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Abstract 11 

Nature-based solutions are rapidly gaining interest in the face of global change and increasing flood 12 

risks. While assessments of flood risk mitigation by coastal ecosystems are mainly restricted to local 13 

scales, our study assesses the contribution of salt marshes and mangroves to nature-based storm surge 14 

mitigation in 11 large deltas around the world. We present a relatively simple GIS model that, based 15 

on globally available input data, provides an estimation of the tidal wetland’s capacity of risk 16 

mitigation at a regional scale. It shows the high potential of nature-based solutions, as tidal wetlands, 17 

to provide storm surge mitigation to more than 80% of the flood-exposed land area for 4 of the 11 18 

deltas and to more than 70% of the flood-exposed population for 3 deltas. The magnitude of the 19 

nature-based mitigation, estimated as the length of the storm surge pathway crossing through tidal 20 

wetlands, was found to be significantly correlated to the total wetland area within a delta. This 21 

highlights the importance of conserving extensive continuous tidal wetlands as a nature-based 22 

approach to mitigate flood risks. Our analysis further reveals that deltas with limited historical 23 

wetland reclamation and therefore large remaining wetlands, such as the Mississippi, Niger and part 24 

of the Ganges-Brahmaputra deltas, benefit from investing in the conservation of their vast wetlands, 25 

while deltas with extensive historical wetland reclamation, such as the Yangtze and Rhine deltas, may 26 

improve the sustainability of flood protection programs by combining existing hard engineering with 27 

new nature-based solutions through restoration of former wetlands. 28 

KEYWORDS: delta, storm surge, mangrove, salt marsh, tidal wetlands, nature-based/ecosystem-based 29 

management, risk mitigation30 
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Introduction 1 

Global climate change induces acceleration of sea level rise and is expected to increase the intensity 2 

of storm surges, and as such is threatening coastal and deltaic areas worldwide (Hallegatte et al. 2013; 3 

Woodruff et al. 2013; Bengtsson et al. 2006; Hinkel et al. 2014). Storm surges originating from severe 4 

storms, such as tropical cyclones, propagate from the sea towards the land with surge heights that can 5 

reach several meters above mean sea level, causing densely populated low-lying areas in river deltas 6 

to be particularly vulnerable to storm surge flood risks (Day et al. 2007; Tessler et al. 2015). 7 

Additionally, the globally averaged population density in the Low Elevation Coastal Zone (LECZ, i.e. 8 

less than 10 meters above mean sea level) is expected to grow from 241 people/km² in 2015 (i.e. five 9 

times the world’s average) to 405 to 534 people/km² by 2060 (Neumann et al. 2015; Small and 10 

Nicholls 2003; McGranahan et al. 2007).  11 

This increase of both coastal population density and risk probability of coastal flooding events calls 12 

for the development of sustainable coastal management strategies. Apart from traditional hard 13 

engineered flood defence structures, such as dams or dikes, nature-based or ecosystem-based coastal 14 

flood defence is increasingly proposed as an alternative or addition to traditional hard engineering, 15 

and relies on the conservation and in certain cases restoration of coastal and deltaic ecosystems 16 

(Temmerman et al. 2013; Cheong et al. 2013; Duarte et al. 2013). Here we focus on salt marshes and 17 

mangrove forests, which we collectively call tidal wetlands throughout this paper. Among their 18 

valuable ecosystem services, tidal wetlands have the capacity to attenuate waves, reduce shoreline 19 

erosion and inland storm surge propagation, and to sustain themselves with sea level rise by 20 

allochthonous sediment accretion (Gedan et al. 2011; Shepard et al. 2011; Temmerman and Kirwan 21 

2015; Kirwan et al. 2016). As such, nature-based flood risk mitigation is increasingly regarded as a 22 

polyvalent, self-adaptive and sustainable strategy (Temmerman et al. 2013).  23 

Observational and hydrodynamic modelling studies have demonstrated the value of tidal wetlands for 24 

storm surge mitigation due to the resistance exerted by the wetland vegetation and topography on 25 

incoming storm surges, implying a landward attenuation in storm surge height further referred to as 26 

storm surge attenuation or reduction (Costanza et al. 2008; Krauss et al. 2009; Wamsley et al. 2010; 27 

Zhang et al. 2012; Barbier et al. 2013; Stark et al. 2015). This attenuation is quantified as the rate of 28 

vertical reduction in storm surge height per horizontal inland distance over the delta plain (expressed 29 

in cm/km). It depends on various factors as the flow resistance provided by the coastal 30 

geomorphology and its vegetation or land cover type and on the specific properties of the storm surge, 31 

such as its height and duration (Mcivor et al. 2012; Wamsley et al. 2010; Loder et al. 2009; Stark et 32 

al. 2015). Observed rates of storm surge attenuation over tidal wetlands range from a couple of cm/km 33 

to 25 cm/km (Krauss et al. 2009; Wamsley et al. 2010; Stark et al. 2015), with maximum rates of up 34 

to 50 cm/km reported from a hydrodynamic modelling study in Florida’s mangroves (Zhang et al. 35 

2012). Although such local to regional observational and modelling studies play an important role in 36 

advancing our understanding of the role of tidal wetlands in storm surge risk mitigation, there are no 37 

upscaling studies yet that have explored the potential contribution of tidal wetlands to storm surge risk 38 

mitigation on a quasi-global scale. 39 

Our study aims to take a first step towards such a global assessment of the contribution of tidal 40 

wetlands to nature-based storm surge risk mitigation, by selecting 11 of the most populated deltas 41 

around the world. We present results from a GIS model based on globally available data and on 42 

relatively simple assumptions to define the storm surge mitigation function of tidal wetlands for low-43 

lying delta areas and populations.  44 
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Material and Method 1 

Study areas 2 

For the selection of the studied deltas, the world’s deltas were ranked according to their total 3 

population size as reported by Ericson et al. (2006). Starting from this list, the selection of the deltas 4 

was firstly based on the presence of tidal wetlands, then on the highest population, and lastly on their 5 

global distribution, so that at least one delta per continent (North America, South America, Europe, 6 

Africa, Asia and Australia) was selected (Table 1).  7 

Some deltas could not be included in the study due to the lack of data regarding the distribution of salt 8 

marshes as it is the case for the Pearl River delta in China.  9 

Table 1 Main characteristics and geographical distribution of the deltas selected for the study. A 10 
more extensive description of the deltas can be found in the Online Material. 11 

  

Country 
Tidal 

wetland type 

Population 

(Ericson et al., 

2006) 

Delta area as 

delineated in 

the study 

(km²) 

Tidal wetlands 

area within the 

delta (km²) 

Ganges-

Brahmaputra delta 
India/Bangladesh Mangrove 111,000,000 78,453.9 6,431.6 

Yangtze delta China Salt Marsh 42,100,000 61,251.9 121.1 

Mekong delta Vietnam Mangrove 20,200,000 50,135.2 1,540.4 

Chao Phraya delta Thailand Mangrove 13,700,000 19,177.3 174.3 

Irrawaddy delta Myanmar Mangrove 9,720,000 28,744.0 1,252.0 

Niger delta Nigeria Mangrove 3,730,000 16,714.8 5,646.6 

Amazon delta Brazil Mangrove 2,930,000 42,028.3 1,676.0 

Rhine delta The Netherlands Salt Marsh 1,940,000 9,139.9 40.0 

Mississippi delta USA Salt Marsh 1,790,000 36,894.3 6,014.3 

Mahakam delta Indonesia Mangrove 706,000 2,425.1 503.5 

Burdekin delta Australia Mangrove 5,800 1,441.4 129.7 

Datasets 12 

The following datasets were used. 13 

The land elevation is defined with the NASA Shuttle Radar Topography Mission (SRTM) 14 

Global 3 arc second V003 dataset (NASA JPL, 2013). The SRTM dataset is so far the best-known 15 

Digital Elevation Model (DEM) available at a global scale (Sun et al. 2003; Rodriguez et al. 2006). It 16 

is found to be more accurate in areas with small slopes, such as deltas, yet there can be errors due to 17 

reflection of the radar signal on vegetation canopies with an absolute vertical error up to 16 m 18 

(http://www2.jpl.nasa.gov/srtm/datafinaldescriptions.html)(Rodriguez et al. 2006; Sun et al. 2003). 19 

The tidal wetlands distribution is based on different types of datasets. The representation of 20 

mangroves is based on the Global distribution of mangroves from the United States Geologic Survey 21 

(USGS, www.unep-wcmc.org) (Giri et al. 2011). The distribution of salt marshes is a compilation of 22 

different country wide or continent wide datasets as the European Commission program Corine Land 23 

Cover of 2006 for Europe, the Geohabitats for Australia (Heap et al. 2001), the Classification of 24 

Wetlands and Deepwater habitats for the United States (Federal Geographic Data Committee 2013) 25 

and the Chinese wetlands mapping from Niu et al. (2009). 26 
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The storm surge height is taken from the DIVA database (Hinkel et al. 2014; Vafeidis et al. 1 

2005). It corresponds to the storm surge water level above mean sea level and is calculated by model 2 

simulations based on tidal levels, barometric pressures, wind speeds and sea bed slopes for return 3 

periods of 10, 100 and 1000 years. The DIVA database uses the coastline of the Digital Chart of the 4 

World (DCW, Environmental Systems Research Institute, ESRI, 2002) divided in segments based on 5 

administrative and environmental parameters (Vafeidis et al. 2005). To avoid inconsistencies due to 6 

differences in scale between the datasets (e.g. tidal wetlands on the seaward side of the DIVA 7 

coastline), the DIVA coastline was not directly used as the source of the flooding. Alternatively a 8 

‘flood source’, i.e. the coastline along the seaward delta front, is interpolated from a convex hull 9 

based on the land area (the latter is defined more below). The storm surge heights of the different 10 

segments stored in the DIVA coastline are then transferred to the flood source with a shortest 11 

Euclidean distance algorithm (for further information see the Online Material).  12 

The population distribution originates from the LandScan 2013 Global Population Database 13 

(Bright et al. 2013). It represents the population over a 30 arc second grid resolution and integrates the 14 

diurnal movements and collective travelling behaviour of the world population, i.e. the so-called 15 

“ambient population”, averaged over 24 hours (Dobson et al. 2000; Bright et al. 2013). The dataset of 16 

30 arc second resolution was resampled to a resolution of 3 arc second (to match the resolution of the 17 

SRTM land elevation dataset) based on the guidelines of the LandScan documentation (Bright et al. 18 

2013; UT BATTELLE LLC.). 19 

The extent of the world countries is the representation of the country boundaries as they exist in 20 

January 2015 and is available through the ESRI platform (ESRI, DeLorme Publishing Company, Inc., 21 

2015). Due to the fact that the borders of the different global datasets do not perfectly overlap (Lichter 22 

et al. 2011), the most seaward extent of the emerging land was defined by merging the extent of the 23 

world countries dataset and the tidal wetlands datasets, and this land extent is further referred to as the 24 

land area. 25 

The delta areas were delineated in accordance with spatial delineation of the deltas in other 26 

studies (e.g. Syvitski et al. 2009; Coleman et al. 2004). 27 

 The global datasets used present some limitations in regards to local data accuracy and local 28 

data artefacts. Such limitations may include vegetation artefacts in the SRTM dataset, the moderate 29 

resolution of the tidal wetlands datasets, or the static calculation of the storm surge height in the 30 

DIVA database. 31 

The resolution of all raster layers was converted to a 3 arc second grid based on the World Geodetic 32 

System 1984 ellipsoid, which corresponds to the resolution of the SRTM data grid. 33 

Model description 34 

The model simulates how a storm surge flood wave, entering a delta system from the seaward delta 35 

front, would be routed in a landward direction through the channels and over the potential floodplain 36 

of the delta, assuming that no artificial flood protecting structures like dikes or dams would be 37 

present. It is based on a GIS procedure developed in ArcGIS (10.3.1), and is similar to previously 38 

published procedures that assess the coastal areas and number of people vulnerable to storm surge 39 

flooding on regional to global scales (Arkema et al. 2013; Dasgupta et al. 2011). The model does not 40 

simulate the full complexity of hydrodynamic processes involved in flood propagation and therefore 41 

is not able to calculate accurate flood depths and absolute values of reduction in flood depth behind 42 
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tidal wetlands. Nevertheless, it has the major advantage to be globally applicable to make a relative 1 

comparison between delta systems around the world.  2 

Table 2 Rates of storm surge height attenuation across various tidal wetland types based on 3 

observations during storm surges over tidal wetlands areas or on models calibrated by 4 

observations 5 

Location 
vegetation 

type 
Event 

Attenuation 

rate (cm/km) 
Reference 

Southern Louisiana coastal marsh 
Compilation of 7 storms 

between 1909 and 1957 
1.6 - 20 

United States Army Corps of 

Engineers (2006) 

Louisiana 
marsh & open 

water 
Hurricane Andrew (1992), cat. 5 4.4 - 4.9 Lovelace (1994) 

Cameron Prairie, 

Louisiana 
marsh   Hurricane Rita (2005), cat. 3 10.0 

Wamsley et al. (2010) calculated 

with data from McGee et al. (2006) 

Sabine, Louisiana Marsh Hurricane Rita (2005), cat. 3 25.0 
Wamsley et al. (2010) calculated 

with data from McGee et al. (2006) 

Vermillion, Louisiana Marsh Hurricane Rita (2005), cat. 3 4.0 
Wamsley et al. (2010) calculated 

with data from McGee et al. (2006) 

Vermillion, Louisiana Marsh Hurricane Rita (2005), cat. 3 7.7 
Wamsley et al. (2010) calculated 

with data from McGee et al. (2006) 

Ten Thousand Island 

National Wildlife 

Refuge, Florida 

mangrove and 

interior marsh 
Hurricane Charley (2004), cat. 3 9.4 Krauss et al. (2009) 

Shark River (Everglades 

National Park) Florida 

riverine 

mangrove 
Hurricane Wilma (2005), cat. 3 4.3 - 6.9 Krauss et al. (2009) 

Ten Thousand Island 

National Wildlife 

Refuge, Florida 

mangrove  Hurricane Charley (2004), cat. 3 15.8 Krauss et al. (2009) 

Everglades National 

Park, Florida 
Mangrove 

Simulations validated with 

Hurricane Wilma (2005) 
20 - 50 Zhang et al. (2012) 

Everglades National 

Park, Florida 
no vegetation 

Simulations validated with 

Hurricane Wilma (2005) 
6 - 10 Zhang et al. (2012) 

 6 

The input data of the model is globally available GIS data presented above in combination with the 7 

storm surge attenuation rates derived from the range of values found in the literature (Table 2) for the 8 

three land cover types considered in this study (Table 3). The open water and channel areas are 9 

attributed a very low attenuation value of 0.1 cm/km (Table 3) assuming that the flood height 10 

attenuation by friction over these areas is small. For the tidal wetlands, the higher vegetation canopy 11 

of the mangroves is expected to exert more friction and to result in higher storm surge height 12 

attenuation (10 cm/km) than the lower vegetation of salt marshes (8 cm/km) (Table 3). The remaining 13 

land area within the delta is considered as a unique land cover type, without discrimination in urban, 14 

forested or agricultural areas. It is assumed to have an average attenuation rate of 6 cm/km (Table 3). 15 

This value is based on the literature for hydrodynamic modelling of storm surge propagation over 16 

coastal low land areas (table 2) and on the assumption of a lower attenuation rate over human-17 

developed land (typically dominated by agricultural land in deltas) than over natural wetlands. There 18 
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is much uncertainty about which precise values to use for these attenuation rates and how much they 1 

spatially vary. For this reason a sensitivity analysis was performed using a likely range of input values 2 

for the attenuation rates for these land cover types (see Table 3), showing that the model is relatively 3 

insensitive to it (see next section below). 4 

Table 3 Storm surge attenuation rates attributed to the three land cover types considered in the 5 

study and used for the sensitivity analysis 6 

Land cover type 
Attenuation rate 

(cm/km) 

Attenuation rates for the 

sensitivity analysis (cm/km) 

Open water and Channels 0.1  

Mangrove 

Salt Marsh 

10.0 

8.0 

5, 10, 15, 20, 30, 40, 50  

Remaining land 6.0 4, 6, 8, 10, 15, 20 

 7 

The model works as follows. A cost distance algorithm is applied over the delta to define the route 8 

that the storm surge follows during its landward propagation, i.e. the storm surge flood pathway. The 9 

cost distance algorithm defines the flood pathway between the flood source and every location (every 10 

pixel) of the delta system as the route where the traveling cost of the storm surge is the lowest based 11 

on the distance travelled and on the friction of the different land covers, or attenuation rates (Table 3). 12 

It then allocates the cost of traveling, i.e. the attenuation experienced by the storm surge, to every 13 

location. Subsequently, pixels where the resulting storm surge height is higher than the land elevation 14 

are considered at risk of flooding. The different steps of the model are presented for the example of 15 

the Ganges-Brahmaputra delta in India and Bangladesh (Fig.1). 16 

The model produces two main outputs for storm surge return periods of 10, 100 and 1000 years:  17 

(1) It identifies the areas within the delta, and the number of people living in those areas, that 18 

would be flooded via flood pathways crossing tidal wetlands. We assume that areas flooded 19 

via those routes would benefit more from nature-based attenuation of the storm surge, as 20 

compared to areas flooded via pathways that do not cross tidal wetlands. In order to select the 21 

pixels that are flooded or not flooded via tidal wetlands, two scenarios were compared. The 22 

first scenario represents the existing extent of tidal wetlands while the second scenario 23 

represents a situation where the tidal wetlands would be replaced by the remaining land cover 24 

type and its corresponding average attenuation rate (Table 3). Finally, all pixels with a higher 25 

storm surge attenuation for scenario 1 as compared to scenario 2 are identified as pixels 26 

having a storm surge pathway crossing tidal wetlands.  27 

 28 

(2) It identifies the length of the flood route crossing tidal wetlands as a proxy for the magnitude 29 

of nature-based storm surge flood risk mitigation. We assume that the longer the flood wave 30 

travels through tidal wetlands before it reaches inhabited land, the more that flood wave will 31 

be attenuated. This was done by dividing the difference in storm surge levels between the two 32 

scenarios by the difference in attenuation rates of the tidal wetlands and remaining land 33 

(Table 3).  34 

 35 
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 1 

Fig. 1 Maps of the Ganges-Brahmaputra delta illustrating the steps of the model. (a)Input data: topography of 2 
the delta (meters above mean sea level), area of the mangrove forest and location of the source of the storm 3 
surge. (b) Estimated flood-prone areas for a 1 in 100 year storm surge accounting for different storm surge 4 
attenuation rates over mangroves, open water and land area (Table 3), i.e. scenario 1. (c) Flood-prone areas 5 

with a flood pathway passing through the mangrove forest. (d) Mangrove forest length along the flood 6 
pathway for every pixel classified into the five distance classes 7 

Further, we introduced a measure for the relative magnitude of nature-based flood risk mitigation, 8 

which gives one value for the entire delta based on the length of the tidal wetlands along the flood 9 

pathways. This length is classified into distance classes i, which are classes of length of tidal wetlands 10 

along the flood pathway (see Table 4). The relative magnitude is calculated then in terms of land area 11 

(Mland) and population (Mpop) benefiting from nature-based flood risk mitigation from the following 12 

formula: 13 

𝑀 =  ∑
𝑁𝑖

𝑁
∗ 𝑊𝑖 14 

(1) 15 

Where M is the relative magnitude of the nature-based flood risk mitigation, Ni is the number of pixels 16 

or inhabitants in the distance class i, N is the total amount of pixels or inhabitants having a storm 17 

surge pathway crossing tidal wetlands and W is the weight of the distance class i (Table 4). The 18 

weight values follow a linear function based on the mean of each length class. 19 

 20 

 21 
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Table 4 Value of the weight (W) of each class of length of tidal wetlands along the flood pathway 1 

 

Distance 

class (i) 

Classes of tidal wetlands 

length along the flood 

pathway (m) 

Mean length of the 

distance class (m) 

Weight of the 

distance class (W) 

1 0 – 500 250 1 

2 500 – 1000 750 3 

3 1000 – 2000 1500 6 

4 2000 – 5000 3500 14 

5 > 5000 7500 30 

Sensitivity analysis 2 

As the range of values for storm surge attenuation over land cover types underlie a certain variability 3 

in the literature, a sensitivity analysis on the Ganges-Brahmaputra delta (India and Bangladesh), i.e. 4 

the largest delta in our study, was performed to assess the dependence of our results to the chosen 5 

attenuation rates. 6 

The tested parameters were the storm surge attenuation rate of the remaining land (4, 6, 8, 10, 15 and 7 

20 cm/km) and of the tidal wetland area (in this case mangrove forest) (5, 10, 15, 20, 30, 40 and 50 8 

cm/km) (Table 3).  9 

Results 10 

The results of the sensitivity analysis shows that the variation of the attenuation rates of the mangrove 11 

forest has a limited impact on the land area benefiting from storm surge mitigation by tidal wetlands, 12 

with averaged results of 1 812.60 km² ± 1.20 %; while the variation in the attenuation rates of the 13 

remaining land has a higher influence, with averaged results of 1 664.20 km² ± 12.80 % of land area 14 

benefiting from storm surge mitigation by tidal wetlands. 15 

In the model, we assume one single value for the attenuation rate of the remaining land area, which is 16 

a simplification of the reality, as it is expected that the use of different attenuation rates for different 17 

land use types (urban area, fields, forests...) would have an impact on the propagation of the storm 18 

surge.  19 

Nevertheless, the results of the sensitivity analysis suggest that the model output is robust in regards 20 

to the tested range of input values for the storm surge attenuation rates over the remaining land and 21 

tidal wetlands. 22 

The results presented here after are for storm surges with a return period of 1 in 100 years. The results 23 

for the other return periods can be found in the Online Material and show qualitatively similar results.  24 

Areas and populations benefiting from nature-based flood risk mitigation 25 

Fig. 2 shows for each delta the land area (i.e. excluding the wetland areas themselves) and the 26 

population benefiting from flood risk mitigation by tidal wetlands, both in absolute numbers and in 27 

percentages. The percentages are expressed relative to the total land area or total population at risk of 28 

flooding within each delta for the current situation (scenario 1), i.e. the flood-exposed land area or 29 

population. 30 

Considering the land area benefiting from flood risk mitigation by tidal wetlands, the response to the 31 

presence of tidal wetlands varies among deltas. In absolute numbers, the largest land areas buffered by 32 
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 1 

Fig. 2 Land surface area (left/blue) and number of people (right/red) benefiting from flood risk mitigation by tidal wetlands. The map represents the absolute land area 2 
(km²) or population (number of people) through the colour of the symbols, while the size represents the percentage of land area or population buffered by wetlands 3 

relative to flood-exposed land area or population 4 
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tidal wetlands are located in the Mekong (13 806 km²), Yangtze (9 229 km²) and Mississippi delta (4 1 

407 km²), while the Burdekin (71 km²) represents the smallest land areas benefitting from nature-2 

based flood risk mitigation (Fig. 3). Interestingly, this variation between deltas in total land area 3 

buffered by tidal wetlands is not correlated to the variation of the total tidal wetland area between 4 

deltas (Fig. 3, Pearson’s r = - 0.073, p = 0.83). For example, the largest wetland areas are found in the 5 

Ganges-Brahmaputra (6 432 km²), Mississippi (6 015 km²) and Niger delta (5 647 km²), but these 6 

deltas do not represent the largest land areas buffered by tidal wetlands (Fig. 3). In terms of relative 7 

percentages, the Ganges-Brahmaputra, the Irrawaddy, the Amazon and the Rhine deltas, have about 8 

15 to 20 % of their flood-exposed land area buffered by tidal wetlands. This percentage rises up to 9 

about 40 to 60 % for the Mekong, Burdekin and Yangtze deltas, while the other deltas present 10 

percentages of more than 80 % of the flood-exposed land area benefiting from flood risk mitigation 11 

by tidal wetlands. 12 

Fig. 3 (a) Relation between the land area benefiting from flood risk mitigation (km²) and the tidal wetlands 13 
surface area (km²) (Pearson’s r = - 0.073; p = 0.83), (b) Relation between the population benefiting from 14 

flood risk mitigation (inhabitants) and the tidal wetlands surface area (km²) (Pearson’s r = - 0.17, p = 0.61), 15 
for the 11 deltas studied 16 

A similar pattern is found for the population buffered by tidal wetlands. In absolute numbers, the 17 

deltas with the highest number of inhabitants buffered by tidal wetlands are the Yangtze (5 922 009 18 

inhabitants) and Mekong (4 602 641 inhabitants) delta, while the Burdekin delta is by far the delta 19 

with the lowest number of people (169 people) buffered by tidal wetlands. Also for the total 20 

population buffered by wetlands within a delta, there is no significant correlation to the total tidal 21 

wetland area within that delta (Pearson’s r = -0.17, p = 0.61). In relative percentages, the Ganges-22 

Brahmaputra, Irrawaddy, Amazon and Rhine deltas show the lowest percentages of flood-exposed 23 

population benefiting from flood risk mitigation by tidal wetlands (less than 20 %). The percentages 24 

of the Mekong, Burdekin, Yangtze and Mississippi deltas are of 25.4, 46.8, 49.1, and 58.1 % 25 

respectively, and the other deltas have more than 70 % of their flood-exposed population buffered by 26 

tidal wetlands, rising up to 98 % for the Mahakam delta. 27 

Relative magnitude of the nature-based storm surge flood risk mitigation 28 

The magnitude of the nature-based storm surge flood risk mitigation defined via the length of the 29 

flood pathway passing through tidal wetlands shows a large variability among deltas, with mean 30 

distances inside tidal wetlands ranging from 234 m to more than 2 km.  31 
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The comparison of the relative magnitude of nature-based flood risk mitigation is based on the 1 

magnitude M (eq. 1) in terms of land surface area (Mland) and delta population (Mpop) (Table 5). The 2 

magnitude is higher when a larger proportion of land area or population is buffered by a wider length 3 

of tidal wetlands. 4 

Table 5 Value of the relative magnitude of nature-based flood risk mitigation in term of land area 5 

(Mland) and population (Mpop) for every delta 6 

Delta 
 Mland 

Ranking 

Mland 
 Mpop 

Ranking 

Mpop 

Ganges-Brahmaputra delta 6.26 3 1.53 9 

Yangtze delta 1.07 11 1.02 11 

Mekong delta 2.70 8 2.41 5 

Chao Phraya delta 3.10 7 1.89 6 

Irrawaddy delta 3.62 6 1.62 8 

Niger delta 8.09 2 5.31 1 

Amazon delta 4.47 4 2.95 4 

Rhine delta 1.37 10 1.12 10 

Mississippi delta 9.26 1 1.86 7 

Mahakam delta 2.53 9 3.07 3 

Burdekin delta 4.37 5 4.42 2 

 7 

The relative magnitudes for land area range from 1.07 to 9.26 and for the delta population from 1.02 8 

to 5.31. Except for the Mahakam and Burdekin deltas, all the deltas present higher magnitudes in 9 

terms of land area than in terms of population. However, the degree of deviation between Mland and 10 

Mpop varies among the deltas (Table 5). The Mississippi, Ganges-Brahmaputra and Niger deltas 11 

present the higher differences, while the Chao Phraya, Amazon and Irrawaddy deltas have smaller 12 

differences and the Yangtze, Burdekin, Rhine, Mekong and Mahakam present the lowest differences 13 

between Mland and Mpop (Fig. 4). 14 
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 1 

Fig. 4 Relative magnitude of nature-based storm surge flood risk mitigation for every delta in terms of land area (left/blue) and of population (right/red)2 
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The comparison of the tidal wetlands area (km²) and the magnitude of flood risk mitigation for the 1 

land area (Fig. 5) shows a significant positive correlation (Pearson’s r = 0.89, p = 0.0003). For an 2 

increasing tidal wetland area the magnitude of flood risk mitigation for the land increases. The 3 

correlation between the tidal wetlands area (km²) and the relative magnitude of flood risk mitigation 4 

for the population is non-significant (Pearson’s r = 0.17, p = 0.61). 5 

Fig. 5 (a) Relation between the tidal wetlands surface area (km²) and the relative magnitude of nature-based 6 
flood risk mitigation for the terrestrial land area (Mland) (Pearson’s r = 0.88; p = 0.0003). (b) Relation 7 
between the tidal wetlands surface area (km²) and the relative magnitude of nature-based flood risk 8 

mitigation for the population (Mpop) (Pearson’s r = 0.17; p = 0.61) 9 

Discussion  10 

Although nature-based coastal risk mitigation is rapidly gaining interest in the face of global change 11 

(Temmerman et al. 2013; Cheong et al. 2013; Spalding et al. 2014; Sutton-Grier et al. 2015; Giosan et 12 

al. 2014), current insights into the role of tidal wetlands for storm surge risk mitigation are mainly 13 

based on local or regional scale assessments (Costanza et al. 2008; Das and Vincent 2009; Wamsley 14 

et al. 2010; Zhang et al. 2012; Krauss et al. 2009; Stark et al. 2015), and methodologies for 15 

intermediate to global scale assessments are scarce. Our study contributes to fill this gap by 16 

developing a GIS model assessing the impact of the presence of tidal wetlands along the storm surge 17 

flood pathway in deltas around the world. We applied the model on 11 deltas, selected based on their 18 

population density, the presence of tidal wetlands and a worldwide distribution. Our results indicate 19 

that tidal wetlands provide storm surge mitigation to large percentages of the flood-exposed land area 20 

(> 80 %) for 4 of the 11 studied deltas, and to large percentages of the flood-exposed population (> 70 21 

%) for 3 of the deltas. The land area and population buffered by tidal wetlands within a delta were not 22 

found to be correlated to the total wetland area in the delta, suggesting that more complex factors are 23 

at play, such as the spatial distribution of population within the delta, the delta geomorphology or the 24 

location of the tidal wetlands compared to the location of the population. The magnitude of the nature-25 

based storm surge risk mitigation, estimated as the length of the storm surge pathway crossing tidal 26 

wetlands, was found to be significantly correlated to the tidal wetlands area within a delta. The latter 27 

finding highlights the importance of the conservation and, where possible, restoration of extensive 28 

continuous tidal wetland areas as a nature-based approach to mitigate storm surge flood risks in 29 

deltas.  30 
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Our quasi-global modelling approach differs from the existing complex hydrodynamic models applied 1 

in local to regional studies, which incorporate physical mechanisms of storm surge generation on the 2 

open sea, landward surge propagation and attenuation of peak surge levels by friction exerted by the 3 

landforms and vegetation of tidal wetlands and other coastal land use types (Resio and Westerink 4 

2008; Wamsley et al. 2010; Zhang et al. 2012; Liu et al. 2013; Smolders et al. 2015; Haddad et al. 5 

2016; Stark et al. 2016; Marsooli et al. 2016). Such hydrodynamic modelling approaches are data-6 

demanding and computationally expensive, enabling their application on local to regional scales, but 7 

excluding their feasibility for application to many deltas worldwide. In contrast, our modelling 8 

approach is simple, computationally much less intensive, and based on input datasets that are globally 9 

available. As a first step, we demonstrated its applicability for 11 deltas, yet, the same approach is 10 

applicable to much more deltaic or non-deltaic areas around the world. The release of new global 11 

datasets is highly interesting, and such updated datasets should, when possible, be used in the future 12 

applications of our modelling approach. For example, there is the recently published global 13 

distribution of saltmarshes by McOwen et al. (2017) and the global dataset on storm surge levels by 14 

Muis et al. (2016). 15 

The results presented highlight that our relatively simple method based on globally available data of 16 

generally lower resolution than local data can provide an estimation of the tidal wetland’s capacity of 17 

risk mitigation at a regional scale. Nevertheless, despite the advantage of its intermediate to global 18 

applicability, our model, unlike hydrodynamic models, does not include parameters such as the 19 

complex geomorphology of the delta, the storm surge characteristics (such as storm intensity, 20 

duration, direction, forward moving speed) or the wetland characteristics (such as vegetation and 21 

geomorphic properties), making it unable to accurately predict the flooding extent, depth or duration 22 

as a result of a specific storm surge event.  23 

Hence, a direct comparison between hydrodynamic models and our GIS model is not very informative 24 

as the methods represent different conditions in their simulations. Hydrodynamic models are setup for 25 

specific storm surge characteristics, including specific wind velocity fields, storm track, duration etc., 26 

with typical output being among others the reduction of peak storm surge height due to the presence 27 

of tidal wetlands (Wamsley et al. 2010; Zhang et al. 2012). Whereas our GIS model is setup for 28 

‘statistical’ storm surge height of a given return period, neglecting the specific storm surge 29 

characteristics mentioned above, and aims to identify the land area and population that is exposed to 30 

flood risks via flood pathways crossing tidal wetlands and that will benefit from reduced flood risks 31 

due to the presence of the tidal wetlands. . Nevertheless, a number of qualitative conclusions derived 32 

from both modelling approaches are comparable, as discussed below.  33 

The analysis of the sensitivity of the model output to the variation of the input values for attenuation 34 

rates for the land area (1 664.20 km² ± 12.80 %) and for the tidal wetlands (i.e. mangrove forests) (1 35 

812.60 km² ± 1.2 %) reveals that the model is robust in regards to those parameters. The reason why 36 

the model output (i.e. the land area flooded via flood pathways crossing through tidal wetlands) is 37 

relatively insensitive to the wetland attenuation rates that are applied can be ascribed to two points. 38 

First, a main point explaining this low variation of the land area benefiting from storm surge 39 

mitigation by tidal wetlands is the continuity or connectivity of the tidal wetlands. A tidal wetland 40 

area dissected by channels, embayment and land areas will introduce a non-linear parameter in the 41 

reduction of the surge, as it will not only be related to the attenuation rate of the wetlands, but also to 42 

the pathway the flood can follow. Because a higher attenuation rate is applied for the wetlands 43 

compared to water and other land surfaces, the flood will preferably propagate over areas of lower 44 

friction, such as the channels and land areas. As a result, the area benefiting from flood risk mitigation 45 

by tidal wetlands is relatively insensitive to the range of attenuation rates that were applied in our 46 
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sensitivity analysis (5 to 50 cm/km), as channels and land areas in between wetland areas will remain 1 

the main pathways of flood propagation.    2 

The second point is related to the different land use classes. In the current design of the model, the 3 

land area is divided into two classes, the tidal wetlands and the other land area, whilst, the division of 4 

the land area into an increased number of classes (e.g. forests, urban areas, agricultural fields...) is 5 

expected to modify and refine the pathway of the storm surge in the delta area.  6 

Our analysis shows that there is no correlation between the surface area of the delta’s tidal wetlands 7 

and the land area benefiting from storm surge mitigation. This is corroborating the fact that even small 8 

wetlands can provide flood wave attenuation to large areas (Gedan et al. 2011). The comparison of the 9 

Ganges-Brahmaputra and the Chao Phraya deltas further illustrates this. The Ganges-Brahmaputra 10 

delta has a total surface area of tidal wetlands of 6 432 km² that provides flood risk mitigation to 1 11 

821 km² of the delta area. In comparison, the Chao Phraya delta has 174 km² of tidal wetlands and 1 12 

666 km² of land area benefiting from nature-based flood risk mitigation. The non-correlation between 13 

the wetlands surface area and the land area benefiting from storm surge mitigation can also be related 14 

to the effect of the tidal wetlands location in the delta and along the channels that is known to 15 

influence their capacity to mitigate storm surges (Smolders et al. 2015; Stark et al. 2015). Following 16 

the previous example of the Ganges-Brahmaputra and Chao Phraya deltas, the effect of the location of 17 

the tidal wetlands in the delta can be observed. Tidal wetlands of the Chao Phraya delta are more 18 

scattered and present along the main channels of the delta (see maps of the deltas in Online Material), 19 

which implies that they influence the propagation of the flood wave for a large part of the delta (1 666 20 

km²). In contrast, tidal wetlands of the Ganges-Brahmaputra delta are clustered, leaving some of the 21 

main channels, such as the ones running to Kolkata or Dhaka for example, exempt of tidal wetlands. 22 

Hence, the large tidal wetland area within the Ganges-Brahmaputra delta (i.e. the Sundarbans 23 

mangrove forest) provides nature-based flood risk mitigation to only a certain part (1 821 km²) of this 24 

large deltaic area. 25 

Nevertheless, the analysis shows a significant, positive correlation between the surface area of tidal 26 

wetlands and the magnitude of nature-based storm surge risk mitigation (Pearson’s r = 0.88, p-value = 27 

0.0003). This implies that a delta with a large and/or continuous surface area occupied by tidal 28 

wetlands will benefit from a higher magnitude of flood risk mitigation due to a longer width of tidal 29 

wetlands crossed by the flood pathway. This finding relates to several hydrodynamic studies that have 30 

identified the importance of wetland continuity for effective attenuation of storm surges (Phan et al. 31 

2015; Mcivor et al. 2012; Zhang et al. 2012; Loder et al. 2009).  32 

In addition, studies have pointed out that tidal wetlands dissected by deep and wide channels provide 33 

less storm surge attenuation than wetlands with narrow and shallow channels (Loder et al. 2009; Stark 34 

et al. 2016). On the large scale of a delta area, our results show similar effects of the dissection of the 35 

tidal wetlands by deltaic channels. A qualitative observation of the studied deltas shows that the deltas 36 

having the lower relative magnitude of nature-based risk mitigation are also the deltas having large 37 

channels dissecting the wetlands, as for example the Rhine or the Yangtze deltas. 38 

When a delta has a high value of land area benefiting from flood risk mitigation, like the 86 % of the 39 

Chao Phraya delta or the 95 % of the Mahakam delta, this does not necessarily imply a high 40 

magnitude of storm surge flood risk mitigation. The Mland of the Chao Phraya and Mahakam deltas are 41 

3.10 and 2.53 respectively, almost three times lower than the magnitude of the Mississippi or the 42 

Niger deltas. This means that although the Chao Phraya and Mahakam deltas have a high land area 43 

benefiting from flood risk mitigation by tidal wetlands, the magnitude of the mitigation is rather small 44 
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compared to the magnitude estimated for the Mississippi or Niger delta for which the flood pathway is 1 

crossing in general a longer width of tidal wetlands. 2 

Neither the absolute number of people buffered by tidal wetlands nor the relative magnitude of nature-3 

based storm surge mitigation in terms of population is correlated to the total tidal wetlands area in the 4 

delta, implying that other parameters must be considered. This may be attributed to factors such as the 5 

spatial population distribution and density, or the historical settlement of the population and their 6 

spatial relation to tidal wetlands. The Niger, Burdekin and Mahakam deltas have the population 7 

benefitting from the highest magnitude of storm surge risk mitigation in terms of population, with 8 

values of 5.31, 4.42 and 3.07 respectively. The tidal wetlands in those deltas are located in between 9 

the population and the sea and are present over the full extent of the coastline. They differ in 10 

population distribution, as the population of the Niger delta is distributed over the delta plain, while 11 

the population of the Mahakam and Burdekin deltas is concentrated in cities. However, the presence 12 

of tidal wetlands along the coastline and along either side of the channels is influencing the 13 

propagation of the flood pathway that crosses the tidal wetlands before reaching the population 14 

located behind. Those deltas are in contrast to other deltas, such as the Yangtze and Rhine deltas, 15 

where the channels are wider, with smaller tidal wetlands located only in some regions of the delta; or 16 

to the Ganges-Brahmaputra delta, where the tidal wetlands occupy a large portion of the delta, but a 17 

large part of the population is not located directly behind the wetlands resulting in a lower magnitude 18 

in term of population.  19 

Ranking the deltas according to the relative magnitude of storm surge mitigation in terms of land area, 20 

demonstrates that the deltas with the highest ranking are deltas where large tidal wetlands exist and 21 

where historic wetland reclamation and conversion into human land use has been limited, such as in 22 

the Mississippi, Niger and Ganges-Brahmaputra deltas (Table 5). In contrast, the deltas with the 23 

lowest ranking have experienced large scale historical wetland reclamation, such as in the Yangtze 24 

and Rhine delta. Hence, the difference in historical land use management of the deltas induces 25 

differences in the future management. Deltas with limited wetland reclamation and large remaining 26 

wetlands, such as the Mississippi, Niger and Ganges-Brahmaputra delta would benefit from investing 27 

in the conservation of their tidal wetlands as a nature-based strategy to mitigate storm surge flood 28 

risks, while deltas with extensive historical wetland reclamation, such as the Yangtze and Rhine 29 

deltas, should not only rely on hard engineering of flood defence structures but also invest in 30 

restoration of formerly reclaimed wetlands where possible. 31 
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1. Supplementary information on the deltas 13 

Ganges-Brahmaputra delta, India and Bangladesh 14 

 15 

Fig S1 Left: Topography and location of the tidal wetlands in the Ganges-Brahmaputra delta in India and 16 

Bangladesh. Right: Ambient population in the delta 17 

Yangtze delta, China 18 

 19 

Fig S2 Left: Topography and location of the tidal wetlands in the Yangtze delta in China. Right: Ambient 20 

population in the delta 21 



2 

 

Mekong delta, Vietnam 1 

 2 

Fig S3 Left: Topography and location of the tidal wetlands in the Mekong delta in Vietnam. Right: Ambient 3 

population in the delta 4 

Chao Phraya delta, Thailand 5 

 6 

Fig S4 Left: Topography and location of the tidal wetlands in the Chao Praya delta in Thailand. Right: 7 

Ambient population in the delta 8 

Irrawaddy delta, Myanmar 9 

 10 

Fig S5 Left: Topography and location of the tidal wetlands in the Irrawaddy delta in Myanmar. Right: 11 

Ambient population in the delta 12 
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Niger delta, Nigeria 1 

 2 

Fig S6 Left: Topography and location of the tidal wetlands in the Niger delta in Nigeria. Right: Ambient 3 

population in the delta 4 

Amazon delta,Brazil 5 

 6 

Fig S7 Left: Topography and location of the tidal wetlands in the Amazon delta in Brazil. Right: Ambient 7 

population in the delta 8 

Rhine delta, The Netherlands  9 

 10 

Fig S8 Left: Topography and location of the tidal wetlands in the Rhine delta in The Netherlands. Right: 11 

Ambient population in the delta 12 
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Mississippi delta, United States of America 1 

 2 

Fig S9 Left: Topography and location of the tidal wetlands in the Mississippi delta in the USA Right: Ambient 3 

population in the delta 4 

Mahakam delta, Indonesia 5 

 6 

Fig S10 Left: Topography and location of the tidal wetlands in the Mahakam delta in Indonesia. Right: Ambient 7 

population in the delta 8 

Burdekin delta, Australia 9 

 10 

Fig S11 Left: Topography and location of the tidal wetlands in the Burdekin delta in Australia. Right: Ambient 11 

population in the delta 12 
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2. Supplementary explanation on the DIVA dataset  1 

 2 

The DIVA coastline is based on the coastline of the Digital Chart of the World (DCW, 3 

Environmental Systems Research Institute, ESRI, 2002) and stores the values of storm surge height 4 

for every segment of the coastline and for several return periods.  5 

In the study, the origin of the storm surge was defined as a flood source (red line in Figure S12) 6 

and the value of the storm surge heights was transferred to this flood source via a Euclidean distance 7 

algorithm. The Euclidean distance algorithm delineated for every segment of the DIVA coastline its 8 

area of influence (thin black lines in Figure S12). Then, the flood source was segmented and the value 9 

of every segment corresponds to the value of the area of influence in which the segment is located.  10 

 11 

 12 

Fig S12 Representation of the DIVA coastline (blue), the flood source (red) and the areas of influence of every 13 

segment of the DIVA coastline (black lines).  14 
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3. Supplementary results for the 1 in 10 and 1 in 1000 year storm surges  1 

Table S1:  Results of the analysis for the three storm surge return periods, 1 in 10, 100 and 1000 year. The population corresponds to the number of people benefiting from 2 

flood risk mitigation by tidal wetlands. The percentage is calculated relative to the total number of people flooded in the case of the scenario 1, i.e. with the presence of 3 

the tidal wetlands. The surface corresponds to the square kilometers of land area (excluding the tidal wetlands area itself) benefitting from flood risks mitigation by the 4 

tidal wetlands. The percentage of surface area is calculated relative to the land area (excluding the tidal wetlands area itself) flooded in the case of the scenario 1.  5 

 6 

  

Population (number of people)  Population (relative %) Surface (km²) Surface (relative %) 

Delta Country 
1 in 10 

year 

1 in 100 

year 

1 in 1000 

year 

1 in 10 

year 

1 in 

100 

year 

1 in 1000 

year 

1 in 10 

year 

1 in 100 

year 

1 in 1000 

year 

1 in 10 

year 

1 in 

100 

year 

1 in 1000 

year 

Ganges-

Brahmaputra  

India and 

Bangladesh 1,114,765 1,322,735 1,541,264 16.3 16.8 15.4 1,538.7 1,820.9 1,538.7 19.0 19.5 19.0 

Yangtze  China 4,438,443 5,922,009 7,322,102 49.1 49.1 49.0 7,177.2 9,126.8 11,176.1 58.8 59.4 59.0 

Mekong  Vietnam 4,172,316 4,602,641 4,927,996 26.3 25.4 24.7 12,578.2 13,775.4 14,650.4 41.9 40.7 39.6 

Chao Phraya  Thailand 1,079,150 1,300,156 1,644,581 74.7 76.2 74.4 1,414.9 1,665.6 2,002.2 85.3 86.2 86.0 

Irrawaddy  Myanmar 223,766 274,041 293,823 9.7 9.5 8.9 1,593.2 2,022.8 2,163.0 17.4 17.3 16.3 

Niger  Nigeria 913,558 927,175 951,743 89.7 89.4 89.4 924.5 942.4 981.7 99.3 99.4 99.4 

Amazon  Brazil 44,289 45,286 46,663 12.3 12.2 12.5 1,832.7 2,109.4 2,373.4 17.4 17.6 18.1 

Rhine  The Netherlands 339,604 383,869 418,280 6.6 6.9 7.2 986.5 1,043.6 1,093.2 12.7 12.8 12.9 

Mississippi  USA 148,637 235,452 248,607 59.0 58.1 59.2 3,467.6 4,334.5 5,051.6 84.7 82.8 80.2 

Mahakam  Indonesia 175,773 238,500 240,363 98.4 98.0 97.7 375.6 525.2 553.7 94.8 94.3 94.7 

Burdekin  Australia 164 169 188 49.7 46.8 46.5 65.9 70.7 89.0 55.7 53.4 49.9 
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4. Supplementary analysis of the sensitivity of the model 1 

 2 

In order to compare the flood-exposed areas predicted by the GIS model and the areas that can be indeed 3 

flooding during flood events, the flooding extend of two cyclones were selected, the cyclone Sidr of 4 

November 2007 for the Ganges-Brahmaputra and the cyclone Nargis of May 2008 for the Irrawaddy 5 

delta. The result of this comparison shows that about 50 % of the areas that were flooded during those 6 

cyclone events are flood-exposed areas predicted by the model (Figure 2). While the model is not 7 

designed to predict the areas that are indeed flooded during specific flood events (which largely depends 8 

on the failure of flood protecting structures like dikes and dams present in both deltas), it is able to 9 

designate as flood-exposed areas those areas that indeed experienced storm surge flooding from specific 10 

cyclone events. It should be further noticed that, in the two deltas, the areas actually flooded by the 11 

cyclone events are a combination of flooding caused by both the storm surge and the rainfall driven 12 

fluvial floods, and the latter is not accounted for in our modelling approach.  13 

14 

 15 

Fig S13 Comparison of the delta’s flood-exposed areas predicted by the GIS model and the areas flooded during 16 

previous cyclone events for (a) the Ganges-Brahmaputra delta with the cyclone Sidr (15/11/2007) and (b) the 17 

Irrawaddy delta with the cyclone Nargis (02/05/2008).  18 


