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SUMMARY

Mangroves modify storm surges with impacts on property damages, but these effects vary spatially and by 

storm intensity. We use high-resolution, kilometer-scale flood and loss models to examine variability in 

mangrove effects on surge losses to properties, spatially and by storm intensity, in Florida. We estimate 

that mangroves reduce property surge losses by $67 million annually in Collier County in southwestern 

Florida. More than 50% of this reduction occurs for storms with return periods under 30 years. Mangroves 

in Florida reduced storm surge damages by 14% during Hurricane Irma (2017) and 30% during Hurricane 

Ian (2022). We show that mangrove presence always reduces flood losses for properties landward of 

mangroves. Inside mangroves, their effect is a net reduction in damages, though in some locations, espe

cially for more seaward properties, mangroves can increase storm damages. These findings underline the 

importance of mangrove presence in determining property damages during hurricanes.

SCIENCE FOR SOCIETY Storm surges from tropical cyclones and hurricanes cause billions of dollars in 

coastal property damages every year. However, natural ecosystems such as mangrove forests can, by their 

presence on these coastlines, modify storm surges and affect property damages. Florida in the US is a prime 

example of a state with an extensive coastline, expensive coastal properties that are exposed every year to 

hurricanes, and bountiful coastal mangrove forests. Despite growing knowledge of the role that mangroves 

play in reducing storm surge damages, little is understood of how the magnitude of mangrove effects varies 

spatially, i.e., where and to what extent properties may benefit from mangrove presence during a storm 

surge. In this study, we use high-resolution storm surge and property loss models, along with data on 

mangrove extents in southwest Florida, to quantify the effect of mangroves on property damages annually 

and during recent Hurricanes, Irma (2017) and Ian (2022). We find that mangrove presence reduces property 

damages substantially—$67 million annually in Collier County, by 14% during Irma and by 30% during Ian. 

We also show a strong pattern in the spatial variability of mangrove effects—landward properties always 

benefit from having mangroves as a natural defense; in situations where properties are inside mangrove for

ests, they continue to benefit but can, in some situations, especially when they are seaward of these forests, 

actually face higher damages due to mangroves. These findings underline the importance of understanding 

the effect of mangrove presence on storm surge damages on coastlines globally, especially when consid

ering their role as natural coastal defenses. 
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INTRODUCTION

Mangrove forests have been shown to reduce flood depths during 

tropical cyclones, thereby reducing flood damages to people and 

property. This intertidal vegetation acts as a barrier to oncoming 

storm waves and surges.1–3 Previous work using statistical models 

and coarse resolution (>1 km) process-based models has shown 

that mangroves help reduce economic losses to properties from 

storm events.4–6 These benefits are particularly high in places 

where mangroves are present together with high socioeconomic 

value in the coastal floodplain and exposure to storm surges. For 

example, globally, Florida in the USA receives some of the greatest 

flood damage reduction benefits from mangroves,4 and in the 

Philippines, mangrove forests are estimated to reduce around 

US$1 billion in property damage annually.7

The coastline of Florida is a prime example of the combination 

of storm surge hazards and high economic exposure to these 

hazards. In 2022, Hurricane Ian made landfall multiple times in 

southwest Florida on September 28 as a category 4 storm, first 

in Dry Tortugas National Park in the Florida Keys, in Lee County, 

and finally, just south of Punta Gorda in Charlotte County, Florida 

(Figure 1). The storm surge from Ian, the first category 4 hurri

cane to impact southwestern Florida since Charley in 2004, 

impacted barrier islands and coastlines from Fort Myers Beach 

to Naples Bay.8 Five years earlier, in 2017, Hurricane Irma devas

tated nations in the Caribbean and Florida, with damage costs 

exceeding US$200 billion.9 Hurricane Irma made landfall twice 

in Florida on September 10, 2017, first in the Florida Keys as a 

category 4 storm and later in Collier County as a category 3 

storm (Figure 2). Some of the highest storm surges of 8 to 10 ft 

were observed along the mangrove-dominated coastline of the 

Everglades National Park.10

While general awareness of the overall benefits of mangroves 

for coastal protection during storms has been growing, knowl

edge of the net economic value of mangroves for reducing storm 

surge damages to properties from multiple storms remains 

incomplete, particularly our understanding of the variability in 

these effects at kilometer scales, both spatially, and in terms of 

how these benefits vary by storm severity. Measurements of 

the economic effects of mangrove forests on property damages 

during storms are rare and have mostly been statistical 

model studies at scales of 10–100s of kilometers or more, based 

on hurricane wind speeds and broadly defined storm impact 

areas.5,6,11 Coastal and freshwater wetlands have been esti

mated in one study to have reduced county-wide damages 

from past storms in Florida anywhere between US$5,000 to US 

$1,617,000 per year.6 Using a statistical model of the effects of 

wetlands on county-level property damages from storms be

tween 1996 and 2016,6 it is estimated that a loss of 500 km2 of 

wetlands in Florida—mostly mangroves—would have increased 

losses during Hurricane Irma by US$430 million and that, across 

the US, wetland protective effects were greater for lower cate

gory storms. Another global statistical model estimated annual 

avoided loss values for coastal and freshwater wetlands of over 

US$100 million over 100-km by 100-km areas in most of Flor

ida.11 These studies improve our understanding of the effects 

that wetlands can have during hurricanes but stop short of 

describing how these effects vary by event frequency or spatially, 

particularly at kilometer scales, partly due to a lack of data on vari

ability in observed damages at these finer scales. Spatial varia

tions in wetland values include, for example, the possibility of 

higher damages due to the possibility of tidal vegetation 

increasing flood depths from storm surge flows, as has been 

shown using 2D hydrodynamic models for salt marshes in the 

US Northeast, Pacific coast, and Texas.12–14 Combining state- 

of-the-art physics-based models with property damage esti

mates, our study advances current understanding of mangrove 

presence on property losses from storm surges at kilometer 

scales by (1) improving quantitative estimates of the net coastal 

protection benefits of mangroves on flood depths and property 

losses during storm surges; (2) describing how mangrove effects 

vary over multiple storm events of varying severity; and (3) 

describing spatial variations in mangrove effects for two recent 

events, Hurricane Ian and Hurricane Irma, including where man

groves may have negative effects on property damages.

To explore variability in mangrove effects spatially and by event 

severity, we focus our analysis on the state of Florida and use a 

catastrophe risk model widely used in the insurance industry to 

simulate storm surge flooding and damages from a range of 

storms. Here, we use a numerical catastrophe risk model specif

ically designed to assess property-level storm surge losses for 

two mangrove scenarios: a present-day mangrove wetland sce

nario and a counterfactual scenario that corresponds to man

groves being replaced with developed open space or an open- 

water seabed (see methods). For each storm event, we integrate 

a physics-based model that simulates the generation of storm 

surge at the coast and the subsequent overland flooding, with 

an economic loss model at high resolution (∼100 m in the coastal 

floodplain; see methods). For each event and each mangrove sce

nario, we estimate the resultant property damages and then 

compare damages across the two scenarios. First, we quantify 

the effects of mangroves on average annual losses (AALs) from 

storm surge in Collier County in southwest Florida, by running sim

ulations for a set of synthetic storms chosen to represent 100,000 

years of tropical cyclone activity in the area. We also analyze the 

effect of mangrove presence on storm surge damages for two 

recent historical tropical cyclones—Hurricanes Irma (2017) and 

Ian (2022) across Florida.

RESULTS

Mangroves reduce surge flood depths and damages

The presence of mangroves in southern Florida reduced flood 

extents in several locations during Hurricane Ian, Hurricane 

Irma, and across multiple storms in Collier County. During Ian, 

the presence of mangroves reduced flood depths by over a 

meter in several coastal regions of Collier, Lee, and Charlotte 

Counties (Figure 1). During Hurricane Irma, mangroves reduced 

storm surge flood depths across the southwestern Florida coast

line and in parts of Miami-Dade County in the east (Figure 2).

Our analyses show that by modifying storm surge depths, 

mangrove forests in southern Florida significantly reduce property 

damage from storm surges across the entire floodplain. In our 

model, the economic damages in Florida from storm surges alone 

were ∼US$13 billion during Hurricane Ian and ∼US$5 billion dur

ing Hurricane Irma (2018 US$). Mangroves in southern Florida 
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reduced damages by ∼US$725 million during Irma, a 14% reduc

tion in damages. During Ian, the complete absence of present-day 

mangroves would have increased damages by an estimated US 

$4.1 billion, ∼30% of total storm surge damages, though this ef

fect was felt across a smaller spatial footprint. The approximately 

250 km2 of mangroves in Collier County in our model reduce 

annual losses from storm surge by US$67 million compared 

with a scenario where mangroves are absent, a net benefit 

of ∼US$270,000 per km2 per year of mangrove forest.

Mangrove benefits are greater for more frequent storms

Across multiple events in Collier County, our study shows that 

mangrove effects vary by storm event severity and are cumula

tively more significant for less damaging storm events that are 

Figure 1. Flood depths during Hurricane Ian in meters with and without mangroves 

(A) Zoom-out showing region of interest; (B) No-Mangroves scenario; (C) With-Mangroves scenario; (D) Detail inset of Difference (No Mangroves minus With 

Mangroves) for southern Florida and Hurricane Ian track in red. Figure created using ArcGIS.

Figure 2. Flood depths during Hurricane Irma in meters with and without mangroves 

(A) Zoom-out showing region of interest; (B) No-Mangroves scenario; (C) With-Mangroves scenario; (D) Detail inset of Difference (No Mangroves minus With 

Mangroves) for southern Florida and Hurricane Irma track in blue. Figure created using ArcGIS.
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typically more frequent (Figure 3). Over half (55%) of the total 

mangrove-induced reduction in AALs in Collier County occurred 

for storm surge events with loss return periods (RPs) below 30 

years, i.e., events with an annual loss frequency above 3.3%. 

Almost three-quarters (73%) of the cumulative reduction in AALs 

by mangroves are within the 1-in-50-year loss RP, whereas only 

14% of these benefits are for events with loss RPs greater than 

100 years, i.e., an annual loss frequency below 1%.

Mangrove effects vary between landward and seaward 

properties

Mangrove effects during Ian were concentrated in Charlotte, 

Lee, and Collier counties, the three counties closest to where 

Ian made landfall on the mainland in Charlotte County 

(Figure 4B). During Irma, mangrove effects were more widely 

distributed across southern Florida (Figure S2).

Mangrove effects also varied spatially within the study 

domain, annually for Collier County (Figure 5), for Hurricane Ian 

(Figure 5), and for Hurricane Irma (Figure S2). The spatial varia

tions in mangrove effects exhibited a zonation depending on 

whether the properties were farther inland from the landward 

mangrove edge or inside the mangrove forests and seaward of 

this edge. Mangroves reduced storm surge property losses for 

100% of hexagons inland of the landward mangrove edge for 

Collier County AALs, for Hurricane Ian (Figure 5) and Hurricane 

Irma (Figure S3).

For the AALs in Collier County, mangrove effects are signifi

cant, i.e., defined as being greater than 1% of the absolute 

maximum effect of mangrove presence, for properties located 

up to 11 km from the mangrove edge (Figure 5). During Ian, 

mangrove effects were significant as far as 13 km landward of 

the forest edge (Figure 5). During Irma, mangrove effects were 

significant within 14 km of the forest edge for landward proper

ties, and up to 5 km from the edge for properties between 

mangrove forests (Figure S2).

Figure 3. Cumulative proportion of AAL 

reduction benefits from mangroves by 

storm return period 

Vertical axis indicates the total annual benefits 

(equal to US$67M) coming from storms with loss- 

based return periods (RPs) up to and including the 

value given on the x axis (log scale). For example, a 

y axis value of 73% corresponds to an x axis value 

of 50 years, meaning that 73% of the US$67M AAL 

reduction comes from events up to a 50-year loss- 

based RP. Dashed line indicates a 50-year RP 

event and dot-dash line indicates a 100-year RP. 

Values for RPs below 15 years are not plotted due 

to high model uncertainty at very low RP values; 

the upper x axis is clipped at 1,000 years for clarity 

(see methods and Figure S1).

The net effects of mangroves for 

the AALs and Hurricane Ian were 

positive, and greatest in magnitude, for 

all properties landward of the mangroves 

(Figure 6). These effects were net positive 

but much smaller for properties inside the 

mangroves. Like the flood depths, the effects of mangroves on 

economic losses for Hurricanes Ian and Irma were mixed for 

properties inside the mangroves. For example, on the outer 

islands where Ian made landfall, some properties received ben

efits from the mangroves, while adjacent properties saw an in

crease in damages due to mangrove presence (Figure 5). This 

is likely due to the mangrove vegetative barrier causing an in

crease in water levels in some areas within and seaward of the 

forests and these regions coinciding with areas that have prop

erties. For Hurricane Irma, despite this effect, properties inside 

the mangroves saw a greater reduction in total storm damage 

than properties landward of the mangrove edge, possibly due 

to the overall larger number of exposed properties within the 

mangroves.

DISCUSSION

Our study estimates, at high spatial resolution, the net benefits of 

mangroves during multiple hurricane events as well as the vari

ability in these effects on storm surge damages to properties. 

We find that a majority of the protective benefits from mangroves 

accrue for smaller, more frequent storm surge events; that the 

net effect of mangroves is highly beneficial despite some nega

tive effects at specific locations; and that, in addition to cyclone 

characteristics, the benefits and negative effects of mangroves 

depend on the location of properties relative to the mangrove 

forests and the coastline. Together, our results indicate that 

mangrove forests have a high economic value as natural de

fenses, especially for properties landward of them during 

smaller storm events. The net economic benefits of mangroves 

strengthen the argument for considering them as national natural 

infrastructure for coastal risk reduction.15

Our results describe the finest-scale estimate to date of the 

effects of mangroves on storm surge property damages from 

multiple storm events, indicating that mangroves reduced storm 
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Figure 4. Spatial variability in storm surge damage differences with and without mangroves in Collier County and for Hurricane Ian 

(A) (Top) Difference in storm surge damages between the No-Mangroves and With-Mangroves scenarios for AALs in Collier County. Mangroves are shown in 

green and landward mangrove edge shown as a dark green line. Areas behind this edge are in solid hexagons, areas inside and seaward of this edge are in dashed 

hexagons. Red-shaded hexagons see increase in damages due to mangroves; blue-shaded hexagons see reduction in damages due to mangroves. 

(B) (Bottom) Difference in storm surge damages between No- and With-Mangroves scenarios for Hurricane Ian. Figure created using ArcGIS.
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surge damages between 14% to 30% during Hurricanes Irma 

and Ian. In Collier County, by analyzing 100 storm events we es

timate that mangroves reduce average losses from storm surges 

by US$67 million annually, which translates to a benefit of ∼US 

$270,000 per km2 of mangroves per year, an effect that is highly 

spatially variable (Figure 5). This value is an order of magnitude 

higher than the US$38,000 per km2 per year value estimated 

by Sun and Carson6 for Collier County, who considered effects 

of coastal and freshwater wetlands for 15 storm events between 

1998 and 2010 of which only four caused observed damage to 

the county. One possible reason for our per-km2 estimates being 

higher is the larger storm dataset in our study, which analyzes 

Figure 5. Storm surge damage differences 

due to mangroves by distance 

Box and whisker plot showing difference in storm 

surge damages between With-Mangroves and 

No-Mangroves scenarios for 1-km distance bins 

from the landward edge of the mangrove forests 

for (A) (Top) Collier County AALs, and (B) (Bottom) 

Hurricane Ian for southern Florida. Green bars 

show reduction in risk due to mangroves and red 

bars show increase in risk due to mangroves. 

Green line indicates landward mangrove edge. 

See Figure S3 for Hurricane Irma map and plot.

100 synthetic storm events, all of which 

cause flood damages in Collier County. 

Another possible reason is the larger 

area of coastal and freshwater wetlands 

considered in Sun and Carson6—be

tween 1,400 and 2,500 km2, depending 

on the storm. The protective value of wet

lands for wave dissipation has been 

shown to be non-linear with wetland 

extent, with the first few kilometers of 

wetlands providing the largest benefits, 

with a similar effect likely for storm surge 

dissipation.16 On the other hand, our es

timates of mangrove value during Hurri

cane Irma are lower than indicated by 

Sun and Carson,6 while our study esti

mates that all mangroves across south

ern Florida in total reduced damages by 

US$725 million, their model suggests 

that a loss of just 500 km2 of these wet

lands could have increased damages 

by US$430 million, implying that a loss 

of all mangroves in southern Florida 

would be several times higher. While we 

do not calculate the effect of historic los

ses in mangrove area on damages from 

Irma, it is likely that mangroves in some 

areas with higher exposure, such as in 

Broward County, were a lot more valu

able than mangroves in other areas, 

such as the Everglades, that do not 

have much property exposure behind 

them (Figure S2). In general, our findings underline the impor

tance of more detailed studies to improve these estimates and 

better describe variability in these effects.

Our results suggest a temporal, event-frequency scale to the 

accumulation of mangrove benefits for risk reduction in Collier 

County, similar to effects found by previous studies. Over half 

of the annual loss reduction benefits from mangroves accrue 

for storm events with RPs of under 30 years, benefits that could 

be realized within the lifetime of a typical home mortgage in the 

US. Nearly three-quarters of the total annual benefits of man

groves are received for events with a RP below 50 years. This 

could be because storm surges from smaller events typically 
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have lower inundation depths and are therefore more effectively 

slowed down and redirected by the friction provided by the 

mangrove vegetation.17 The contribution of mangroves during 

smaller events is significant, as we find that within our simulated 

storm set, 56% of total damage is caused by events with an 

RP < 100 years (Table S1). This supports the finding by Sun 

and Carson,6 whose US-wide model suggests that wetland ef

fects are cumulatively greater for smaller events. The benefits 

of mangrove forests for smaller, more frequent storm events 

could help incentivize homeowners, who play an important role 

in coastal adaptation in the US, to support the consideration of 

natural ecosystem alternatives within adaptation response 

portfolios.18,19

Our study presents an initial exploration of a less-studied 

aspect of mangrove effects during storm surges, i.e., the spatial 

variability of these effects especially for property losses inside 

and seaward of mangrove forests by describing the 2D process 

of storm surge propagation through mangroves.3,17 In general, 

our model illustrates a zonation of these spatially variable effects, 

with landward properties having entirely net positive effects with 

lower spatial variability, whereas the effects are much more 

spatially variable for properties that are inside and seaward of 

these forests, a pattern that holds true for multiple events in 

Collier County (Figure 5). There is noticeable spatial variability 

in the effects of mangroves on surge damages on properties in 

the outer islands for AALs in Collier County and similarly for Hur

ricane Ian (Figure 5) and Irma (Figure S2). This is due to the mixed 

effect of mangrove patches in a region very close to landfalling 

hurricanes and their accompanying surges, with some areas 

experiencing a reduction in flood depths, and others an increase 

in heights due to the mangroves (Figures 1 and 2). These results 

support recent studies that indicate similar effects in salt marsh 

wetlands, a temperate intertidal analog to mangroves.12–14 As 

the evidence for mangrove forests as coastal defenses, and 

consideration of these nature-based alternatives to hard struc

Figure 6. Net mangrove benefits for the 

three event cases landward and inside man

groves 

Benefits for AALs (million US$s/yr) in Collier 

County, and across southern Florida for Hurri

canes Irma (million US$s), and Ian (million US$s), 

in two zones: landward of mangroves (light green); 

inside and seaward of mangrove areas (dark 

green).

tures, increases20 more detailed studies 

are needed to better understand how 

these natural defenses alter storm surge 

risks to properties around them, and 

how this changes by storm severity and 

duration.

Our flood model performs well in esti

mating storm surge flood depths, vali

dating our approach and choice of 

mangrove land-cover coefficient values. 

Our model is validated against observed 

the US Geological Survey (USGS) high- 

water marks during Hurricane Ian and Hurricane Irma and shows 

a mean error of 0.1 m and a root mean square error of 0.5 m or 

less in both cases (Figure 7) for flood depths higher than 2.5 m 

during Irma and 3.5 m during Ian. Our model uses a Manning’s 

friction coefficient approach based on publicly available data 

on land-cover classes (Figure S4), with a coefficient of 0.1 to 

simulate the effect of mangrove extent on the flow of water 

over land. The Manning’s n approach has been widely used 

and validated for describing land-cover effects on storm surge 

propagation, and our value for mangroves is within the range 

found in previously published, validated storm surge 

models.21,22 Friction coefficient values for mangrove land cover 

in previous studies have varied between 0.1 to 0.15 in most 

cases.23,24 Our value of 0.1 for mangroves represents a conser

vative choice, i.e., it is more likely to underestimate rather than 

overestimate the effect of mangroves on storm surge flows, as 

indicated by recent studies, including controlled experiments 

by the US Army Corps of Engineers.25,26 Thus, the results pre

sented in this paper can be interpreted as a conservative, i.e., 

lower-bound estimate of the effect of mangroves on flood depths 

and losses.

Recent advances, such as the use of dynamic coefficients or 

3D hydrodynamic models that consider spatial as well as tempo

ral variations in mangrove characteristics and storm surge flow, 

can provide better characterization of mangroves for future 

studies,27,28 for example, by accounting for changes in drag as 

water depth increases or decreases during a surge and covers 

a greater proportion of the tree heights.29 However, these 

models are accompanied with challenges pertaining to the 

proper characterization of coastal vegetation structure,30 as 

well as increased runtimes. Our model implicitly includes the ef

fect of waves on total water levels to increase the storm surge 

water level in grid cells exposed to wave attack by adding 

70% of the expected significant wave height to the still water 

depth at these locations. In our flood model we do not change 
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the locations that are susceptible to wave attack when we 

change mangrove extents. In further studies, explicit inclusion 

of the effect of mangroves on wave height contributions to total 

water levels will provide richer information on the contribution of 

mangrove forests during a storm, where the inclusion of wave- 

induced damage effects could potentially increase the contribu

tion of mangroves to avoided losses.31 Our model uses the best 

available mangrove extent at the time of the study. Since then, 

advances in and increased availability of remote sensing data 

through satellite imagery have resulted in significant improve

ments in the coverage and resolution of data on mangrove ex

tents.32 Likewise, having more detailed large-scale spatial data 

showing the density and health of mangrove forests would also 

allow us to vary the drag coefficient within mangrove forests, 

which would be more realistic than assuming a single value.

For Hurricanes Ian and Irma, our storm surge damage esti

mates fall well within the total estimated damages from flooding 

across Florida from other reports.8,10,33 For all hurricane events, 

including the 100 events in Collier County, our damage model 

uses the results of the validated flood model to estimate damage 

from each storm surge to all insurable flooded properties, 

including time element losses but excluding losses to public 

infrastructure. In contrast to previous county-scale statistical 

model studies, our damage model is based on spatially variable 

flood depths at kilometer scales produced by the flood model 

(Figures 1 and 2) that are critical for further damage assess

ments. Storm surge damage assessments, in general, are 

difficult to estimate and even more difficult to validate. For 

example, the US National Weather Service (NWS) event data

base estimates soon after Ian recorded a total damage in Florida 

of approximately US$2 billion,34 whereas later reports assess 

damages at greater than US$110 billion.8 Hurricane Irma is esti

mated to have caused over US$50 billion in total damages,10

much of which was due to rainfall and wind. This estimate in

cludes physical damages to private and municipal buildings 

and infrastructure, crops and livestock, and time element losses, 

among others.35 In comparison, flood-only claims data for dam

age from Hurricane Irma from the US National Flood Insurance 

Program (NFIP) show that the total amount of insured flood los

ses that NFIP paid out for Irma to date is much lower than esti

mated total damages at just over US$1.1 billion.36 However, 

this represents an incomplete picture of total economic losses 

Figure 7. Observed vs. modeled peak 

flood elevations in m for Hurricanes Ian 

and Irma 

(Left) Hurricane Ian and (right) Hurricane Irma. 

Observed flood elevations are obtained from 

USGS high-water mark and National Oceanic and 

Atmospheric Administration (NOAA) tide gauge 

data.

from flooding during hurricane events.33

We do not compare our loss estimates 

to Federal Emergency Management 

Agency (FEMA) flood insurance claims 

due to differences in the types of losses 

counted: our dataset estimates total eco

nomic loss to all insurable properties in the region and includes 

time element losses, while the NFIP claims data only represent 

claims paid out to NFIP policyholders and thus exclude the value 

of damage to properties that were uninsurable, uninsured, or un

derinsured against flood relative to their total value, or for which 

claims were not filed or paid out.37 Future improvements to dam

age models could include, for example, detailed considerations 

of different structure types and the damages associated with 

flooding for these typologies.38

Our study highlights the importance of up-to-date information 

on mangrove extents and changes to mangrove extents for the 

assessment of storm surge losses and similar coastal risks. 

For our No-Mangroves scenario, we use a lower friction coeffi

cient that corresponds to developed open space such as a 

golf course, or open water based on previous storm surge as

sessments in Florida.21,26 While we do not expect all mangroves 

to be converted to these land-cover types, our analysis uses this 

scenario as the best way to quantify the effect of the absence of 

these mangroves. The development of more realistic counterfac

tuals, such as possible development over the mangroves, is 

beyond the scope of this study but comes with its own chal

lenges, such as accounting for the increased exposure to storm 

surge damages due to coastal development.12 We also do not 

consider in this study detailed descriptions of damages to the 

mangroves themselves from these storm surge events. Previous 

work has shown that proper characterization of surge risk, land 

cover, and building types is important for appropriate risk 

assessment.39 Mangroves in southwest Florida largely with

stood wind forces and did not topple during Hurricanes Irma 

and Ian, which implies that the overall benefits we estimate likely 

did not decline during these events. However, mangroves did die 

off after the hurricane particularly in areas with poorly drained 

soils, for example, in places where construction restricted tidal 

flows,40 which suggests that future flood risk could increase 

from the loss of these natural defenses, and that proactive and 

adaptive management of these natural defenses is important.41

Recent work shows that while the natural capital benefits of 

many resources are declining globally, the natural capital bene

fits of mangroves for flood risk reduction is increasing for many 

nations around the world with real benefits for national gross do

mestic product (GDP).42 Overall, coastal risk is increasing rapidly 

due to increasing coastal development.12 The high net benefits 
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of mangroves in these regions are driven by the high value of 

properties they protect, while the development of some of these 

properties occurs at the expense of these mangroves.43 Conse

quently, the value of mangroves per hectare is increasing largely 

because of the rapid increase in coastal risk; anything that helps 

lower this risk has rising value and consequently higher benefit to 

cost ratios for restoration.44 We use an insurance industry-stan

dard catastrophe risk modeling approach to measure the annual 

benefits of mangroves for reducing damages to properties, 

which can enable opportunities to create incentives for these 

natural defenses.45 Insurance risk industry models are used 

widely by clients from businesses to government agencies for 

a wide range of considerations including risk assessment and 

pricing, bonds that offer risk reducing and resilience building 

measures, and to identify when current or planned measures 

may offer benefits significant enough for a variety of incentives, 

such as insurance premium reductions or infrastructure invest

ments. By using risk industry models for quantifying the annual 

benefits of mangroves, this paper advances the consideration 

of mangroves as a viable risk reduction strategy within risk insur

ance practice.

Overall, our study explores at kilometer-scale resolution the 

effects of mangroves to properties during storm surges across 

event frequencies, and the spatial variability in these effects. 

Mangroves appear to be very effective in reducing losses for 

landward properties and cumulatively more effective for smaller 

storm surge events. Our study suggests a more limited role for 

mangroves in reducing damages during much larger events, 

which may include Hurricane Helene in 2024 when surge heights 

appear to have exceeded 4.5 m in parts of coastal Florida,46

though any avoided damage values could still be high, simply 

due to the extensive damage that such large storm surges can 

produce.6 More than US$100 billion was appropriated by the 

US federal government to recover from coastal impacts after 

the 2017 hurricane season, while in south Florida alone, man

groves provided over US$4 billion in avoided damages during 

the 2017 and 2023 hurricane seasons. Few of these recovery 

funds have so far been used to restore or to repair the flood- 

reducing natural infrastructure damaged during these storms. 

This is consistent with past events such as Hurricane Sandy, 

when less than 3% of recovery funding supported green infra

structure.47 By assessing the types of storms where mangroves 

are most beneficial for property loss reduction and spatial varia

tions in these benefits, we can provide evidence to inform public 

and private investments in the conservation and restoration of 

this national natural infrastructure for risk management.

METHODS

We estimate the extent to which mangroves reduce flooding and 

related property losses from storm surges for two case-studies 

in southern Florida: (1) annually, using a set of synthetic storm 

events in Collier County, chosen to represent 100,000 years of 

tropical cyclone activity in this area; and (2) a reconstruction of 

the storm surges from Hurricanes Irma (2017) and Ian (2022) 

across southern Florida. We calculate mangrove benefits by 

combining multiple datasets and models, using a stepwise 

approach from the source of the hazard (storm surge), to the re

ceptors of damage (flooded properties), through an intervening 

pathway (mangroves), and the consequence of this damage 

(property loss).48 For each storm event, the effect of the inter

vening mangroves on storm surge property loss is calculated 

as the difference between two loss values: (1) With Mangroves; 

and (2) No Mangroves, i.e., a scenario where mangroves are 

absent.

Hurricane parameters

Hurricane tracks and parameters for the multi-event analyses for 

Collier County are obtained from the large synthetic storm event 

set contained in the Moody’s Risk Management Solutions (RMS) 

2018 North Atlantic Hurricane model. This track set was con

structed using a statistical tropical cyclone track model covering 

the North Atlantic Ocean and involves stochastically extrapo

lating the Hurricane Database (HURDAT) catalog of observed 

hurricane activity,49 using the statistical techniques described 

in Hall and Jewson50,51 to generate a set of storms representing 

100,000 years of hurricane activity in the basin. This synthetic 

storm catalog spans the full range of what is considered physi

cally realistic while retaining similar statistical characteristics to 

the observational HURDAT track set (see Hall and Jewson51,52). 

Each storm’s track is simulated from its formation to its dissipa

tion, using a semi-parametric model based on historical data.52

Storm wind fields are constructed using an analytical wind profile 

derived from Willoughby et al.,53 with parameters fitted from the 

extended best track dataset54 and wind fields from RMS Hurri

cane Wind (HWind).55–57 To assess annual losses in Collier 

County specifically, we select the 3,966 storms in the full syn

thetic set that impact the county and further distill these into 

100 representative storms, which recreate the distribution of 

surge-related losses in the full storm set, using the methodology 

described further down in property losses from storm surge 

flooding.

To simulate the storm surges of Irma and Ian, their wind fields 

were re-created for this study using event-specific 6-h snap

shots generated by RMS HWind, a standardized, observation- 

based wind field analysis compiled using data from a wide 

variety of observational sources.57 A pressure field is con

structed following Holland,58 and these wind and pressure fields 

are used to drive the flood model which simulates storm surge 

flooding during Irma.

Flooding due to storm surge

To estimate storm surge flooding for each storm event we use a 

2D depth-averaged hydrodynamic model (hereafter ‘‘flood 

model’’): the Danish Hydraulic Institute (DHI) Mike21 model,59 a 

finite volume hydrodynamic model which solves the 2D shallow 

water equations on an unstructured grid. The model setup con

sists of a coarse (8–12-km element size), large-scale mesh en

compassing the entire Northwest Atlantic Ocean and the Gulf 

of Mexico, extending landwards up to the US coastline and 

forced by tides at the open sea boundaries, and a higher-resolu

tion nested mesh with a maximum resolution of 100–200 m at the 

coastline, extending from the continental shelf break up to inland 

areas well beyond the furthest modeled flood extent. The nested 

model is forced at the boundaries using currents and surface 

elevation extracted from the large-scale model and is run using 
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Mike21’s wetting and drying algorithm enabled. This flood model 

has previously been presented and validated for Hurricane 

Sandy in Narayan et al.14

Tidal boundary forcing is from the Technical University of Den

mark’s DTU10 Global Ocean Tidal model, as implemented into 

the DHI Mike software package.60 With these boundary condi

tions, the flood model is used to simulate the propagation of 

tides and storm surge from the continental shelf onto land during 

individual storm events. For stochastic storm events, the time of 

storm genesis is randomly allocated over a 4-week period to 

ensure sampling of the full tidal cycle. The bathymetry for the 

model comes from Jeppesen Marine’s C-MAP Professional+ 

digital nautical charts, a global navigational-quality vector chart 

database,61 extracted using DHI MIKE software, and land eleva

tion is from the USGS National Elevation Dataset. Land-cover 

data are obtained from the USGS National Land Cover 

Database (USGS NLCD), a dataset categorizing land use at 

30-m resolution based on remote sensing,62 and additional 

data on mangrove extent are obtained from the Florida Fish 

and Wildlife Commission,63 the most refined and up-to-date 

assessment at the time this work was carried out (Figure S4). 

Mangroves are integrated into the land-cover map under the 

category of ‘‘woody wetlands.’’ These datasets are used to 

create a spatially varying overland surface roughness field using 

the Manning roughness coefficient formulation, which is used as 

an input to the flood model, following USGS guidance.64

Flood model validation

The flood model is used to calculate peak flood depths for 

Hurricanes Irma and Ian and for the 100 storm events in Collier 

County. The flood model predicts observed flood depths well 

during both Hurricanes Irma and Ian with mean errors in modeled 

high-water marks below 10 cm for both storms and root mean 

square errors (RMSEs) below 50 cm (Figure 7). For Hurricane 

Irma, we compare modeled peak surge heights to observed wa

ter levels across all US regions, where it caused a storm surge, 

from Florida to Georgia and parts of South Carolina.

Property losses from storm surge flooding

For each flood footprint, we estimate economic property losses 

due to storm surge by integrating spatial data on peak flood 

depths with property value at that location using depth-damage 

functions. For Hurricanes Irma and Ian, we estimate property los

ses due to flooding from these two events for the two mangrove 

scenarios. In Collier County, we estimate property losses due to 

the flooding from each of the 100 representative storms and inte

grate these with information on storm frequencies to obtain an 

AAL from hurricane-driven coastal flooding for each location. 

These property losses are estimated for both mangrove sce

narios, then we run the models twice for Hurricanes Irma and 

Ian, and twice for each of the 100 storms in Collier County.

To estimate property losses due to coastal flooding from an 

event, we first interpolate peak surge heights from the flood 

model onto a variable resolution grid with a maximum resolution 

of 100 m in urban areas with high concentration of properties. It is 

not possible to resolve coastal protection structures less than 

∼200 m in scale within our hydrodynamic model, due to the con

straints imposed by the model’s mesh resolution. Therefore, to 

account for coastal protection unresolved by the model, grid 

cells behind coastlines with known coastal protection structures 

such as levees, or behind other artificially defended coastlines 

like harbors, ports, and so on, are considered not flooded 

when the flood depths in these cells are below the estimated pro

tection level for that coastline type. The locations of these 

coastal protection structures are obtained from the US Army 

Corps of Engineers (USACE) National Levee Database and the 

FEMA National Flood Hazard Layer datasets. We then apply 

depth-damage functions to all flooded properties to estimate 

the economic loss due to flooding. The flood depths are adjusted 

to account for the protection offered by known, existing coastal 

protection structures. We then apply damage functions to all 

flooded properties to estimate the economic damage to different 

property types based on the flood depths they experience. 

Waves are accounted for within the loss model using an empiri

cally calibrated, spatially variable multiplication coefficient ob

tained using Mike21 Spectral Wave model simulations. This 

acts to increase modeled flood depths where waves are likely 

to be present by adding 70% of the significant wave height 

onto the still water depth at these locations to represent the 

contribution of depth-limited breaking waves to total water depth 

during the storm (following Federal Emergency Management 

Agency [FEMA] guidance65). Furthermore, the impact of high-en

ergy wave action on structures is modeled by applying a wave- 

specific vulnerability function to calculate the mean property 

damage ratio at these locations.

We use a commercial database of property exposure from 

Moody’s RMS that includes information on the structural charac

teristics and economic value of all insurable residential and com

mercial properties within the floodplain, i.e., excluding public 

infrastructure, at high spatial resolution (down to 100 m). These 

properties include residential dwellings of different types as 

well as industrial and commercial properties. For each property 

type, we use calibrated flood depth-damage functions that 

describe the possible distribution of damage to a structure 

based on the flood depth and the structure’s characteristics, 

such as the construction type, its occupancy, its height, the 

year it was built, and whether it has any additional protective fea

tures. The damage functions are derived from observations of 

flood damage compiled and developed by Moody’s RMS, cali

brated with proprietary data on historic flood insurance claims 

and structure types, including both physical damage and time 

element losses such as business interruption (following the 

approach described in RMS52). The time element losses are a 

function of the level of damage and the building occupancy 

type (i.e., additional living expenses for residential properties 

and business interruption for commercial) with higher damage 

causing higher time element losses. For non-residential build

ings, the loss estimates also account for the time element losses 

caused by the loss of function of critical lifeline systems such as 

power networks, water, or waste management systems. At all 

locations affected by coastal waves, the damage functions 

account for the presence of high-energy wave action. Thus, we 

obtain spatially variable property losses from storm surges asso

ciated with specific events. All losses reported here are without 

any insurance terms such as deductibles or limits applied. All 

losses are estimated in terms of 2018 US$.
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Storm event set for Collier County

We start with the full US-wide synthetic tropical cyclone (TC) 

track set described in hurricane parameters, which represents 

100,000 years of TC activity over the US Atlantic and Gulf coasts, 

and then select only the TC events causing any loss in Collier 

County, which results in 3,966 TC events. Due to the high 

computational cost of running many thousands of flood simula

tions for both With-Mangrove and No-Mangrove scenarios, we 

then reduce this full event set into a smaller set of 100 represen

tative events, which produces the same county-wide AAL as the 

full set. To obtain these 100 representative storm events for 

Collier County, we first obtain the full event loss set by calcu

lating location-specific storm surge loss, for every property 

within the property exposure database, for all 3,966 synthetic 

storm events impacting the county. Each event in this set has 

an assigned frequency, or rate, calibrated to the observed fre

quency of storms in the county for the period AD 1900–2011. 

The AAL contribution from each event is the product of the 

loss from the event and its rate. To calculate the overall AAL, 

we sum the AAL contributions from every event.

We then divide this full event set into 100 equally spaced AAL 

quantiles, such that the total AAL for each quantile is the sum of 

the AAL contributions from all events in this quantile. We then 

select a single event from each quantile, with an assumed 

rate equal to the sum of all event rates in this quantile. This 

event is selected such that its loss contribution (i.e., event 

loss multiplied by new rate) is closest to the total AAL for its 

quantile.

Thus, the subsampled set is produced to match the distribu

tion of losses from the full set as closely as possible, and the 

AAL values from the subsampled event set match the AAL values 

from the full event set closely (see error analysis in Table S1; 

Figure 1). To calculate the overall AAL, we sum the AAL contribu

tions from all events. AALs are then computed and compared 

with the With-Mangroves and No-Mangrove scenarios.

Errors in AAL values are defined as the difference between the 

full event set and subsampled event set. County-wide, the sub

sampled event set with 100 events was found to very closely 

approximate the full event set in terms of AAL, with an average 

AAL error across all storm events of +0.045%, and a standard 

deviation error of +0.008%, meaning that biases in both the 

AAL and variance around it are negligible (Table S1). To further 

evaluate potential biases introduced by the event set reduction 

for events with an RP < 10,000 years, we calculate a metric we 

define as the inverse excess AAL (IXSAAL), which is the inverse 

of the excess AAL (or XSAAL) metric that is commonly used in 

catastrophe risk modeling and quantifies the AAL for events 

whose loss RP at or above a given value (see FEMA65). The 

IXSAAL is calculated as AAL—XSAAL and quantifies the cumu

lative contribution to the total AAL from events whose loss RP 

is lower than a specified level. We find that AAL in Collier County 

is mainly driven by events with an RP < 100 years; in terms of to

tal damages caused, events with an RP < 100 years account for 

56% of the total AAL, and events with an RP > 10,000 years ac

count for 1% of the total AAL (Table S1). The errors within this 

range in the subsampled set are low: − 0.25% error in IXSAAL 

for events with an RP < 10,000 years and +0.071% error for 

events with an RP < 100 years.

For the mangrove benefit analyses, we aggregate AAL values 

by summing values within 10-km2 hexagons. We examine errors 

introduced by this aggregation by comparing total AAL values by 

hexagon across the full and subsampled event set ignoring 

hexagons where total AAL values from both full set and sub

sampled set are < US$100. The AAL values from our sub

sampled set are very close to values from the full set (R2 = 

0.999) (Figure S1).

Effect of mangroves on storm surge flooding and 

property loss

The effects of mangroves are measured in terms of the spatial 

differences in peak flood extents and depths, and subsequent 

differences in property losses from storm surge flooding for 

each storm event between two scenarios: ‘‘With Mangroves’’ 

and ‘‘No Mangroves’’ within the flood model. In the With- 

Mangroves scenario, mangrove effects on flooding are repre

sented through a Manning’s friction coefficient of 0.1. In the 

No-Mangroves scenario, all mangroves within the model domain 

are re-classified with a reduced Manning’s friction coefficient of 

0.02, corresponding to a smoother surface characteristic of the 

friction produced by developed open space, or open-water sea

beds,21 while all other land-cover and model conditions remain 

unchanged. This approach allows us to isolate the influence of 

the presence of mangrove vegetation on flood extents. The 

choice of coefficient for the With-Mangroves scenario follows 

previous studies23 and results in good validation with observed 

overland high-water marks (see Figure 7). This value is lower 

than the most commonly used values, 0.14–0.15, within 2D 

modeling studies.24,26 Thus, the modeled flood depths in this 

study can be interpreted as a conservative estimate of the ef

fects of mangroves.

The effects of mangroves on storm surge property damages 

are then calculated as the difference in property damages 

between the flood extents in the With-Mangroves and No- 

Mangroves scenarios. For Hurricanes Irma and Ian, mangrove 

effects are calculated as the difference between storm surge 

damages from each hurricane event for the two mangrove 

scenarios. In the stochastic event study for Collier County, we 

estimate the AAL values for both mangrove scenarios for 100 

storm events, calculate the difference in AAL values between 

the two scenarios for each event, and sum these difference 

values to obtain the total AAL reduction benefits of mangroves.

To understand the types of storm events against which man

groves provide the most flood reduction benefits, we assess 

the proportion of total mangrove benefits received by return 

period (RP). To do this, we plot the cumulative distribution func

tion (CDF) of mangrove AAL benefits normalized by total 

mangrove AAL benefits, against event RP. All spatial analyses 

were conducted in ArcGIS and all data analyses in Excel and R.

We characterize the spatial patterns of mangrove effects on 

storm surge damages to properties in southern Florida for all 

three cases: AALs, Ian, and Irma. We first manually define the 

landward mangrove edge, i.e., the edge demarcating the land

ward-most extent of mangroves in ArcGIS. We then aggregate 

all property loss values into hexagonal units, each unit having a 

side of 10 km. Next, we classify each hexagon as either landward 

of the mangrove edge, if it lies completely landward of the 
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mangrove edge, or between/inside the mangroves if it intersects 

or lies seaward of this edge. We then calculate the shortest dis

tance of the center of each hexagon to the landward mangrove 

edge in kilometers. For Irma, we exclude properties in central 

Florida and the lower Florida Keys in these analyses due to the 

small number of mangroves and the small difference in flood 

depths due to the mangroves in these regions (Figure S2).

Finally, we calculate the range, mean, median, and quartile 

values of positive and negative mangrove effects on property 

damages for all hexagonal units within 1-km bins from the forest 

edge until the most distant hexagon. For each of the three cases, 

i.e., AALs, Irma, or Ian, we consider mangrove effects to be sig

nificant in a hexagon if the maximum value of mangrove effects in 

that hexagon is greater than 1% of the maximum value across all 

hexagons in that case. All economic values are in 2018 US$. 

Further details regarding the methods can be found in the 

supplemental information.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to 

and will be fulfilled by the lead contact, Siddharth Narayan (narayans19@ 

ecu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• All model generated data supporting the results and figures presented 

in this study will be shared by the lead contact upon request. These 

data will include (1) CSV or shapefile of average flood depths by 

10-km2 hexagon, for each scenario for Hurricanes Irma and Ian; (2) 

CSV of % difference in flood damages between No-Mangroves and 

With-Mangroves scenarios by hexagon, for Irma and for the Collier 

County Annual Average Loss analyses; and (3) CSV of absolute change 

in XSAAL and inverse XSAAL at event RPs from 15 to 1,000 years. 

Certain underlying datasets, such as property-level loss values and cali

brated damage functions, are proprietary data that are central to the 

business interests of Moody’s RMS, and as such cannot be shared 

publicly. All other data pertaining to mangrove extents and county 

boundaries are publicly available and appropriately cited in the 

manuscript.

• This study reports no original code.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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from storm surges in Florida 

1. AAL Storm Event Set Biases and Errors 

Table S1: Comparison of AAL values of the limited event set used in this study with the full storm event set for Collier County 

Return Period (yrs) InvXSAAL Error  
(this study - full set) 

Relative Event Contribution to 
AAL  
(i.e. InvXSAALFullSet / AALFullSet 

) 

50 -0.071% 34% 

100 +0.071% 56% 

1K +0.057% 92% 

10K -0.247% 99% 

100K +0.122% >99.999% 

 

For the mangrove benefit analyses we aggregate AAL values by summing values within 10 km2 
hexagonal teselas. We examine errors introduced by this aggregation by comparing total AAL values by 
tesela across the full and subsampled event set ignoring teselas where total AAL values from both full 
set and subsampled set are < $100. The AAL values from our subsampled set are very close to values 
from the full set (R2 = 0.999). (Supplementary Figure 1).  

 

Figure S1: Scatter-plot of total AAL values by tesela for fullset AALs versus subsampled set AALs 

 

 

 



 

 

 

 

 

SI 2. Flood depths and damages 

 

Figure S2: Difference in storm surge damages between the No Mangrove and With Mangrove scenarios for Hurricane Irma. 
Mangroves are in green and Landward mangrove edge is shown as a dark green line. 



 

Figure S3: Box and whisker plot showing difference in storm surge damages (Million US$) between With Mangrove and No 
Mangrove. Graph shows 1-km distance bins from the landward edge of the mangrove forests for: A (Top): Collier County AALs 
and B (Bottom): Hurricane Irma. Orange bars show reduction in risk due to mangroves and blue bars show increase in risk due 
to mangroves. Green line indicates landward mangrove edge.  

 



  

Figure S4: Map of land cover classes in Florida from the National Land Cover Database (NLCD). Manning’s coefficients for 
these land-covers are based on Zhang et al. (2012) as described in Methods in the Main article. 
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