatial reduction in the hazard index ( AHe)

across the ecosystem's area of influence.

Population-weighted impact

Is a metric that definitively links the biophysical supply of the service with its human
use, and represents the total magnitude of protection delivered to society.

This is achieved by aggregating the individual hazard reductions across all
ecosystem service users. For each grid cell, the actual service flow is calculated as
the product of the hazard reduction and the population density:

S = AH_ -BC (4)

To ensure these metrics capture the social dimension of risk, this calculation is further
stratified by vulnerability classes (derived from the GDRI).
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Notes on global runs

To translate pixel-level spatial data into national accounting tables, the global results are
aggregated at the country level. The aggregation process stratifies the spatial data into a
16-category matrix based on two intersecting dimensions: human vulnerability and
ecosystem type.

1. Vulnerability Stratification

Exposed populations are categorized into four distinct vulnerability classes using the Global
Disaster Risk Index (GRDI):

- Low: GRDI < 33

- Medium: GRDI 33 to 65

- High: GRDI > 66

- Unknown: Areas lacking GRDI data coverage (to ensure no beneficiaries are
dropped).

2. Ecosystem Classification & Overlap Rules

Coastal protection is attributed to four specific habitats derived from Coral Systems and
Global Wetlands datasets. Because these biophysical layers occasionally overlap, a strict
spatial hierarchy is applied to prevent double-counting beneficiaries. Pixels are assigned a
single, mutually exclusive ecosystem type, prioritising the more fine Coral Systems dataset.

3. Final Accounting Outputs

For each country, the intersection of the 4 vulnerability levels and 4 ecosystem types yields
16 distinct reporting categories per year. Within each category, the model aggregates four
primary indicators to populate the accounting tables:

- Demand: Total number of people in baseline hazardous areas (Sum).

- Beneficiary Count (BC): Total number of people physically protected by the
ecosystem (Sum).

- Hazard Reduction (AHe ): The biophysical magnitude of hazard mitigation (Mean).

- Population-weighted impact: as mentioned above, combines beneficiary count and
hazard reduction. (Mean)

This structured aggregation ensures that the final accounting tables provide a precise,
non-duplicated breakdown of who benefits from specific coastal ecosystems, and to what

N



extent.
These results are aggregated (sum or mean) by country.

Aknowledgements

We would like to thank Steven King, Mandy Driver and all members of the SEEA-EA task
force for their inputs and advice during the development of this module. We would also like
to thank Alessandra La Notte (External expert at the Joint Research Centre of the European
Commission on Natural Capital Accounting) for her review and openness to discussion.

References

Allen Coral Atlas (2022). Imagery, maps and monitoring of the world's tropical coral reefs.
doi.org/10.5281/zenodo.3833242

Balk, D, Montgomery, MR, McGranahan, G, Kim, D, Mara, V, Todd, M, Buettner, T & Dor’elien, AD. (2009).
Mapping urban settlements and the risks of climate change in Africa, Asia and South America. In
Guzman, JM (ed.), Population Dynamics and Climate Change. New York; London, England: UNFPA, pp.
80-103

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, EW., Stier, AC. and Silliman, B.R. (2011). The value of
estuarine and coastal ecosystem services. Ecological Monographs, 81(2), pp.169-193.
https://doi.org/10.1890/10-1510.1

Beck, MW, Losada, I.J.,, Menéndez, P, Reguero, B.G., Diaz-Simal, P. and Fernandez, F. (2018). The global
flood protection benefits of mangroves. Nature Communications, 9, 2186.

Chaplin-Kramer, R, Brauman, K. A, Cavender-Bares, J.,, Diaz, S, Duarte, G. T, Enquist, B. J, .. &
Zafra-Calvo, N. (2022). Conservation needs to integrate knowledge across scales. Nature ecology &
evolution, 6(2), 118-19. https://doi.org/10.1038/s41467-018-04568-z

ERA5 Reanalysis dataset, European Centre for Medium-Range Weather Forecasts (ECMRWF).

Fang, J., Nicholls, R. J, Brown, S, Lincke, D, Hinkel, J., Vafeidis, A. T, .. & Shi, P. (2022). Benefits of
subsidence control for coastal flooding in China. Nature Communications, 13(1), 6946.

Hauer, M. E., Jacobs, S. A, & Kulp, S. A. (2024). Climate migration amplifies demographic change and
population aging. Proceedings of the National Academy of Sciences, 121(3), €2206192119.


http://doi.org/10.5281/zenodo.3833242

BCJ

Thiéblemont, R., Le Cozannet, G., Nicholls, R. J., Rohmer, J., Wéppelmann, G., Raucoules, D., ... & Lincke,
D. (2024). Assessing current coastal subsidence at continental scale: Insights from Europe using the
European Ground Motion Service. Earth's Future, 12(8), e2024EF004523.

IPCC (2022). Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working
Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press.

La Notte, A, Marques, A, Petracco, M, Paracchini, M. L., Zurbaran-Nucci, M., Grammatikopoulou, I., &
Tamborra, M. (2025). The assessment of nature-related risks: From ecosystem services vulnerability
to economic exposure and financial disclosures. Ecological Economics, 235, 108636.

MacManus, K, Balk, D.,, Engin, H., McGranahan, G., & Inman, R. (2021). Estimating population and urban
areas at risk of coastal hazards, 1990-2015: How data choices matter. Earth System Science Data, 13
(12), pp. 5747-5801. https://doi.org/10.5194/essd-13-5747-202

McGranahan, G., Balk, D., & Anderson, B. (2007). The rising tide: Assessing the risks of climate change
and human settlements in low elevation coastal zones. Environ. Urban, 19, pp. 17-37
https://doi.org/10.1177/0956247807076960

Mclvor, AL, Méller, I, Spencer, T. and Spalding, M. (2012). Reduction of wind and swell waves by
mangroves. Natural Coastal Protection Series: Report 1, Cambridge Coastal Research Unit Working
Paper 40.

Natural Capital Project (2025). InVEST 3.16.2. Stanford University, University of Minnesota, Chinese
Academy of Sciences, The Nature Conservancy, World Wildlife Fund, Stockholm Resilience Centre
and the Royal Swedish Academy of Sciences. https://doi.org/10.60793/natcap-invest-3.16.2

Natural Capital Project. (2020). INVEST Coastal Vulnerability Model. In Sharp, R. et al. (Eds.), INVEST
User’s Guide. The Natural Capital Project, Stanford University.

NASA/METI/AIST/Japan Spacesystems, and U.S./Japan ASTER Science Team. (2019). ASTER Global
Digital Elevation Model (GDEM) Version 3. NASA EOSDIS Land Processes DAAC.
https://doi.org/10.5067/ASTER/ASTGTM.003

Nicholls, R. J., Lincke, D., Hinkel, J., Brown, S., Vafeidis, A. T, Meyssignac, B, .. & Fang, J. (2021). A global
analysis of subsidence, relative sea-level change and coastal flood exposure. Nature Climate Change,
11(4), 338-342.

Ocean and Coastal data products, Copernicus Marine Environment Monitoring Service (CMEMS).

Robinson, N. Regetz, J, and Guralnick, R. P. (2014). EarthEnv-DEM90: A nearly-global, void-free,
multi-scale smoothed, 90m digital elevation model from fused ASTER and SRTM data. ISPRS Journal

13


https://doi.org/10.5194/essd-13-5747-202
https://doi.org/10.5067/ASTER/ASTGTM.003

of Photogrammetry and Remote Sensing, 87:2014, 57-67. Available at
http://www.sciencedirect.com/scien rticle/pii 2427161 2

Sanchez Colon, S (2020). Pilot testing of the SEEA-EEA Framework in Mexico: Coastal Protection by
Mangrove Ecosystems. United Nations Statistics Division, Department of Economic and Social Affairs,
New York.

Sanders, B. F, Brady, D, Schubert, J. E, Martin, E. M. H,, Davis, S. J., & Mach, K. J. (2024). Quantifying
social inequalities in flood risk. ASCE OPEN: Multidisciplinary Journal of Civil Engineering, 2(1),
04024004

UNEP-WCMC (2025). Ocean+ Habitats [On-line], [accessed May 2025]. Available at:
habitats.oceanplus.org

United Nations et al. (2021). System of Environmental-Economic Accounting— Ecosystem Accounting
(SEEA EA). White cover publication, pre-edited text subject to official editing. Available at:
https://seea.un.org/ecosystem-accounting

United Nations (2022). Guidelines on Biophysical Modelling for Ecosystem Accounting. United
Nations Department of Economic and Social Affairs, Statistics Division, New York.

Wing, O. E, Lehman, W,, Bates, P. D,, Sampson, C. C,, Quinn, N., Smith, A. M, ... & Kousky, C. (2022).
Inequitable patterns of US flood risk in the Anthropocene. Nature Climate Change, 12(2), 156-162.
World Bank (2024). The Nature-Based Solutions Opportunity Scan: Leveraging Earth Observation
Data to Identify Investment Opportunities in NBS for Climate Resilience in Cities and Coasts across
the World. Washington, DC: World Bank.


http://habitats.oceanplus.org

	ARIES for SEEA 
	Global runs 
	Coastal Protection Services  
	Index 
	1.​ Coastal Protection Services 
	Overview 
	Objective of the module 
	Methodology 
	Hazard proneness to coastal flooding  
	Exposure and Vulnerability to Coastal Flooding 
	Ecosystem Service Demand 
	Ecosystem Service Users, Potential Supply and Use 

	 
	Notes on global runs 
	Aknowledgements 

	 
	 
	References 


