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Abstract 

 This thesis evaluates mangrove forests as a coastal defense and 

contrasts them with traditional sea wall approaches.  The evaluation rests 

on both their ability to thwart an angry sea as well as the ecosystem and 

carbon sequestration services they provide to their regions and the world.  

Mangroves compare favorably to sea walls in terms of cost, once many 

positive and negative externalities are factored in.  However, the presence 

of those externalities means that subsidies will be required to bring about 

the socially optimal deployment of mangroves.  As such the paper 

explores potential subsidy mechanisms as well as a remote sensing 

approach that can allow mangrove monitoring.  This is done by testing a 

remote sensing technique that separates mangrove forests from other 

types of vegetation.  Using Sierra Leone as an example, this study 

examines the economic implications of defending coastal areas with 

mangroves and finds significant local, national, and global benefits. 
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1. Summary 

 Sea levels are on the rise, and storms pose a growing threat to 

coastal communities.  Mangroves provide an interesting defensive option 

that also has positive externalities for the fishing industry and climate 

change reduction.  In this paper I will use equations and techniques from 

the literature to: 

• Evaluate the defensive value of mangroves  

• Do a cost comparison of mangroves and sea walls 

• Develop a technique to remotely identify mangroves 

o As an example case, I will identify mangroves in the 

Scarcies Estuary of Sierra Leone as well as their change 

over time 

Findings 

Mangroves excel at wave reduction but require large distances to 

ameliorate storm surge.  This makes them unsuitable in some 

locations.  Where they are suitable, the social cost makes them 

favorable alternatives to sea walls.  Tables 1 and 2 summarize the 

defensive capacity explored in greater detail in Section 4, Tables 5 

and 6.   
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Table 1: Mangrove Defensive Ability (safety defined as a max wave height of 3 meters)   

Mangrove vs Category 5 Waves 
Mangrove vs 8-meter Storm 

Surge 

Requires 62 meters of mangrove 
for safety 

Requires 16 km of mangrove for 
safety 

 

Table 2: Social and Private Costs of Sea Walls and Mangroves 

 

Mangroves of Scarcies Estuary 

Mangroves can be separated from 

surrounding vegetation by their 

moisture content as well as their 

weaker reflectance in the short-

wave infrared region (Band 5 in 

Landsat 7).  The method used here 

requires the creation of NDVI and 

NDWI indices as well as a ratio, 

SWIR/Near Infrared.  The resulting “bands” can then be used to build false 

color images that highlight likely mangrove areas.  In figure 1 mangrove 

 Private Cost ($ millions) Social Cost ($ millions) 

Surge 
Height 

(meters) 
Sea Wall 

Mangrove 
($100,000/ha) 

Sea Wall 
Mangrove  

($30,000/ha) 

8 15 160 822 48 

Figure 1: Mangroves in the Scarcies River Estuary by 
Sean 
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areas appear dark green in this image with some highlighted by a red 

circle.  I then used unsupervised classification track changes over the 

2008-20018 period and found a loss of 3 km2. 

2.  Literature Backing for Assumptions 

• Mangrove Elevation Growth:  0-10 mm per year12 

• CO2 Price Scenarios:  $10 - $100 per ton3 

• Mangrove Storm Surge Control:  50 cm reduction / km4 

• Mangrove Carbon Sequestration Rates:  2.7 tons C, 9.9 tons CO2 

equivalent per hectare year5 

• Mangrove Carbon Storage Average:  1023 ton/ha6 

• Mangrove Ecosystem Services:  $1923 per ha per year7 

• Staggered Discount Rate:  Over a century, first 20 years 3%, next 

40 years 2%, next 40 years 1% 

• Sea Wall Estimates Based on Cost on 1902 Galveston Sea Wall 

(due to data availability):  $6.25 million per km today’s dollars8 

• Concrete:  2400 kg∙m3, 15% cement by mass, 0.927 CO2 per 1kg 

cement9 

 
1 Krauss et al., “How Mangrove Forests Adjust to Rising Sea Level.” 
2 McIvor et al., “The Response of Mangrove Soil Surface Elevation to Sea Level Rise.” 
3 “High-Level Commission on Carbon Prices.” 
4 McIvor, Möller, and Spaulding, “Storm Surge Reduction by Mangroves.” 
5 Doughty et al., “Mangrove Range Expansion Rapidly Increases Coastal Wetland Carbon 
Storage.” 
6 Donato et al., “Mangroves among the Most Carbon-Rich Forests in the Tropics.” 
7 Hutchison, Spalding, and Ermgassen, “The Role of Mangroves in Fisheries Enhancement.” 
8 Ramos, “Galveston’s Response to the Hurricane of 1900 | Texas Almanac.” 
9 “Concrete CO2 Fact Sheet.” 
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• Wave Reduction Formula10 

3.  Introduction 

Coastal communities are on 

the front lines of climate change.  

While for many, climate change will 

be a slow boil, for people living at the 

interface of land and sea like in 

Figure 211 the issue will not be so 

easily ignored.  Regions where 

change can come with every tide are 

finding those tides more and more insistent.  They will be faced with a 

choice: retreat, adapt, or fortify.  Between 1993 and 2014 sea levels rose 

6.6 cm on average and they continue to broadly rise at a rate of 0.32 cm 

 
10 Bao, “Effect of Mangrove Forest Structures on Wave Attenuation in Coastal Vietnam.” 
11 Petrosyan, “Mangroves in Cambodia.” 

Figure 3: Sea level rise from 1998 to 2008 with yellow/red indicating rising sea level and green/blue falling 
sea level.  NASA 2008 

Figure 2: Mangroves in Cambodia, by Leon Petrosyan, 2012 
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per year12.  There is, of course, no guarantee that this rate will hold, and 

the level of inundation has varied by location as shown in Figure 313, with 

areas in Asia and Africa faring especially poorly.  Feedbacks that cause 

faster thermal expansion of the sea, or sudden ice collapses could yield a 

very different rate from one location to the next.  In this paper I will 

highlight mangroves as a tool for coping with sea level rise.  I will examine 

the costs and benefits involved and lay out the range of scenarios that a 

mangrove can cope with.  The results will allow communities to estimate 

their mangrove needs and ballpark a net cost.  It may be that in some 

situations a mangrove is either inappropriate, or insufficient, but the 

information contained herein will allow communities to make an informed 

choice. 

Choosing a Strategy 

There are three generally accepted strategies for dealing with rising sea 

levels and increasingly destructive storms:   

1. Retreat 

2. Adapt 

3. Fortify 

 

 

 

 
12 NOAA, “Is Sea Level Rising?” 
13 “Sea Level Rise | Smithsonian Ocean.” 
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Retreat 

 Retreat is a very unpalatable option.  To never have settled in a 

location is sometimes the best choice, but it’s entirely hypothetical most of 

the time.  The value produced near vulnerable coasts is enormous.  In the 

US, the counties adjacent to the coast produced nearly half of GDP, $7.9 

trillion dollars14.  While the value extracted from purely ocean-going 

activities is far less, around $352 billion, the attractive quality of the sea 

has pulled a plethora of human activities to it, so much so that 

disentangling from our coasts would be an enormously costly endeavor.  

Even after moving the economic activity, estimates for property that would 

have to be abandoned by 2100 in the US comes to $1.07 trillion15.  For 

some areas retreat may be the only viable course but will most likely be 

the last option considered. 

 
14 NOAA Office for Coastal Management, “Socioeconomic Data Summary.” 
15 Union of Concerned Scientists, “Underwater: Rising Seas, Chronic Floods, and the Implications 
for US Coastal Real Estate (2018) | Union of Concerned Scientists.” 
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Figure 4: Properties at Risk of Flooding in US from Union of Concerned Scientists Report 2018 

 Figure 416 makes the economic risks of unaddressed sea level rise 

apparent.  The states with the most to lose are also some of the largest 

contributors to GDP.  For the US and indeed any coastal country, the 

clock is ticking.  Each community must decide how best to use the 

resources they have now, to defend the resources they would like to hang 

onto in the future.  

 
16 Union of Concerned Scientists. 
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Adapt 

 Adaptation is a middle road between retreat and fortify.  Rather 

than simply leaving, or trying to keep the water out, adaptation strategies 

center around simply accepting the presence of water and adjusting to it.  

Some of the technology for climate adaptation is ancient: elevated 

housing.   

 

Figure 5: Housing along the Tonle Sap.  Unknown author, 2017 

 For the residents of the Tonle Sap pictured in Figure 517, inundation 

is an expected, welcome nutrient/fish delivering occurrence and their 

infrastructure reflects this.  For many, this may still be an attractive option.  

For the residents of one of the example regions explored in this paper, the 

Scarcies River Estuary, expanded use of elevated housing may be a 

 
17 “Tonle Sap House.” 
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viable alternative to retreat or fortification.  The greater the preexisting 

infrastructure investment however, the less attractive this solution will 

become.  It may still become necessary and disasters may provide 

locations with opportunities for adaptive reconstruction.  Figure 618 shows 

example housing in the Netherlands that, while still nominally tethered to 

the ground, is able to rise and fall with the incoming sea.  This allows 

areas that wish to maintain livability in areas with extensive regional 

infrastructure and cultural value while still acknowledging and coping with 

the presence of water.   

 

Figure 6: Amphibious housing in Maasbommel Netherlands, Mattijs Loor 2015 

 
18 Loor, “Amphibious Housing in Maasbommel, the Netherlands — Climate-ADAPT.” 
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Fortify 

 I would argue that this is the most instinctive human response to 

sea level rise.  Sea walls are particularly well suited to short term defense 

as they can go up swiftly and precisely whereas more organic alternative 

fortifications like mangroves take time to come online. 

  Furthermore, the economic incentives are felt by those most likely 

to be making defensive decisions.  Its private costs and private benefits 

are born and reaped by the localities that build them.  Though there are 

costs and forgone opportunities that affect the global community, local 

incentives, and the dominance of loss aversion in human cognition will 

often make this the strategy of choice.  Next, I will explore a tool that has 

the potential to contribute to any of these three strategies.  

 

Figure 7: Galveston Sea Wall, Unknown Author 
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4.  Efficacy of Mangroves at Protecting Coastlines 

How Mangroves Fit  

As shown in Table 3, mangrove forests can play a part in any of the 

above strategies.  Each of these strategies has pros and cons and it must 

be remembered that climate change will have an impact not just on sea 

level height but on storm strength.  Mangroves are a natural option that 

can be a part of any combination of the above strategies.  In the retreat-

adapt-fortify debate, mangroves provide a natural tool with global and 

local benefits.   

 

 

 

 

Mangroves provide protection in 

several ways.  Since they are not 

densely settled, they put distance 

between populated areas and the sea.  

In this way, planting a mangrove is a 

bit like retreating inland except you are attempting to project the land out, 

rather than yielding ground to the ocean.  Distance is an important 

distinction between this type of defense and sea walls which are more 

abrupt.  A mangrove does not stop the sea at the tree line, rather it 

welcomes, and helps tame the flood.    

Retreat Adapt Fortify 

Mangrove Mangrove Mangrove 

 

Zoning and Building 
Codes 

Sea Walls Dykes and 
Levies 

Table 3:  Example of tools available for the three strategies 

Figure 8: Ocean wave.  Unknown author CC0 license 



13 

 

 This brings us to the more sophisticated aspects of a mangrove’s 

defensive abilities.  To get a handle on these, it helps to know how a 

mangrove is structured.  Figure 919, created by McIvor et al (2013), shows 

the transition from water, to mangrove, to inland.    

 

Mangroves are found between the point of mean tide and high tide.  

This makes them frequently, but not constantly, inundated.  Mangroves 

 
19 McIvor et al., “The Response of Mangrove Soil Surface Elevation to Sea Level Rise.” 

Figure 9: Mangrove Structure, McIver et al 2013 
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develop from mudflats, and any mudflat in a region not affected by cold 

snaps can become a mangrove forest once it reaches the mean tide  

 height20.  Mudflats are very vulnerable and can change frequently with the 

tide21.  A mangrove can stabilize a sufficiently high mudflat and the 

properties that allow it to do so are the same properties that make it a  

suitable sea defense for coastal communities.   

Mangroves slow things down, both water and wind alike.  They do 

this by increasing the drag on any fluid that passes through them.  Slower 

water is less energetic water, and in this way, they sap the strength of the 

oncoming flood.  When waves reach the shore, they are affected by the 

slope and texture of the sea floor.  Slope can be altered slowly as 

mangroves expand and retreat, but a mangrove of any size will alter the 

texture or roughness of the surface a wave must travel across.  This can 

be quantified with Manning’s Roughness coefficient.  The coefficient 

describes the resistance to fluid flow of various surfaces and materials 

Table 4: Various landscape types and their Manning’s Coefficient 

 

 

  Table 4 gives an idea of the range of Manning’s coefficients, and 

their corresponding landscapes, that incoming waves can encounter.  A 

 
20 McIvor et al. 
21 Lewis and Brown, “Ecological Mangrove Rehabilitation - A Field Manual for Practitioners.” 

Land Surface Type Manning’s Coefficient 

Sand 0.02 

Brush/Scrub 0.05 

Wetland 0.10 

Dense woods 0.15 
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densely wooded mangrove is almost an order of magnitude more rough 

than open sand.  Mangroves dampen water flow.  To construct a viable 

defense, however, requires an estimate of the mangrove size for a given 

tolerable wave size.   

Mangrove Wave Attenuation 

The work of Bao (2011) will form the basis of how I estimate 

necessary mangrove widths for given storm strengths22.  I will then use 

cost data provided by the literature to estimate a per hectare cost and 

benefit to go along with the defensive values shown next.  Below is the 

equation developed by Bao (2011) for mangrove flow analysis that can be 

used to translate several variables into a tolerable wave height.    

𝐵𝑤 =
| ln(𝐻𝑠𝑎𝑓𝑒) − ln(0.9899𝐻0 + 0.3526) |

0.048 + (0.0016 ∗ 𝑇𝐻) + (0.00178 ∗ ln(𝑇𝐷)) + (ln(𝐶𝐶))
 

𝐵𝑤 = 𝑚𝑎𝑛𝑔𝑟𝑜𝑣𝑒 𝑤𝑖𝑑𝑡ℎ 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠 

𝐻𝑠𝑎𝑓𝑒 = 𝑠𝑎𝑓𝑒 𝑤𝑎𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑐𝑚 

𝐻0 = 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑤𝑎𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 

𝑇𝐻 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑒𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠 

𝑇𝐷 = 𝑡𝑟𝑒𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛 # 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 𝑝𝑒𝑟 ℎ𝑒𝑐𝑡𝑎𝑟𝑒 

𝐶𝐶 = 𝑐𝑎𝑛𝑜𝑝𝑦 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑎𝑠 𝑎 % 

 
22 Bao, “Effect of Mangrove Forest Structures on Wave Attenuation in Coastal Vietnam.” 
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Conceptually, the equation can be simplified to this: 

𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒 𝑊𝑖𝑑𝑡ℎ =
| ln(𝑇𝑎𝑟𝑔𝑒𝑡 𝑊𝑎𝑣𝑒 𝐻𝑒𝑖𝑔ℎ𝑡) − ln(𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑣𝑒) |

𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 
 

The denominator that I have simplified as mangrove density is 

known in the literature as the Forrest Structure Index (FSI).  Mangroves 

with large, densely packed trees will have a higher FSI and thus require 

less distance between sea and settlement (forest width) to provide 

adequate defense.  FSI in the study area used by Bao (2011) ranged from 

0.005-0.028.  Using this as a range of possibilities one can construct a 

table with estimated mangrove widths (mangrove needed between you 

and the raging sea) for differing levels of defense.  Table 5 lists the 

corresponding wave heights for the 5 Hurricane categories.  To be 

conservative I use the high end of the range, but it should be noted that 

this does not account for storm surge, which is a highly local 

phenomenon.  The necessary mangrove width is then calculated using the 

above equation with the following FSI assumptions:  

• 𝐿𝑜𝑤 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒 =  0.005 

• 𝑀𝑒𝑑𝑖𝑢𝑚 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒  =  0.015 

• 𝐻𝑖𝑔ℎ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒  =  0.028 

• 𝑆𝑎𝑓𝑒 𝑊𝑎𝑣𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 =  300 𝑐𝑚 
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Table 5: Mangroves give varying protection depending on their Forest Structure Index.  This table shows the 
width of mangrove needed to reduce wave height to 3m at varying mangrove FSI's. 

  

It is clear from Table 5 that forest density has a huge effect, with a 

dense mangrove requiring less than 20% of the width of a sparse one to 

compensate for a strong hurricane.   

Storm Surge 

Table 6: Mangrove storm surge reduction with distance 

 

  

 

Hurricanes bring more than waves; they bring a temporary rising of 

the sea level called storm surge.  Mangroves can have an impact there as 

well though it is far subtler than their wave stopping power.  It is also more 

difficult to predict storm surge in general.  Each storm and each location 

will experience a surge differently, but it is still possible to generalize.  

 
23 “What Are Hurricane-Generated Waves?” 

Hurricane 
Category 

Wave 
Height 
Max23 
(cm) 

Low Density 
Mangrove 

Width (Meters) 

Med Density 
Mangrove 

Width (Meters) 

High Density 
Mangrove 

Width (Meters) 

1 800 194 65 35 

2 1000 239 80 43 

3 1400 306 102 55 

4 1400 306 102 55 

5 1700 345 115 62 

Surge Height 
(meters) 

Low attenuation 
Mangrove Width (km) 

High attenuation 
Mangrove Width (km) 

2 20 4 

4 40 8 

6 60 12 

8 80 16 
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Research shows a range of reductions, ranging from around 10 cm/km of 

mangrove forest 24 to 50 cm/km of mangrove forest 25.  

 The low end of effectiveness requires what are likely impractically 

large tracts of mangroves and this may be a limiting factor in their 

adoption.  This oversimplification also does not account for the fact that 

storm surge control in mangroves is not perfectly linear with distance, but 

it does give an idea of the ranges involved.  It also shows that mangroves 

are particularly good at attenuating short period waves, even of large 

height, but less adept at the long period waves that are storm surges.  

Given that storm surges come with their own surface waves, a high 

enough storm surge will overwhelm a mangrove that is not sufficiently 

wide.  Wave disruption would only take place after the surge itself has 

been attenuated, so in the case of a high attenuation mangrove facing an 

8-meter surge, wave disruption would take place after 16 km, and would 

then require a further 62 meters.  That is a great deal of space for a 

municipality to give over to nature. 

 

 

 

 
24 Krauss et al., “Water Level Observations in Mangrove Swamps during Two Hurricanes in 
Florida.” 
25 McIvor, Möller, and Spaulding, “Storm Surge Reduction by Mangroves.” 
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5.  Sea Walls vs Mangroves: Cost-Benefit Analysis 

Mangroves 

 Constructed mangroves have a very wide cost range.  They can 

range from the low thousands to hundreds of thousands of dollars per 

hectare.  In Florida, artificial mangroves have cost $125,000 per hectare 

and this seems to be the upper limit for projects discussed in the 

literature26.  The wide range comes from the varying conditions in which 

planting must take place.  Where the land is already ideal for a mangrove, 

recolonization can be aided by simple tree planting, at very little expense.  

In areas trying to project land outward, or restore badly damaged 

mangrove habitat, heavy equipment is required for excavation and the 

costs associated with operating in a corrosive coastal environment pile up 

quickly. 

 What makes mangrove cost estimation interesting is the number of 

offsetting benefits.  The benefits are grouped in Figure 10. 

 
26 Lewis and Brown, “Ecological Mangrove Rehabilitation - A Field Manual for Practitioners.” 

Sea Defense Coastal 
Fisheries

Open Ocean 
Fisheries

Carbon 
Sequestration

Figure 10: Mangrove Benefits (original assembly) 
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Their value as a sea defense is related both to the cost of alternatives like 

sea walls, and to the land that is being defended.  The other three 

categories are easier to generalize. 

 Table 7: Yearly Mangrove Benefit in $ per hectare 

 

 

 Carbon storage in a mature mangrove can reach 1023 tons/ha but 

in discussing mangrove construction it is more appropriate to list the rate 

of carbon storage as reaching these densities takes time29, 30.  Estimates 

for yearly sequestration range from 1.7 to 2.7 tons of carbon/hectare 

which translates to 6.2-9.9 tons of CO2, and I use the more generous 

value in Table 731.  This rate is an average and it is possible that 

sequestration is nonlinear.  Unfortunately, there is evidence that young 

mangroves sequester carbon at rates comparable to mature stands 

meaning that reaching the mean soil carbon storage densities could take 

hundreds of years32.  

 

 
27 Hutchison, Spalding, and Ermgassen, “The Role of Mangroves in Fisheries Enhancement.” 
28 Hutchison, Spalding, and Ermgassen. 
29 Donato et al., “Mangroves among the Most Carbon-Rich Forests in the Tropics.” 
30 Lunstrum and Chen, “Soil Carbon Stocks and Accumulation in Young Mangrove Forests.” 
31 Doughty et al., “Mangrove Range Expansion Rapidly Increases Coastal Wetland Carbon 
Storage.” 
32 Lunstrum and Chen, “Soil Carbon Stocks and Accumulation in Young Mangrove Forests.” 

Coastal 
Fisheries 

Ocean 
Fisheries 

CO2 
Sequestration 

(@ $50/ton) 

CO2 
Sequestration 
(@ $100/ton) 

52927 139428 495 990 
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Table 8: Value per Hectare over a century in 2018 dollars. 

 

Considering the income streams from Table 7, I estimate the value 

of a mangrove.  The staggered scenario uses a discount rate of 3% for the 

first 20 years, 2% for the next 40, and 1% for the final 40 years.  Table 8 

shows the discounted present value of a mangrove’s ecosystem services.  

These are the values that any construction should be weighed against.   

Sea Walls 

 Sea walls have an obvious advantage over mangroves and that is 

the land requirements.  Where a mangrove requires acres of space, a sea 

wall takes up very little municipal space.  It provides a means of stopping 

waves and storm surge while consuming little acreage.  That said, they 

don’t come cheap.  Using the Galveston Sea Wall as a baseline I attempt 

to calculate a per km cost for varying sea wall heights that includes 

construction and embodied carbon.  Galveston provides a good example 

case because it is a traditional concrete construction with readily available 

statistics on dimensions and concrete densities allowing for reasonable 

 3% Discount Staggered Discount 

CO2 Price 
Scenario 

$50/ton $100/ton $50/ton $100/ton 

Value of all 
ecosystem 

services over 
a century 

$70,000 $90,000 $120,000 $150,000 
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carbon costing.  For details on assumption see appendices or the 

references in this footnote33. 

Table 9: Cost for 1 km of Sea Wall over a century, 3% discount rate 

A side by side comparison is now in order.  I will focus on storm 

surge defense as wave disruption alone is less demanding.  The scenario 

will be a strip of coast 1 km in length with a discount rate of 3%, a carbon 

price of $50 and high mangrove density.  Offsetting benefits for 

mangroves equal $70,000 as found previously.   It should be noted that 

while a wall must increase in height to meet the threat, a mangrove must 

expand in width as described in Table 5.   

 

 

 

 
33 “Concrete CO2 Fact Sheet”; Ramos, “Galveston’s Response to the Hurricane of 1900 | Texas 
Almanac”; Koch, “Costs of Defending Against Rising Sea Levels and Flooding in Mid-Atlantic 
Metropolitan Coastal Areas: The Basic Issues.” 

Height 
(meters) 

Construction 
Cost ($ 
Millions) 

Social Cost (Carbon 
@ $50/ton) ($ 

Millions) 

Social Cost (Carbon 
@ $100/ton) ($ 

Millions) 

8.00 15 822 1614 

7.00 11 629 1236 

6.00 8 462 908 

5.00 6 321 631 

4.00 6 205 404 

3.00 4 116 227 

2.00 2 51 101 

1.00 1 13 25 
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Table 10: Cost comparison for 1 km length of Sea Wall vs the equivalent protection from a high-density 
mangrove.  This assumes scenario in which discount rate 3% and CO2 price $50/ton. 

 

As seen in Table 2 and 10, after accounting for the $70,000 positive 

externality in Table 8, mangroves have a more favorable social cost, but 

the reality is less decisive.  The area required for equivalent mangrove 

defense is large.  If currently occupied land were converted to mangrove 

then the cost of the lost current use could be enormous.  There are also 

situations where there simply isn’t enough convertible area.  Local 

bathymetry can limit the scope of mangrove expansion and make a sea 

wall the next best form of coastal defense short of retreat.  

Mangroves have another asset and that is the ability to adapt to 

sea levels over time.  Unlike a wall, whose height is set in stone, 

mangroves can add soil at rates up to 10 mm/year34.  This covers the 

range of sea level rise rates since 1993 which averaged 3.1 mm/year35.  

At 10 mm or 1 cm a year, over the course of a century a mangrove can 

 
34 McIvor et al., “The Response of Mangrove Soil Surface Elevation to Sea Level Rise.” 
35 Church and White, “Sea-Level Rise from the Late 19th to the Early 21st Century.” 

 
Private Cost ($ millions) Social Cost ($ millions) 

Surge 
Height 

Sea Wall 
Mangrove 

($100,000/ha) 
Sea Wall 

Mangrove  
($30,000/ha) 

8 15 160 822 48 

6 8 120 462 36 

4 6 80 205 24 

2 2 40 51 12 
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compete with a full meter of sea level rise.  This is impressive but also 

contingent on the health of the mangrove, the strength and frequency of 

storms and the mangrove forests access to sediment from inland.  For a 

mangrove to operate as intended requires robust mangrove friendly 

policies at the regional level, a further impediment to their adoption by 

municipalities that don’t control policy in their hinterlands  

6.  Identifying and Tracking Mangrove Loss in Sierra Leone 

 Mangroves can be both large and remote, making getting accurate 

surveys challenging.  Satellites have made this easier, but it is still difficult 

to separate mangroves from other types of vegetation36.  In this paper I 

attempt to replicate research by Bayan Alsaaideh et al. (2013) and use 

Landsat images to identify mangroves in the Scarcies River Estuary in 

coastal Sierra Leone37.  The methodology requires ground truthing to be 

truly effective, but it is still possible to highlight probable mangroves.   

 Mangroves can be separated from surrounding vegetation by their 

moisture content as well as their weaker reflectance in the short-wave 

infrared region (Band 5 in Landsat 7).  The method used here requires the 

creation of NDVI and NDWI indices as well as a ratio, SWIR/Near Infrared.  

 
36 Mondal, Trzaska, and De Sherbinin, “Landsat-Derived Estimates of Mangrove Extents in the 
Sierra Leone Coastal Landscape Complex during 1990-2016.” 
37 Alsaaideh et al., “Mangrove Forests Mapping in the Southern Part of Japan Using Landsat 
ETM+ with DEM.” 
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The resulting “bands” can then be used to build false color images that 

highlight likely mangrove areas.   

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅−𝑟𝑒𝑑

𝑁𝐼𝑅+𝑟𝑒𝑑
 

  

The image of the Scarcies river estuary in Figure 11 uses the NDVI 

index to highlight areas that are rich in vegetation (green).  It is important 

to note the central red region between the main rivers.  This is an area 

Figure 11: NDVI is an index designed to highlight healthy vegetation.  Sometimes called the green index.  Healthy 
vegetation is green 
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that other indexes will show as flooded but the NDVI clearly shows is 

poorly vegetated.  This allows us to designate it a flood plain, but one 

without the dense foliage of a healthy mangrove. 

𝑁𝐷𝑊𝐼 =
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

 Figure 12 uses the NDWI index to capture areas of increased water 

content.  By combining it with the NDVI I can isolate areas that are both 

Figure 12: NDWI measures soil and vegetation moisture.  In the image above the mangroves blend in with the river and ocean 
because of their high moisture content. 
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wet and densely foliated.  This helps exclude empty marshes from 

Mangroves. 

 

𝐵𝑎𝑛𝑑 𝑅𝑎𝑡𝑖𝑜 =
𝑆𝑊𝐼𝑅

𝑁𝐼𝑅
 

Figure 13 is the final layer I needed to isolate mangroves.  While 

the previous images help exclude open marshland, the band ratio isolates 

Figure 13: Mangroves reflect near infrared light less than other vegetation.  In the image the dark brown represents 
areas where the following ratio is large.  These are the mangroves. 
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mangroves from regular forest by exploiting the discrepancy in near 

infrared reflection.   

 

 

 Figure 14 brings each of the indexes together into a false color 

image that highlights the regions most likely to be mangrove.  The area 

circled in red is an area that is well known as mangrove by nearby villages 

and this appears dark green on the map.   

Figure 14: False Color Image.  Mangroves areas appear dark green while cleared areas are light green 
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 Figure 14 does a passable job of highlighting mangroves, but the 

indices can be used to get better results still.  Figure 15 shows a 

refinement of the technique where rather than simply stack NDWI, NDVI, 

and the Band ratio I do as follows.  Mangroves can be seen very clearly in 

dark blue hugging the rivers in the north west. 

Red Chanel:  NDWI-NDVI 

Green Chanel:  Band Ratio 

Blue Channel:  Band 6 (SWIR) 

Figure 15:  Mangrove in dark blue 
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Tracking changes in the estuary over the decade 2008-2018 using 

this remote sensing technique found a reduction in mangrove area of 3 

square km.  This is for an area encompassing 1000 square km.  It is a 

loss, but not a catastrophic one.  In the following images one can see a 

significant increase in both open fields and water. 

 

Figure 16: Landsat derive landscape classifications (2008) 
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Figure 17: Landsat derive landscape classifications (2018) 

 In Figure 15 one sees substantial mangrove stands in the 

northwest of the estuary.  This shifts over the decade as land gets 

degraded and flooded as seen in Figure 16. Using the values in this paper 

and the 300 hectares of mangrove loss shown in Figures 15 and 16, one 

can arrive at a decrease in Fish and Carbon ecosystem services in the 
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Scarcies River estuary valued between $18-30 million.  The loss can be 

attributed to their use as both firewood and fence building material; by 

local rice agriculture; or storm damage38. 

 

 

 

 

 

 The changes over the decade are clear when viewed side by side.  

 

Figure 18: Ten-year comparison of unsupervised classification image of Scarcies Estuary. 

 

 

 

 
38 Peterson, “Sierra Leone’s Dying Mangroves | The Borgen Project”; USAID, “Enhancing Food 
Security, Increasing Coastal Resilience – Page 3 – West Africa Biodiversity and Climate Change 
(WA BiCC).” 
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7. Solutions 

Mangroves provide a coastal defense that pays dividends to local 

communities and the world as a whole.  To make them a viable option will 

require compensation for their ecosystem services to the local 

communities that must maintain them.  Table 11 shows the values that we 

are working with globally and in the next sections I will explore some of the 

ways we can maintain and support these ecosystem services. 

Table 11: Global Mangrove Extent and Value 

Global Mangrove Value 

$1923 / ha of positive fishing externalities 
 

$495 / ha carbon sequestration 
 

13,776,000 ha globally39 
 

$26.5 billion in fishing services 
 

$7 billion in climate change services 
 

$33.5 billion in total ecosystem services 

 
39 Extent and Approach, “Mapping Mangrove Extent and Change : A Globally Applicable 
Approach.” 
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Global Fishing Tax – 

According to the World 

Bank, the first-sale value of 

fish in 2016 globally was 

$362 billion40.  A tax of 9.5 

percent would yield $34.4 

billion in revenue.  This 

would be sufficient to 

compensate local residents for the full extent of the ecosystem services 

provided by mangroves.  If this were increased to 10%, the money left 

over after compensation ($2.71 billion) could be invested in habitat 

restoration.  If this were funneled to mangrove restoration specifically, at 

$100,000 per hectare 27,100 ha of mangrove could be rebuilt every year.  

The present-day value of a century’s worth of ecosystem services is 

approximately 120,000 (Table 5) making the present-day value of 27,100 

ha $3.25 billion dollars; enough to compensate for the restoration.   

 

 

 

 
40 “Oceans, Fisheries and Coastal Economies.” 

 
Figure 19: Photo by Unknown Author, licensed under CC BY-SA-NC 
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US Carbon Tax 

 

Figure 20: Unknown Author, licensed under CC BY-SA-NC 

 While relying on fishing revenues to restore mangroves has a 

certain symmetry to it, it is also likely to be a regressive tax.  Many of the 

poor depend on fish as a source of protein making any increase in price 

problematic.  Another possibility would be to collect a carbon tax and 

dedicate funds from it to mangrove preservation and restoration.  

Collection of $50 per ton in the US alone would yield $194-250 billion41.  

Skimming 4% off the top would be enough to compensate all mangrove 

owning communities for their carbon sequestration.  Skimming 18% would 

pay for all the ecosystem services in their entirety.  While relying on US 

 
41 Horowitz et al., “Office of Tax Analysis Working Paper 115 Methodology for Analyzing a Carbon 
Tax.” 
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revenue alone would be politically problematic, it does show that it is a 

question of will rather than funds.  With even a handful of developed 

nations contributing, a mangrove compensation fund would be easily 

supported.   

8.  Stakeholders and Solutions for Sierra Leone 

Stakeholders 

The Ministry of Marine Resources – The 

government of Sierra Leone has a large stake in 

mangrove health.  Even if one sets aside the 

defensive value of mangroves, their role in fisheries 

alone would be enough to make them sit up and 

take notice.  The Sierra Leone Ministry of Marine 

Resources puts the fishing sectors employment at 

100,000 directly and 500,000 indirectly42.  Currently the government loses 

29 million a year to illegal fishing.  This is due to an inability to monitor or 

pursue foreign fishing vessels poaching in their exclusive economic zone.   

 

 
42 Kassam et al., “Sierra Leone Fish Value Chain Analysis with Special Emphasis on Tonkolili 

District.” 

Figure 21: Unknown Author, licensed under CC BY-SA-NC 
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Local Communities – Much of 

the fishing in Sierra Leone is 

small scale and local, making the 

ties to the community very 

personal.  Fish make up to 80% 

of the animal protein consumed 

by the people of Sierra Leone, 

meaning that declines in the 

harvest will have outsized impacts.  Restoration of mangrove habitat is an 

important part of maintaining food security as well as climate resilience 

and local fisherman have the kind of detailed coastal knowledge that can 

help keep restoration costs down.  

 

 

 

 

 

 

 

 

Figure 22: A delta.  Unknown Author, licensed under CC 
BY-SA-NC 
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Solutions 

Patrol Boat Sponsorships –  

The Food and Agriculture 

Organization of the UN has 

prioritized better fisheries 

management in Sierre Leone43.  The 

FAO can act as an 

intermediary and lobbyist to 

the naval powers and secure for Sierra Leone a series of low-cost patrol 

ships to help them enforce their fishing rules.  There is some precedent for 

FAO involvement in vessel regulation, specifically their 1989 push to 

mandate the clear marking of all fishing vessels44.  It also would not be the 

first naval gift.  In 2013 the Isle of Man donated a patrol boat (Figure 2145) 

that resulted in $400,000 in recovered wealth in 201346.  If successful, the 

condition for patrol boats would be that a portion of the $29 million in 

recovered losses goes to mangrove restoration.  This has the virtue of 

forcing previously illegal catching to finally be subject to tax and licensing 

fees.  If 10% of the recovered value was converted to mangrove 

restoration, Sierra Leone could conceivably restore 30 hectares per year.  

 
43 “Programmes and Projects | FAO in Sierra Leone | Food and Agriculture Organization of the 
United Nations.” 
44 Flewwelling and Food and Agriculture Organization of the United Nations., An Introduction to 
Monitoring, Control and Surveillance Systems for Capture Fisheries. 
45 “Success for Patrol Boat Gifted to Sierra Leone - Energy FM | Isle of Man.” 
46 “Sierra Leone Formally Thanks Island for Patrol Boat - BBC News.” 

Figure 23: The Isle of Man, a patrol boat gifted to Sierra 
Leone by the Isle of Man, BBC 2013 
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My Remote Sensing estimation puts mangrove losses in the Scarcies 

River Estuary at 300 hectares over the decade 2008-2018.  Recovered 

revenues from improved patrols could restore a comparable area over the 

same period. 

 

Subsidies from a Global Mangrove Fund 

 Targeted support for fishery enforcement has appeal but I believe a 

more general ecosystem subsidy has wider applicability and the ability to 

build more stakeholder buy in.  Conceptually the solution is 

straightforward, mangroves provide uncompensated ecosystem services 

that the world needs, pay for those services.  The how is slightly trickier.  

Is it the state, in this case Sierra Leone, or the people that have the most 

sway over mangrove survival?  If it is the people, can they even be 

effectively compensated and what are the consequences?     

 There are approximately 105,300 ha of mangrove in Sierra Leone.  

The ecosystem services from this habitat is worth $255 million.  This is a 

non-trivial number when compared against a GDP of 3.8 billion and a 

government budget of $825 million.  The incentive to maintain the natural 

capital (mangrove forests) that generates this value is low, however.  A 

portion of those services are enjoyed by the world at large in the form of 

carbon sequestration and not just by the local residents.  There is always 

the temptation to convert that long-term revenue stream into lumber or 
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land for development.  This suggests that compensation is in order if one 

is to justify the mangroves continued existence to the people that must 

protect and maintain them.  A subsidy for the services given directly to the 

state could cover 30% of government spending. 

Cutting a check to a state is the easier way to deliver compensation 

but it is often local residents who have the most to gain or lose from 

mangroves.  There is a case to be made then that the subsidy should go 

directly to the citizens, in Sierra Leone’s case numbering 7 million.  This 

would amount to $36 per person which would have a respectable impact 

on per capita income since per capita GDP is $50547.  A $36 dollar 

remittance would increase per capita GDP by 7% instantly.  This however 

does raise a problem of its own.  As incomes rise, so does consumption 

and it is worthwhile to ask what impact this subsidy would have on per 

capita CO2 emissions.  It would be unfortunate if a subsidy undermined 

climate change efforts.  Using a relationship found by studying the impact 

of Mexico’s Oportunidades Program48 one can estimate the effect. 

 

Per Capita Metric Tons CO2 = 2.54 + 0.00012*Per Capita Income 

 

 
47 “World Development Indicators - Google Public Data Explorer.” 
48 Alix-garcia et al., “THE ECOLOGICAL FOOTPRINT OF POVERTY ALLEVIATION : EVIDENCE FROM 
THE ECOLOGICAL FOOTPRINT OF POVERTY ALLEVIATION : EVIDENCE FROM MEXICO ’ S 
OPORTUNIDADES PROGRAM.” 
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 The impact of the $36 subsidy is an increase in CO2 damage of 

$1.5 million.  This is reasonable when compared to the $255 million in 

services being paid for.   

 A subsidy then does not cause more carbon damage from 

increased consumption than it saves.  The simplicity of the solution and 

global nature of the ecosystem services make an international subsidy 

scheme my solution of choice.  States that seek carbon sequestration 

credits can support mangrove protection while simultaneously improving 

incomes and fishing stocks in the global south.  The funding, in Sierra 

Leone’s case should be in part dedicated to fishery enforcement capacity.  

Once established however, fisher enforcement should be at least partially 

self-funding, leaving the state with new revenues that it can dedicate as it 

pleases.   

There is still the question of how much of this funding should go to 

the public versus the state.  State subsidies are politically easier, but 

subsidies to the public have the potential to build more durable mangrove 

constituencies.  I believe an optimal solution is an even split between the 

two.  This ensures both state level and popular level buy in.  Distribution of 

a popular dividend is more complex but African innovations like M-Pesa 

have made the task more reasonable.  M-Pesa accounts can be filled with 

the subsidy on a yearly basis from the donor state, in this case $18.   

This leaves Sierra Leone with a $128 million subsidy for its state 

coffers and an $18 mangrove subsidy to each of its citizens.  Dedicating a 
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portion of the initial state level subsidy to fishery enforcement would 

further give the state access to $29 million in taxable fishing revenue.   

 

9.  Conclusion  

Rising sea levels will force coastal communities to make a choice, 

retreat, adapt, or fortify.  Mangroves can play a role in any of these 

strategies.  When considering mangroves, communities – and indeed the 

world as a whole – must acknowledge their economic value.  These 

services offset the social cost of mangroves when compared to more 

traditional defensive barriers.   

Mangroves are space intensive and this must be considered as 

well.  Defense against hurricane waves can be achieved with relatively 

small barriers but storm surge and sea level rise mitigation require much 

more intensive space allocation.  Mangrove forests are not a panacea, but 

where available, should be strongly considered as a coastal defense that 

pays.   
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10.  Appendix 

 

a. Wave Defense Sample Calculation 

𝐵𝑤 =
𝐴𝑏𝑠(ln(𝐻𝑠𝑎𝑓𝑒) − ln(0.9899𝐻0 + 0.3526))

0.048 − (0.0016 ∗ 𝑇𝐻) − (0.00178 ∗ ln(𝑇𝐷)) − (ln (𝐶𝐶)
 

 

𝐿𝑜𝑤 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑀𝑎𝑛𝑔𝑟𝑜𝑣𝑒 𝐹𝑜𝑟𝑒𝑠𝑡 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝐼𝑛𝑒𝑥 =  0.005 

𝑆𝑎𝑓𝑒 𝑊𝑎𝑣𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 =  300 𝑐𝑚 

𝐵𝑤 =
Abs(ln 300 − ln (0.9899800 ∗ 𝟖𝟎𝟎 + 0.3526))

0.005
 

𝐵𝑤 =
𝐴𝑏𝑠(5.70 − 6.57)

0.005
 

𝐵𝑤 = 𝟏𝟗𝟒 

Hurricane 
Category 

Wave 
Height Max 

(cm) 

Low Density 
Mangrove 

Width (Meters) 

 Med 
Density 

Mangrove 
Width 

(Meters)) 

High 
Density 

Mangrove 
Width 

(Meters) 

1 800 194 65 35 

2 1000 239 80 43 

3 1400 306 102 55 

4 1400 306 102 55 

5 1700 345 115 62 

 

 

 

 

 

 

 

 

 



44 

 

b. Storm Surge Sample Calculation 

𝐿𝑜𝑤 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 =
10 𝑐𝑚 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑘𝑚 𝑜𝑓 𝑚𝑎𝑛𝑔𝑟𝑜𝑣𝑒
 

𝐻𝑖𝑔ℎ 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 =
50 𝑐𝑚 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑘𝑚 𝑜𝑓 𝑚𝑎𝑛𝑔𝑟𝑜𝑣𝑒
 

𝟐 𝒎 𝒔𝒖𝒓𝒈𝒆 =
0.1 𝑚 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

1000 𝑚 𝑜𝑓 𝑚𝑎𝑛𝑔𝑟𝑜𝑣𝑒
∗ 20000 𝑚𝑒𝑡𝑒𝑟𝑠 

𝟐 𝒎 𝒔𝒖𝒓𝒈𝒆 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒓𝒆𝒒𝒖𝒊𝒓𝒆 𝟐𝟎 𝒌𝒎 

 

Surge Height (meters) Low attenuation 
Mangrove Width (km) 

High attenuation 
Mangrove Width 

(km) 

2 20 4 

4 40 8 

6 60 12 

8 80 16 

 

 

 

c. Mangrove Ecosystem Services Valuation Sample Calculation 

Mangroves Coastal 
Fisheries 

Ocean 
Fisheries 

Carbon 
Sequestration 
($50 per ton 
price) 

Carbon 
Sequestration 
($100 per ton 
price) 

Benefit 
($/ha) 

52949 139450 495 990 

 

𝑌𝑒𝑎𝑟1 = 529 + 1394 + 495 = 𝟐𝟒𝟏𝟖 

𝑌𝑒𝑎𝑟2 = 2058 +
2058

1.032
= 𝟒𝟔𝟗𝟕 

Sum over century for total value. 

 

 
49 Hutchison, Spalding, and Ermgassen, “The Role of Mangroves in Fisheries Enhancement.” 
50 Hutchison, Spalding, and Ermgassen. 
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d. All Mangrove Cost Scenario Totals  

 

 3% Discount Staggered Discount 

CO2 Price 
$/ton 

10 20 50 100 10 20 50 100 

Mangrove 
Value 
Over 100 
years in 
today’s 
dollars  

63,952 67,083 76,477 92,132 103,910 108,998 124,261 149,699 

 

 

 

 

e. Sea Wall Cost Estimation Sample Calculations 

Galveston Sea Wall Proportions in Bold.  Values Scaled up and down to cover 

range of storm surge values.  Proportions preserved. 

meters    Cross Sectional Area   
Base 
Triangle Height Base Top Rectangle Triangle 

Total 
Area 

Volume for 
1 km 

5.23 8.00 7.54 2.31 18.47 20.92 39.39 39387 

4.58 7.00 6.60 2.02 14.14 16.02 30.16 30156 

3.92 6.00 5.65 1.73 10.39 11.77 22.16 22155 

3.40 5.20 4.90 1.50 7.80 8.84 16.64 16640 

3.27 5.00 4.71 1.44 7.21 8.17 15.39 15386 

2.62 4.00 3.77 1.15 4.62 5.23 9.85 9847 

1.96 3.00 2.83 0.87 2.60 2.94 5.54 5539 

1.31 2.00 1.88 0.58 1.15 1.31 2.46 2462 

0.65 1.00 0.94 0.29 0.29 0.33 0.62 615 

 

𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
2400 𝑘𝑔

𝑚3
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𝑊𝑒𝑖𝑔ℎ𝑡 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑉𝑜𝑙𝑢𝑚 =
𝟐𝟒𝟎𝟎 𝑘𝑔

𝑚3
∗ 16640 𝑚3 = 𝟑𝟗𝟗𝟑𝟔𝟎𝟎𝟎 

51 

Volume for 1 km 𝑚3 Weight of Concrete kg 

39387 94529008 

30156 72373772 

22155 53172567 

16640 39936000 

15386 36925394 

9847 23632252 

5539 13293142 

2462 5908063 

615 1477016 

 

𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 15% 𝑏𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 = 𝟑𝟗𝟗𝟑𝟔𝟎𝟎𝟎 ∗ 0.15 = 𝟓𝟗𝟗𝟎𝟒𝟎𝟎 

52 

 

Height Weight of Cement kg 

8.00 14179351 

7.00 10856066 

6.00 7975885 

5.20 5990400 

5.00 5538809 

4.00 3544838 

3.00 1993971 

2.00 886209 

1.00 221552 

   

𝑔𝑎𝑙𝑣𝑒𝑠𝑡𝑜𝑛 𝑠𝑒𝑎 𝑤𝑎𝑙𝑙 𝑐𝑜𝑠𝑡 = 3.5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑖𝑛 1902 𝑑𝑜𝑙𝑙𝑎𝑟𝑠 

=  100 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑖𝑛 𝑡𝑜𝑑𝑎𝑦𝑠 𝑑𝑜𝑙𝑙𝑎𝑟𝑠 

𝑔𝑎𝑙𝑣𝑒𝑠𝑡𝑜𝑛 𝑠𝑒𝑎 𝑤𝑎𝑙𝑙 𝑐𝑜𝑠𝑡 =
100 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑑𝑜𝑙𝑙𝑎𝑟𝑠

16 𝑘𝑚
=

6.25 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 

1 𝑘𝑚
 

 

 
51 “Concrete CO2 Fact Sheet.” 
52 “Concrete CO2 Fact Sheet.” 
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6.25 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 

16640 𝑚3
=

$375

1 𝑚3
 

 

Construction Cost Alone 

Height Construction in $2018 

8.00 14793790 

7.00 11326495 

6.00 8321507 

5.20 6250000 

5.00 5778824 

4.00 3698447 

3.00 2080377 

2.00 924612 

1.00 231153 

 

0.927 𝑘𝑔 𝐶𝑂2

1 𝑘𝑔 𝑐𝑒𝑚𝑒𝑛𝑡
  

53 

 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑠𝑡 =
0.927 𝑘𝑔 𝐶𝑂2

1 𝑘𝑔 𝑐𝑒𝑚𝑒𝑛𝑡
∗ 𝟓𝟗𝟗𝟎𝟒𝟎𝟎 ∗ 50 = 𝟐𝟕𝟕𝟔𝟓𝟓𝟎𝟒𝟎 

Height Weight of Cement kg Carbon Cost (Build 1) 

8.00 14179351 657212929 

7.00 10856066 503178649 

6.00 7975885 369682273 

5.20 5990400 277655040 

5.00 5538809 256723801 

4.00 3544838 164303232 

3.00 1993971 92420568 

2.00 886209 41075808 

1.00 221552 10268952 

 

 

 

 

 
53 “Concrete CO2 Fact Sheet.” 
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Calculation repeated at a 3% discount rate after 50 years to represent the lifetime 

and replacement cost over a century.   

 

50  

Total ($50) in 
millions 

Carbon (Build 1) 
Carbon(Build 

2)  
657212929 149914922 822 

503178649 114778612 629 

369682273 84327144 462 

277655040 63335080 347 

256723801 58560516 321 

164303232 37478731 205 

92420568 21081786 116 

41075808 9369683 51 

10268952 2342421 13 

 

Repeated with carbon price of 100 

100  

Total 
($100) 

Carbon (Build 1) 
Carbon(Build 

2)  
1314425859 299829844 1614 

1006357298 229557225 1236 

739364546 168654287 908 

555310080 126670161 682 

513447601 117121033 631 

328606465 74957461 404 

184841136 42163572 227 

82151616 18739365 101 

20537904 4684841 25 

 

f. Mangrove Cost Estimation Sample Calculations 

𝑆𝑢𝑟𝑔𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝟐 𝒎𝒆𝒕𝒆𝒓 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑠 4 𝑘𝑚 𝑤𝑖𝑑𝑡ℎ 𝑚𝑎𝑛𝑔𝑟𝑜𝑣𝑒 

4𝑘𝑚 ∗ 1𝑘𝑚 = 4 𝑘𝑚2 

4 𝑘𝑚2 = 400 ℎ𝑒𝑐𝑡𝑎𝑟𝑒𝑠 
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400 ℎ𝑎 ∗
$30,000

ℎ𝑎
= $𝟏𝟐 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 

 
Cost of 
Construction 
Only 

Constructio
n Plus 
Carbon 
Cost 

Cost with 
Benefits 
Included 
(30,000) 

Full Cost  
(100,000) 

Surge 
Height 
(meters) 

Sea Wall 
(millions) 

Sea Wall 
(millions) 

Mangrove 
(millions) 

Mangrove 
(millions) 

8 15 822 48 160 

6 8 462 36 120 

4 6 205 24 80 

2 2 51 12 40 
 

g. Increased damage from Mangrove fund compensation to 

individuals in Sierra Leone 

Before 

2.6006 Tons Per Capita CO2 = 2.54 + 0.00012*505 

After 

2.60492 Tons Per Capita CO2 = 2.54 + 0.00012*541 

0.0432 Tons Per Capita Increase 

30,240 more tons for 7 million people 

1.5 million in damage at $50 per ton 
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