Report

Robert Costanza, Octavio Pérez-Maqueo, M. Luisa Martinez, Paul Sutton,

Sharolyn J. Anderson and Kenneth Mulder

The Value of Coastal Wetlands for Hurricane

Protection

Coastal wetlands reduce the damaging effects of hurri-
canes on coastal communities. A regression model using
34 major US hurricanes since 1980 with the natural log of
damage per unit gross domestic product in the hurricane
swath as the dependent variable and the natural logs of
wind speed and wetland area in the swath as the
independent variables was highly significant and ex-
plained 60% of the variation in relative damages. A loss of
1 ha of wetland in the model corresponded to an average
USD 33 000 (median = USD 5000) increase in storm
damage from specific storms. Using this relationship, and
taking into account the annual probability of hits by
hurricanes of varying intensities, we mapped the annual
value of coastal wetlands by 1km X 1km pixel and by
state. The annual value ranged from USD 250 to USD
51 000 ha~' yr!, with a mean of USD 8240 ha ' yr’
(median = USD 3230 ha ' yr ) significantly larger than
previous estimates. Coastal wetlands in the US were
estimated to currently provide USD 23.2 biilion yr ' in
storm protection services. Coastal wetlands function as
valuable, selfmaintaining “horizontal levees” for storm
protection, and also provide a host of other ecosystem
services that vertical levees do not. Their restoration and
preservation is an extremely cost-effective strategy for
society.

INTRODUCTION

Globally, since 1900, 2652 windstorms (including tropical
storms, cyclones, hurricanes, tornadoes, typhoons, and winter
storms) have been considered disasters. Altogether, they have
caused 1.2 million human deaths and have cost USD 381 billion
in property damage (1). Of these, hurricanes, cyclones, and
tropical storms have resulted in USD 179 billion in property
damage (47% of the total from all windstorms) and the loss of
874 000 human lives (73% of the total from all windstorms). The
impact of cyclones and hurricanes over the last decades has
increased, owing to an increase in built infrastructure along the
coasts, an increased frequency of category 4 and 5 hurricanes
(2), and an upward trend in tropical cyclone destructive
potential (3). Coastal wetlands reduce the damaging effects of
hurricanes on coastal communities by absorbing storm energy
in ways that neither solid land nor open water can (4). The
mechanisms involved include decreasing the area of open water
(fetch) for wind to form waves, increasing drag on water motion
and hence the amplitude of a storm surge, reducing direct wind
effect on the water surface, and directly absorbing wave energy
(5, 6). Since marsh plants hold and accrete sediments (7), often
reduce sediment resuspension (8), and consequently maintain
shallow water depths, the presence of vegetation contributes in
two ways: first by actually decreasing surges and waves, and
also by maintaining the shallow depths that have the same
effect. While few experimental studies or modelling efforts have
specifically addressed the effect of coastal marshes on storm
surges, anecdotal data accumulated after Hurricane Andrew in
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1992 in Louisiana suggested that storm surge was reduced about
4.7 cm km ™! of marsh (3 inches mile™! of marsh) (9).

Coastal wetlands may also protect coastal communities from
other types of damages. For example, there is evidence that
decreasing mangrove area in Thailand has led to larger damages
from all coastal natural disasters, including wind storms, floods,
and tsunamis (10). There is also evidence that property damage
and loss of human lives from the 2004 tsunami that hit
Southeast Asia was ameliorated by coastal ecosystems (11).
While this relationship has been questioned for tsunamis, which
are able to devastate even tall coastal forests (12), the evidence
for the role of coastal wetlands for protection from damages
due to hurricanes is more compelling.

METHODS

We estimated the value of coastal wetlands for hurricane
protection in the US using two basic steps. In step 1 we used a
multiple regression analysis using data on 34 hurricanes that
have hit the US since 1980 with relative damages as the
dependent variable and wind speed and wetland area as the
independent variables. In step 2 we used a version of the
relationship derived in step 1, combined with data on annual
hurricane frequency to derive estimates of the annual value of
wetlands for storm protection. This analysis allows us to
estimate how this value varies with location, area of remaining
wetlands, proximity to built infrastructure, and storm proba-
bility. These two steps are briefly described in turn below. Some
of the more technical details are explained in the notes at the
end of the paper in order to improve readability.

In step | we assembled available data on the major
hurricanes (those considered “disasters”) that have hit the
Atlantic and Gulf coasts of the US since 1980 and for which
data on total damages were available (34 of the total of 267
storms) (1). We originally intended to perform a global analysis,
but after looking at the available global land use data and doing
some preliminary analysis, we decided that its quality and
coverage of coastal areas, and in particular coastal wetlands,
was too poor to be usable. We were, however, able to find
suitable coastal land use data for the US (with some caveats—
see below) so we limited our study to the US.

We combined data on the tracks of the US hurricanes and
their wind speeds with data on storm damages and spatially
explicit data on gross domestic product (GDP) and coastal
wetland area in each storm’s swath (Fig. 1). The following
datasets were assembled for the analysis: i) tracks of all
hurricanes striking the US from 1980 to 2004, which included
wind speed (13). Of these, only 34 hurricanes had sufficient
information on damages to include in the regression analysis.
Al} of the storms were used to estimate the strike frequencies,
since this did not require damage information. ii) Nighttime
light imagery of the US (14). A 1 km resolution GDP map was
prepared by using a linear allocation of the national GDP to the
light intensity values of the nighttime image composite (15).
This technique has been shown to be very accurate in allocating
GDP spatially, and correlates well with state totals derived
independently. While not perfect, GDP is a good proxy for
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Figure 1. Typical hurricane swath
showing GDP and wetland area
used in the analysis.

economic activity and built infrastructure, and it is the only
measure we could derive at the high spatial resolution needed
for this study. GDP was adjusted to the year of each hurricane
using data on national GDP by year (16). iii) The 30 m
resolution National Landcover dataset, which included map-
ping of both herbaceous and forested wetlands (17). In our
analysis, we ended up using only the area of coastal herbaceous
wetlands (marshes), since the area of forested wetlands and
other land use types were found not to correlate with relative
damages (see Results below). Wetland area for Louisiana was
adjusted for years other than the year 2000 (the year of the land
use data) to take into account the recent extremely high rate of
coastal wetland loss of 65 km? yr! (6). We made this adjust-
ment because Louisiana was the only area to have lost
significant coastal wetlands over the period of analysis and we

suspected that this rate of loss would significantly affect storm.

protection characteristics. iv) Total damage information for 34
hurricanes considered to be “disasters” from the Emergency
Events Database (1). The damage included both direct (e.g.,
damage to infrastructure, crops, and housing) and indirect (e.g.,
loss of revenues, unemployment, and market destabilization)
consequences on the local economy. We adjusted the damage
data for inflation to convert them to 2004 USD based on the
US Department of Commerce implicit Price Deflator for
Construction (http://www.bea.gov).

100 km wide X 100 km inland hurricane swaths were then
overlaid on the spatially explicit GDP and wetland cover
(herbaceous and forested wetlands were measured separately) to
obtain GDP and wetland area in each swath (Fig. 1). The 100
km X 100 km swath was used as an approximate average spatial
extent in order to standardize the calculations, and since we did
not have explicit data on the size of the swath of each storm.
This width of the swath was derived from visual observations of
storm extents based on cloud cover. It would be difficult to
explicitly map the extent of the storm’s influence without
knowing the complete wind and storm surge fields, which were
not available for all the storms. We also varied this assumption
and tried 60 km and 140 km wide swaths, but these did not
improve the results. The 100 km distance inland is a bit more
arbitrary, as is any definition of the “coastal zone,” but this
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distance seemed to include the major elements of interest for our
study and was consistent with the width of the hurricane swath
we were using.

The GDP calculated within each hurricane swath and the
reported total economic damage (TD) were used to generate a
ratio (TD/GDP) which was used to represent the relative
economic damage caused by each hurricane (18).

We completed step 1 of the analysis by deriving from the
regression equation the total expected damages and avoided
damages per hectare of wetlands from storms of a given wind
speed, GDP in swath, and wetland area in swath. For step 2 of
the analysis, we assembled data on storm frequency by state and
by pixel from historical storm tracks. This was necessary in order
to derive a proxy for the annual probability of being struck by
hurricanes in specific storm categories, and these probabilities
were needed to derive annual (as opposed to by storm) total
damage and avoided damage estimates by state and by pixel.

RESULTS

For step 1, using ordinary least squares (OLS) we fit nine
alternative multiple regression models using the natural logs of
wind speed and area of coastal herbaceous and forested
wetlands as the independent variables and TD/GDP as the
dependent variable (19).

The final model we used was

In(TDi/GDPi) = « + Blin(g;) + B2In(wi) + w; Eq. 1

where TDi = total damages from storm 1 (in constant 2004
USD); GDPi = gross domestic product in the swath of storm i
(in constant 2004 USD; the swath was considered to be 100 km
wide by 100 km inland); g; =maximum wind speed of storm i (in
m sec”!); w; = area of herbaceous wetlands in the storm swath
(in ha); and u; = error.

This model had an adjusted R? of 0.604 and was highly
significant. The best fit coefficients for the model are shown in
Table 1 (21, 22, 24). The data used in the model are included in
Table 2.

As expected, increasing wind speed increased relative
damages (TD/GDP), while increasing herbaceous wetland area
decreased them. Figure 2 shows the observed vs. predicted
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relative damages from the model, with each of the hurricanes
identified.

It was unexpected that forested wetlands did not improve the
model. Part of the explanation for this is that our land use
database did not distinguish between coastal forested wetlands
(i.e., mangroves) and inland riparian forested wetlands. We
would expect mangroves to have a significant storm protection
effect, relative to inland riparian forest. Since mangroves occur
in the US to a significant extent only in southern Florida, their
positive effect was no doubt out-weighted by the lack of effect
of riparian forested wetlands elsewhere. In future studies we
hope to obtain better data that can differentiate mangroves
from riparian forested wetlands.

We can rearrange equation (1) to estimate the total damages
from hurricane i as:

TD; = ¢* X g’ X w?* x GDP, Eq. 2
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One can clearly see from this form of the relationship the
relative influence of GDP, wind speed and wetland area on total
damages. Total damages vary linearly with GDP, as one might
expect since the more infrastructure there is to be damaged the
more damage one can expect. TD also varies as the f, power of
wind speed. The value of B, from Table 1 indicates that total
damages increase as the 3.878 power of wind speed, fairly
consistent with the well-known relationship that the power in
wind varies as the cube of speed. The value of §; in Table 1 of
—0.77 indicates that total damages decrease quite rapidly with
increasing wetland area.

The difference in TD; with a loss of an area a of wetlands
(i.e., the “avoided damage” per unit area of wetland) is then:

ATD; = MV; = & x gl x [(wi —a) - w"] X GDP; Eg.3
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Figure 2. Observed vs. predicted
relative damages (TD/GDP) for
each of the hurricanes used in
the analysis.

If a is small relative to w, this represents the estimated
“marginal value” (MV) per unit area of coastal wetlands in
preventing storm damage from a specific hurricane. Table 2 lists
MY; for each of the 34 hurricanes in the database for unit areas
of 1 ha. The values range from a minimum of USD 23 ha™! for
Hurricane Bill to a maximum of USD 465730 ha™' for
Hurricane Opal, with an average value of just over USD 33
000 ha™!. The median value was just under USD 5000 ha™’,
indicating a quite skewed distribution, mirroring the skewed
distribution of damages. For each hurricane, we also calculated
an upper and lower bound on the marginal value estimate by
applying the formula for marginal value to each combination of
regression parameters and taking the 95th percentiles (as
reported in Table 1).

Equation 3 allows one to estimate the avoided damages from
any area of wetlands (@) up to the total area of wetlands in the
swath. For example, one might be interested in the “average”
value of a larger area of wetlands, say half the wetlands in the
swath. This could be estimated by using a = 4 of the total area
of wetlands in the swath in Eq. 3 and then dividing the result by

Y, the total area of wetlands in the swath. The average values

per hectare calculated in this way (using 50% of the wetland
area) are consistently 1.8 times higher than the marginal values.

For step 2, we then estimated the annual value of coastal
wetlands for storm protection. This required an estimate of the
annual probability of being hit by hurricanes of various
intensities. We used data on historical frequencies by state as
proxies for these probabilities. Data for each of the 19 states in
the US that have been hit by a hurricane since 1980 (267 total
hits) were used to calculate the historical frequency of hurricane
strikes by storm category (26). We calculated the average GDP
and wetland area in an average (100 km X 100 km) swath
through each state using our Geographic Information System
database. We then calculated the annual expected marginal
value (MV) for an average hurricane swath in each state using
the following variation of Eq. 3:

5
MV, = ch,s X e* ngl X [(wsw - 1)/32 - wﬁi}] X GDPg,
c=1
Eq. 4

where s = state; sw = average swath in state s; g. = average wind
speed of hurricane of category c¢; p.; = the probability of a
hurricane of category c striking state s in a given year; GDP,,, =
the GDP in state s in the average hurricane swath; wy,, = the
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wetland area in state s in the average hurricane swath. We then
estimated total annual value of wetlands for storm protection as
the integral of the marginal values over all wetland areas (i.e.,
the “consumer surplus”) (27). We can then estimate the average
annual value per wetland hectare per state as

AV, = TV, /w, Eq. 5

The estimated annual marginal value in an average swath
(MV,,), the total value (TV,) for all the state’s wetlands, and
the average annual value per hectare (AV,) of coastal wetlands
for each state estimated in this way are shown in Table 3.

Using this technique, the mean annual marginal value per
hectare in a typical swath across states (MVy,,) was almost USD
40 000 ha™! yr', with a range from USD 126 ha™' yr™* (for
Louisiana) to USD 586 845 ha™! yr~! (for New York) and a
median value of USD 1700, indicating a quite skewed
distribution. MV varied inversely with wetland area (Fig. 3A),
indicating that the per hectare value of wetlands increases as
they become more scarce. The expected mean of the total
annual values by state (TV,) integrating over all the state’s
wetlands, for the 19 states (assuming a lower bound cut-off for
the integration of k = 5000 ha) was USD 1.2 billion yr™', with a
median of USD 140 million yr!, again reflecting a skewed

Hurricane Katrina approaching the coast of Louisiana in August,
2005.
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distribution across states (see note 24 for an explanation of k,
table 3 also lists totals for other values of k). The total annual
value summed over all states was USD 23.2 billion yr~' (at k =
5000). TV, generally increased with total area of wetlands in the
state (Fig. 3B). Differences by state in both Figures 3A and 3B
reflect the relative amounts of coastal infrastructure vulnerable
to damage and relative storm probabilities. For example,
Louisiana has the most wetlands, but less vulnerable infrastruc-
ture than Florida and Texas, while New York, Massachusetts,
and Connecticut had fewer wetlands but more vulnerable
infrastructure. The mean AV, by state was a little over USD
8000 ha~! yr~!, with a range from around USD 250 ha~'yr~!
(for Delaware) to just over USD 51 000 ha~! yr~! (for New
York) and a median value of just over USD 3200 ha™' yr !
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Our final analysis in step 2 involved using spatially explicit
data on historical storm tracks to estimate probabilities of being
hit by storms of a particular category for each pixel along the
coast. For this analysis we had data on fewer storms (a total of
52), resulting in frequencies that did not match the state level
frequencies exactly, and were distributed across the states. The
advantage is that it allowed us to map wetland storm protection
values at much higher spatial resolution. For this application, a
circle with radius 50 km was drawn around each 1 km X 1 km
pixel within 100 km of the coast, the wetland area and GDP in
the circle was measured, and Eq. 5 was applied, with the result
for each pixel multiplied by the area of wetland in the pixel
divided by the area of wetland in the 50 km radius circle. Figure
4 maps the total value per 1 km X 1 km pixel estimated in this
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Figure 3. Area of coastal wetlands in the average hurricane swath vs. the estimated marginal value per ha (MVsw) (A) and in the entire state

(B) vs. the total value (TVs) of coastal wetlands for storm protection.

way. Finally, we summed over all pixels in each state to yield
estimates comparable with the “state level” analysis discussed
earlier. The state totals aggregated from the “pixel level”
analysis had an adjusted R? of 0.88 compared with the state
totals from the “state level” analysis. Figure 4 shows wetlands
of particularly high storm protection value density at the
intersection of high storm probability, high coastal GDP, and
high wetland area. For example, Southeast Florida, coastal
Louisiana, and parts of Texas all show high values. Connect-
icut, Massachusetts, and Rhode Island also show fairly high

values, due largely to the very high levels of coastal GDP in
those states.

DISCUSSION

There have been many previous estimates of the value of coastal
wetlands (10, 28-30) but estimates of the value for hurricane
protection have been few. Barbier (10) recently estimated the
value of mangroves in Thailand for protection against coastal
natural disasters (including tsunamis, wind storms, and floods)
using a similar avoided damages approach (what he calls the

Figure 4. Map of total value of coastal wetlands for storm protection by 1 km X 1 km pixel.
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Expected Damage Function, or EDF approach). The data for
his application were much less spatially explicit than that used
in the current study, and the form of the equation and the
statistics involved were somewhat different because of the
nature of the data. He derived a value of USD 5850 ha™' for
mangroves.

Farber (31) and Costanza et al. (28) used a method similar to
(but less spatially explicit) than the one used in this study to
estimate the value of coastal wetlands for hurricane protection.
They dealt only with hurricanes striking Louisiana and
estimated an annual average value of hurricane protection
services of about USD 1000 ha™! yr~! (converted into 2004
USD). Our current analysis included a much larger database of
more recent hurricanes covering the entire US Atlantic and Gulf
coasts and was able to utilize much more spatially explicit data
on hurricane tracks, wetland area, and GDP. Our correspond-
ing estimated value for Louisiana was about USD 1700 ha™
yr~!, somewhat larger than the previous estimate, but still fairly
consistent. Our current study allows one to assess not only the
value of wetlands for storm protection, but how that value
varies with location, area of remaining wetlands, proximity to
built infrastructure, and storm probability, thus providing a
richer and more useful analysis of this important ecosystem
service. It also allows us to state the ranges of values that would
result from varying parameter assumptions and the confidence
intervals on the estimates.

The results also allow straightforward assessments of the
impacts of changes to wetlands. For example, Louisiana lost an
estimated 480 000 ha of coastal wetlands prior to Katrina (2005)
and 20 000 ha during hurricane Katrina itself (6). The value of
the lost storm protection services from these wetlands can be
estimated as the average value per hectare in Louisiana (USD
1700 ha™' yr~' from Table 3) times the area, yielding
approximately USD 816 million yr~' for services lost from
wetlands lost prior to Katrina and an additional USD 34
million yr~! for wetlands lost during the storm. Converting this
total of USD 850 million yr™! to present value terms using a 3%
discount rate implies a lost value for just the storm protection
service of this natural capital asset of USD 28.3 billion, and the
lost storm protection value due to wetlands lost during Katrina
of USD 1.1 billion.

If the frequency and intensity of hurricanes increases in the
future, as some are predicting as a result of climate change, then
the value of coastal wetlands for protection from these storms
will also increase. Coastal wetlands provide “horizontal levees”
that are maintained by nature and are far more cost-effective
than constructed levees. The experience of hurricane Katrina
provided a tragic example of the costs of allowing these natural
capital assets to degrade. Coastal wetlands also provide a host
of other valuable ecosystem services that constructed levees do
not. They have been estimated to provide about USD 11 700
ha™! yr~! (in 2004 USD) in other ecosystem services (excluding
storm protection) (32), and experience (including the current
study) has shown that as we learn more about the functioning of
ecological systems and their connections to human welfare,
estimates of their value tend to increase. Investing in the
maintenance and restoration of coastal wetlands is proving to
be an extremely cost-effective strategy for society.
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damage is greater, probably due to a higher intensity of GDP. In these places, since
storm protection services are proportional to total damage (more potential damage to
mitigate), they could be disproportionately high leading to overestimates of the average
values. However, unlike the case of selection bias in typical valuation studies (see 25) in
damage mitigation studies we find that selection bias tends to cause underestimates of
value. We tested this by creating a Monte Carlo simulated data set using a log-log
formulation and comparing regression results when the data was restricted to samples
with damages above a given percentile. The higher the percentile, the lower the estimated
damage mitigation of wetlands implying our estimates are conservative.

Hoehn, J.P. 2006. Methods to address selection effects in the meta regression and
transfer of ecosystem values. Ecol. Econ. 60, 389-398.

Blake, E.S., Rappaport, E.N., Landsea, C.W. and Jerry, G.J. 2005. Deadliest, Costliest,
and Most Intense United States Tropical Cyclones from 1851 to 2004 (NOAA Technical
Memorandum NWS TPC-4). National Weather Service, National Hurricane Center,
Tropical Prediction Center, Miami, FL. (http://www.aoml.noaa.gov/hrd/Landsea/
demifinal2.pdf)

While residual analysis suggests little correlation between wetland area and model error
and we have several data points with low wetland area, the log-log formulation makes
marginal value calculations at low wetland areas problematic because values go to
infinity as area goes to 0. For this reason, we capped increases in marginal value in our
calculations for wetland areas below a certain number, k. In other words, in the
integration we used the marginal value at k for all wetland areas less than k rather than
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