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Abstract 
 

Increased water levels, erosion, salinity, and flooding associated with sea-level 

rise threaten coastal and wetland habitats of endangered waterbirds, sea turtles, monk 

seals, and migratory shorebirds. As sea-level rises the greatest challenge will be 

prioriti zing management actions in response to impacts. We provide decision makers 

with two solutions to adaptively manage the impacts of sea-level rise and apply these 

methods to three coastal wetland environments at KeǕlia National Wildlife  Refuge (south 

Maui), Kanaha State Wildlife Sanctuary (north Maui), and James Campbell National 

Wildlife  Refuge (north Oóahu).  Firstly, due to the low gradient of most coastal plain 

environments, the rate of sea-level rise impact will rapidly accelerate once the height of 

the sea surface exceeds a critical elevation.  We calculate a local sea-level rise critical 

elevation and joint uncertainty that marks the end of the slow phase of flooding and the 

onset of rapid flooding. This critical transition period provides an important planning 

target for achieving adaptive management.  Secondly, within highly managed coastal 

areas, landscape vulnerabili ty is related to the site-specific  goals of coastal stakeholders. 

We develop a threat-ranking process that defines vulnerabili ty from a management 

perspective by identifying those parameters that best characterize how sea-level rise will 

impact decision makerôs abili ty to accomplish mandated goals and objectives. We also 

provide maps of sea-level rise impacts for each wetland that characterize these two 

solutions as well as highlight the geographic distribution of potential vulnerabilities. The 

tools developed here can be used as a guide to initiate and implement adaptation 

strategies that meet the challenges of sea-level rise in advance of the largest impacts. 
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Chapter 1 

INTRODUCTION  

Accelerated sea-level rise (SLR) due to climate change threatens coastal 

communities and natural resources worldwide.  It is estimated that 20% of the worldôs 

wetlands may be lost to SLR by the year 2080 (Nicholls 2004).  The major impacts of 

SLR to coastal wetlands include habitat change and loss due to increased pond water 

levels and salini ty, coastal erosion (Romine et al. 2013), wave overtopping (Vitousek et 

al. 2009), and increased frequency and severity of extreme high water events (Tebaldi et 

al. 2012). 
 

To date, the majority of insular SLR vulnerabili ty research has focused on 

summarizing impacts at a global scale (e.g. Wetzel et al. 2012; Bellard et al. 2013). Few 

studies have examined the consequences of SLR on the local biodiversity of low- 

elevation island ecosystems (Reynolds et al. 2012).  Working closely with coastal 

stakeholders in Hawaiói we developed tools to guide the prioriti zation of conservation 

actions and initiate decision to adaptively manage SLR impacts. 
 

Spatial var iability of SLR  
 

Before we can begin developing strategies to adaptively manage SLR impacts, we 

must first understand the physical factors that drive SLR. SLR projections and current 

rates are often described in a global context, however in reali ty there are spatial variations 

of SLR superimposed on a global average rise (Sallenger et al. 2012).  Local or relative 

sea-level depends upon a number of different factors including changes in terrestrial ice 

mass (e.g. melting of glaciers and ice sheets), changes ocean temperature, and glacial 

isostatic adjustment (GIA). 
 

As glaciers and ice sheets melt, they directly add fresh water to the ocean 

increasing sea-level.  Due to gravitational forces, land ice attracts ocean water and when 

it melts the gravitational attraction of the ice sheet weakens decreasing the relative sea- 

level near the ice in the polar regions and increasing sea-level in the far field near the 

tropics (Spada et al. 2013).  Recent studies show that all alpine glacial regions as well as 

the Antarctic and Greenland ice sheets are losing mass (Figure 1.1; Figure 1.2) (Gardner 

et al. 2013; Rignot et al. 2011). 
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Figure 1.1. Total ice sheet mass balance (dm/dt) between 1992 and 2009 for Greenland 

and Antarctica (Rignot et al. 2011). The acceleration in ice sheet mass balance measured 

in gigatons per year squared is noted in the figure above. 
 
 

 

 
 

Figure 1.2.  Regional glacier mass budgets and areas (Gardner et al. 2013).  Red circles 

show 2003-2009 regional glacier mass budgets, and light blue/green circles show 

regional glacier areas with tidewater basin fractions (the extent of ice flowing into the 

ocean) in blue shading.  The 95% CI in mass change estimates is represented by peach 

but is visible only in regions with large uncertainties. 
 
 

 
Increases in atmospheric temperature warm seawater, increasing its volume and 

subsequent sea-level, a process known as thermal expansion.  Climate models predict that 
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even if greenhouse gas emissions cease rising and some excess CO2 is removed from the 
atmosphere, SLR will persist for many centuries due to thermal expansion of deep ocean 
water (Meehl et al. 2012). 

 

GIA is the response of the Earthôs crust to changes in ice mass throughout the last glacial 

cycle.  Approximately 20,000 years ago during the last glacial maximum large portions  

of the northern hemisphere were covered by continental glaciers, which caused a 

redistribution of Earthôs internal mass and surface (Slangen et al. 2012).  As the ice began 

to melt there was a delayed (viscoelastic) response of the lithosphere that continues to 

this day. 
 

In addition to changes in ice mass, ocean responses, and GIA, local subsidence also plays 

a role in sea-level variabili ty among the Hawaiian Islands.  Along the Hawaiian 

archipelago variabili ty in long term SLR rates may be related to variations in lithospheric 

flexure with distance from the actively growing Hawaiói Island (Moore 1987) and/or 

decadal variations in upper ocean water masses (Caccamise et al. 2005). A general trend 

of decreasing SLR rates is observed to the northwest from the younger islands of Hawaiói 

and Maui (Hawaiói: 3.27 ± 0.7 mm/yr, and 2.32 ± 0.53 mm/yr resp.) towards Oóahu 

(Oóahu: 1.50 ± 0.25 mm/yr) (http://tidesandcurrents.noaa.gov) (Figure 1.3). Hawaiói 

Island experiences a SLR rate comparable to the global average (3.2 ± 0.4 mm/yr) 

recorded by satellite data from 1993 to 2009 (Church and White 2011). 
 

 

Figure 1.3.  Mean sea-level trends recorded at Hawaiói tide stations (modified after 

Romine et al. 2013). 
 

Current SLR models 
 

The spatial variabili ty of end of the century sea-level has been modeled by two regional 

SLR models.  A coupled global circulation model predicts that under scenarios of rapid 

melting Central Pacif ic sea-level by the end of the century will be 1.12-1.17 m above 

present (Slangen et al. 2012) (Figure 1.4). A second regional model by Spada et al. 

(2013), improves upon terrestrial ice mass estimates and concludes that terrestrial ice 

mass is the main source of SLR rather than the ocean response as modeled by Slangen et 

al. (2012).  Considering terrestrial ice mass and ocean response contributions to SLR, a 

mid-range model predicts an end of century sea-level increase of 0.5-0.75 m and the high 

end model predicts an increase of 1.0-1.5 m for the Central Pacific  (Spada et al. 2013). 

The value of regional SLR models is that they allow us to infer the Hawaiian Islands 

departure from the global average. Yet it has been argued that regional SLR models are 

not yet ready for direct use because they fail to capture observed local weather patterns, 
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local subsidence, produce inconsistencies among projections, and are not associated with 

a SLR curve from which we can produce yearly SLR values (Tebaldi et al. 2012). 
 
 

 

 
 

Figure 1.4. Mean seasonal sea-level anomaly (m) with respect to a global mean regional 

sea-level change of 1.02 m for the year 2100 (Slangen et al. 2011). Sea-level in Hawaiᾶi 

is predicted to be 0.1-0.15 m above the global average, corresponding to a 1.12-1.17 rise 

in total sea-level. 
 
 

 
Regional models provide insight into the spatial variabili ty of SLR, however we apply 

global SLR rates to Hawaiói because regional models fail to capture observed local 

weather patterns, local subsidence, produce inconsistencies among projections (Tebaldi et 

al. 2012), and map SLR for only one point in time. 
 

A number of global SLR estimates have been created for the year 2100 and beyond using 

physical modeling (e.g.: Slangen et al. 2012, Spada et al. 2013), semi-empirical methods 

(eg: Vermeer and Rahmstorf 2009; Jerejeva et al. 2012), and expert judgment assessment 

(NRC 2012; Bamber and Aspinall 2013; Horton et al. 2014) (Table 1.1). Semi-empirical 

and expert judgment methods serve as alternatives to models based on physical processes 

because dynamic systems such as ice sheets are not yet fully understood (IPCC, 2007; 

Vermeer et al. 2012).  In particular the semi-empirical method of Vermeer and Rahmstorf 

(2009) offers a unique solution for the position of future sea-levels by providing yearly 

global values for multiple economic emission scenarios.  Vermeer and Rahmstorf (2009) 

compute mean sea-level curves and associated uncertainty (1ů) bands across the 19 

climate models used in the Intergovernmental Panel on Climate Change (IPCC) fourth 

assessment report (AR4) (2007) . The robustness of Vermeer and Rahmstorfôs (2009) 

projections of future SLR are documented by Rahmstorf et al. (2011). 
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Table 1.1 Global sea-level (m) estimates for the year 2100 based upon expert judgment 

assessment, semi-empirical methods, and physical modeling methods. 
 

 
 

Expert judgment assessment 

 
 

Semi-empirical 

 
 

Physical (Ocean coupled model) 

National 

Research 

Council 

(NRC 

2012) 

 

Bamber 

and 

Aspinall 

(2013) 

 

 
Horton et 

al. (2014) 

 

Vermeer 

& 

Ramstorf 

(2009) 

 

 
Jerejeva 

(2010) 

 
*Slangen 

et al. 

(2012) 

 

 
*Spada et 

al. (2013) 

 

IPCC 

AR5 

(Church et 

al. 2013) 
 

0.5 - 1.4 
0.33 ï 
1.32 

 

0.6 ï 1.2 
 

0.75 - 1.9 
 

0.6-1.9 
1.12 ï 
1.17 

 

0.5 ï1.5 
 

0.26 -0.98 

*Central Pacific sea-level estimate.  All other SLR projections are global estimates. 
 

 
The IPCCôs fifth assessment report (AR5) released in September 2013 builds upon AR4 

and incorporates new evidence of climate change, including SLR data (IPCC 2013). 

Improved understanding of the physical components of SLR, better agreement among 

process-based models with observations, and improved modeling of land-ice 

contributions has resulted in more robust SLR predictions. A new set of scenarios, the 

Representative Concentration Pathways (RCPs) was used to model climate for the end of 

the 21
st 

century (2081-2100) relative to 1986-2006.  AR5 predicts that global mean SLR 

for 2081-2100 will likely be in the range of 0.26-0.55 m for the best case scenario 

(RCP2.6) and 0.45 to 0.82 m for the worst case scenario (RCP8.5). By the end of the 

century RCP8.5 projects a 0.98 rise in global mean sea-level. 
 

In this study we provide decision makers with two solutions to adaptively manage the 

impacts of SLR and apply these methods to three coastal wetland environments at KeǕlia 

National Wildlife  Refuge (south Maui), Kanaha State Wildlife  Sanctuary (north Maui), 

and James Campbell National Wildlife  Refuge (north Oóahu). Chapter two of this 

dissertation presents a method by which we calculate a local SLR criti cal elevation and 

joint uncertainty that marks the end of the slow phase of flooding and the onset of rapid 

flooding. This criti cal transition period provides an important planning target for 

achieving adaptive management.  Secondly, in chapter 3 we develop a threat-ranking 

process that defines vulnerabili ty from a management perspective by identifying those 

parameters that best characterize how SLR will impact decision makerôs abili ty to 

accomplish mandated goals and objectives. 
 

The methodologies used here are flexible and may be applied to new SLR models as 

global and regional projections improve. Based upon the quali ty of projections available 

relative to the timing of this project we apply Vermeer and Rahmstorfôs (2009) 

projections to the methods of chapter 2, and the IPCC AR5 projections to chapter 3. 
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CHAPTER 2 
 

DECISION-MA KERS FACE A ñCRITI CAL ELEVATIO Nò OF 

FLOODING DUE TO SEA-LEVEL RISE 
 

Haunani H. Kane, Charles H. Fletcher, Neil  L. Frazer, and Matthew M. Barbee 
 

Abstract 
 

Coastal strand and wetland habitats are intensively managed to restore and maintain 

populations of endangered species. However, sea-level rise (SLR) threatens the work of 

wetland and coastal managers because coastal erosion, salt-water intrusion, and flooding 

degrade critical habitats. Because habitat loss is a measure of the risk of extinction, 

managers are keen to receive guidelines and other tools to reduce the risk posed by SLR. 

Due to the low gradient of most coastal plain environments, the rate of SLR impact will 

rapidly accelerate once the height of the sea surface exceeds a critical elevation. Here we 

develop this concept by calculating a SLR critical elevation and joint uncertainty that 

distinguishes between slow and rapid phases of flooding at three coastal wetlands on the 

Hawaiian islands of Maui and Oóahu. Using high resolution LiDAR digital elevation 

models (DEMs) we map and rank areas flooded from high (80%) to low (2.5%) risk 

based upon the percent probabili ty of flooding under the B1, A2, and A1Fl economic 

emissions scenarios. Across the critical elevation, the area of wetland (expressed as a 

percentage of the total) at high risk of flooding under the A1Fl scenario increased from 

21.0% to 53.3% (south Maui), 0.3% to 18.2% (north Maui), and 1.7% to 15.9% (north 

Oóahu). At the same time, low risk areas increased from 34.1% to 80.2%, 17.7% to 

46.9%, and 15.4% to 46.3%, resp. These results indicate that the critical elevation of SLR 

may have already passed (2003) on south Maui, and that decision makers may have 

approximately 37 years (2050) on North Maui and Oóahu to conceive, develop, and 

implement adaptation strategies that meet the challenges of SLR in advance of the largest 

impacts. 
 

Int roduction 
 

Few studies have examined the consequences of SLR on the biodiversity of low-elevation 

island ecosystems (Reynolds et al. 2012).  Hawaiói, the most isolated island group, is a 

hotspot for unique organisms, and comprises the greatest number of endangered species 

of any state in the United States (U.S.) (Dobson et al. 1997).  Increased water levels, 

erosion, salini ty, and flooding associated with SLR threatens the habitats of endangered 

waterbirds, sea turtles, Hawaiian monk seals, and migratory shorebirds. In addition, many 

coastal wetlands are used for subsistence fish farming as well as taro (Colocasia 

esculenta) agriculture, which, in cultural practice, is believed to be the original ancestor 

of the Hawaiian people. 
 

In comparison to the continental U.S., the management of Pacific  Island wetlands is fairly 

new.  In 2011 a series of Comprehensive Conservation Plans were published for each of 

the Hawaiian Islandsô national wildlife refuges (U.S. Fish and Wildlife Service 2011a, 

2011b). These documents serve as the fi rst attempt by local wetland managers to plan for 

the potential impacts of climate change. 
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Planning for the risks of SLR is challenging because impacts arenôt immediately 

observable (Gesch 2009) on the timescales that wetlands are typically managed. The 

majority of regional and global SLR predictions are projected for the year 2100 (e.g. 

Slangen et al. 2012; Spada et al. 2013; Vermeer and Rahmstorf 2009) and beyond (e.g. 

Jevrejeva et al. 2012; Meehl et al. 2012; Schaeffer et al. 2012), which exceeds the 

standard 15-year planning horizon of the Hawaiói wetland refuge system.  Predicting SLR 

impacts on timescales of less than a century is largely limited by the uncertainty 

associated with global SLR projections (Church and White 2011) and the vertical 

uncertainty of topographic data used to create SLR vulnerabili ty maps (Cooper et al. 

2013b). 
 

The objective of this study is to develop a methodology that identifies the onset of 

greatest impacts related to SLR. Our results provide a physical process-based planning 

horizon useful by decision-makers who are developing management strategies to meet 

the challenges of climate change.  Our methodology supplements the typical 15-year 

planning timeframe with an estimate of when the greatest impacts related to SLR will 

occur. This approach will  allow future generations to form flexible adaptation 

management plans based on prioriti zed (and changing) habitat needs as sea level rises. 
 

For most coastal plain environments the rate of impact due to SLR flooding will rapidly 

accelerate once the height of the sea surface exceeds a critical elevation. Using a 

hypsometric model (Zhang 2011; Zhang et al. 2011) we identify the criti cal elevation 

marking the end of slow flooding and the onset of rapid flooding.  Mapping each phase of 

flooding and establishing the chronology of impacts provides wetland decision-makers 

with valuable information about the height of sea-level that will produce the onset of the 

greatest innundation and the timeframe for which the bulk of wetland assets may be 

threatened. 
 

Mapping SLR vuln erability  
 

One way of communicating the risk of SLR is to map low lying areas using high 

resolution light detection and ranging (LiDAR) digital elevation models (DEMs). SLR 

inundation maps are created by ñfloodingò those raster DEM cells that have an elevation 

at or below a given modeled sea surface height (Gesch 2009). 
 

Previous studies have considered only marine sources of inundation by mapping DEM 

cells that are hydrologically connected to the ocean through a continuous path of adjacent 

flooded cells (Gesch 2009; Poulter and Haplin 2008).  Here, we consider both marine and 

groundwater inundation (Cooper et al. 2013a) because marine inundation alone 

underestimates SLR impacts (Rotzoll and Fletcher 2012) and does not account for rising 

groundwater tables (Bjerklie et al. 2012). 
 

This is a reasonable assumption as water table elevations in coastal settings sit typically 

above mean sea-level (MSL) and are highly correlated with daily tides and other sources 

of marine energy (Rotzoll et al. 2008, Rotzoll and Fletcher 2012).  In addition many of 

Hawaióiôs wetlands are located just inland of a narrow coastal strand and are dependent 

upon natural or pumped groundwater sources to maintain pond water levels (Hunt and De 

Carlo 2000; U.S. Fish and Wildlife Service 2011a, 2011b). 
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For the purpose of this study we apply Vermeer and Rahmstorfs (2009) global SLR 

scenarios to assess the impacts of SLR flooding upon Hawaiian coastal ecosystems.  The 

SLR curves provided by this model enable decision makers to correlate impacts of slow 

and rapid phases of flooding with a sea-level height and time.  We encourage managers to 

plan for three scenarios of future sea-level.  The B1 (1.04 m by 1200), A2 (1.24 m), and 

A1FI (1.43 m) scenarios encompass the range of SLR projections forecast by regional 

models (e.g., Spada et al. 2013) for Hawaiói by the end of the century. The methodology 

used here may be applied to new SLR models as global and regional projections improve. 
 

Methods 
 

We study three coastal wetlands in Hawaiói: 1) James Campbell National Wildlife  Refuge 

(north Oóahu), 2) Kanaha Pond State Wildlife Sanctuary (north Maui), and 3) KeǕlia 

Pond National Wildlife  Refuge (south Maui; Figure 2.1). All three wetlands are 

intensively managed throughout the year to restore and maintain self-sustaining 

populations of endangered waterbirds including the Hawaiian Coot (Fulica alai), 

Hawaiian Moorhen (Gallinula chloropus sandvicensis), Hawaiian Stilt (Himantopus 

mexicanus knudseni), and the Hawaiian duck (Anas wyvilliana; U.S. Fish and Wildlife 

Service 2011c). 
 
 

 

 
 

Figure 2.1. SLR impacts were assessed for James Campbell National Wildlife Refuge 

(north Oóahu), Kanaha Pond State Wildlife  Sanctuary (north Maui), and KeǕlia Pond 

National Wildlife  Refuge (south Maui). 
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Springs, rainfall, and runoff feed these wetlands, however during the dry season 

managers may supplement pond water levels with additional sources of groundwater. 

Unlike temperate salt marshes, Hawaióiôs coastal wetlands are microtidal, largely isolated 

from the ocean, and sediment sources include eolian dust, intermittent stream flooding 

during the wet season (October-April), and internally produced organic solids (U.S. Fish 

and Wildlife  Service 2011a). 
 

With the exception of narrow ocean outlet ditches at all three, the study sites are buffered 

from marine impacts by 2-4 m sand dunes and a narrow coastal strand.  Depending upon 

the coastal strand for critical habitat are native plants, the endangered Hawaiian monk 

seal (Monachus schauinslandi), the threatened Hawaiian green sea turtle (Chelonia 

mydas), and migratory seabirds during winter months. 
 

Data processing 
 

The U.S. Army Corps of Engineers (USACE) collected airborne LiDAR data for James 

Campbell and Kanaha during January and February 2007. USACE metadata reports an 

average point spacing of 1.3 m and a vertical accuracy of better than + 0.20 m (1s). 

Airborne 1 collected LiDAR for KeǕlia in 2006 for the Federal Emergency Management 

Agency (FEMA) and reports average point spacing close to 0.30 m and an RMSEz of 
0.18 m (Dewberry 2008).  For the purpose of this study we assume the RMSEz and 1 
are equivalent (NOAA 2010).  LiDAR data were collected in geographic coordinates and 
ellipsoid heights relative to the North American Datum of 1983 (NAD83) and converted 

to orthometric heights using the Geiod03 model.  These heights were adjusted to MSL 

based upon a 2006 epoch for the USACE dataset and a 2002 epoch for the FEMA 

dataset.  Last return features, or bare earth LiDAR were converted from LAS format to 

ESRI shapefile format and reprojected to Universal Transverse Mercator (UTM) zone 4 

North. 
 

Triangular irregular networks (TINs) were derived from the processed and filtered 

LiDAR point data for each study area.  To identify areas where point density poorly 

characterizes coastal morphology, a distance of 20 m (maximum edge length) was used to 

constrain the TIN extents.  A 2 m horizontal resolution DEM was interpolated from each 

TIN using the nearest neighbor method to represent the corresponding bare earth 

topography. 
 

Critical elevation 
 

We use a land area hypsometric curve (Zhang 2011; Zhang et al. 2011) to identify a 

critical elevation and characterize the rate of flooding based upon local topography 

(Figure 2.2).  We adhere closely to NOAA Coastal Services Center Coastal Inundation 

Toolkit Mapping Methodology (accessed at 

http://www.csc.noaa.gov/slr/viewer/assets/pdfs/Inundation_ Methods. pdf) and use 

DEMs to model the area flooded as sea-level is increased from 0-5.0 m. 

http://www.csc.noaa.gov/slr/viewer/assets/pdfs/Inundation_
http://www.csc.noaa.gov/slr/viewer/assets/pdfs/Inundation_
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Figure 2.2  Land area hypsometric curves at Kanaha (a), James Campbell  (b), and KeǕlia 

(c).  The x-axis represents elevation (m) above MHHW. The y-axes represent total 

percent area at or below a corresponding sea-level value, and area (km
2
) inundated as 

sea-level rises in 0.2 m increments.  Temporal uncertainty of the critical elevation (d) is 

based upon the uncertainty of SLR projections alone (dashed lines) and the joint 

uncertainty of SLR projections and topography (shaded region). 
 
 
 

Following the methodology of Cooper et al. (2013a) and due to the lack of a North 

American Vertical Datum of 1988 (NAVD 88) for Hawaiói, we map MSL values upon 

the 19-year epoch value of mean higher high water (MHHW) at the Honolulu tide gauge 

for James Campbell and at the Kahului tide gauge for Kanaha and KeǕlia to assess 

flooding at high tide (accessed at tidesandcurrents.noaa.gov). The hypsometric curve 

depicts the additional area that is flooded (dA) as sea-level is increased in increments of 

0.20 m (this interval was chosen because it approximates the LiDAR vertical 
uncertainty). Combined with the SLR projection it gives the speed (dA/dt) and 

acceleration of flooding (d
2
A/dz

2
). 
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dɛ (t  ) t 

= 

The critical elevation is identified at the sea-level at which d
2
A/dz

2 
is a maximum. For a 

linear rise in sea-level with time, the critical elevation separates flooding into a slow 

phase (relatively low dA/dt) and a fast phase (relatively high dA/dt). To determine the 

temporal uncertainty of each flooding phase we create a mixture distribution SLR curve 

from Vermeer and Rahmstorfôs (2009) B1, A2, and A1FI SLR curves.  The B1 (1.04 m 

by 2100), A2 (1.24 m), and A1FI (1.43 m) economic emission scenarios address how 

future global sea-level may change under different social, economic, technological, and 

environmental developments (IPCCC 2007). Assuming each scenario SLR curve is 

evenly weighted and normally distributed we calculate the total mean (         and variance 

(         ) of the final SLR curve respectively: 
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From the SLR curve we calculate the temporal uncertainty of the critical elevation based 

upon SLR projections alone (    ) and SLR projections and topography (         .  This 

analysis allows us to determine whether incorporating hypsometry into management and 

planning makes a quantifiable difference. 
 
 
 

ůs (tT ) 
ts dɛs (tT ) 

dt 

 
(2.3) 

 
 

 
 

ů (t  )
2 
+ů  (t  )

2 

ů = 
s    T Z    T 

s+z 
  s    T   

dt 

 
(2.4) 

 
 
 

Mapping the r isk of flooding 
 

We account for the uncertainty of SLR projections and LiDAR data in our SLR flood 

maps using a combination of several existing standards.  Areas of high (80-100% 

probabili ty), moderate (50-100% probabili ty), and low (2.5-100% probabili ty) risk are 

mapped using cumulative percent probabili ty.  The 80% probabili ty contour identifies 

high confidence flood areas (NOAA 2010), whereas the 50% rank maps the area flooded 

by the predicted sea-level value alone. Gesch (2009) and the National Standard for 
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Spatial Data Accuracy (FGDC 1998) recommend the use of the linear error at the 95% 

confidence level (1.96 x RMSEz) to identify additional areas that may be inundated at 

time t. The 2.5% rank used in this study to identify low risk areas equates to a standard- 
score of 1.96 when a cumulative or single tail approach is used (NOAA 2010). 

 

To assess the percent probabili ty that a location (x,y) will be inundated at time t we 

adhere closely to NOAA (2010) and Mitsova et al. (2012). For each economic scenario a 

2 m horizontal resolution raster is created to calculate the expected height above MHHW 

(    ) at time t.  We take the difference between the projected sea-level value above 

MHHW (   ) and the DEM elevation (   ): 
 
 
 

ɛh =ɛs -ɛz (2.5) 
 
 
 

To account for the uncertainty (   ) associated with an areaôs expected height above 

MHHW we combine two random and uncorrelated sources using summing in quadrature 

(Fletcher et al. 2003): SLR model uncertainty (   ) and LiDAR vertical uncertainty (   ). 
 
 

 
(2.6) 

 

 
 
 

The SLR model uncertainty reflects a semi-empirical characterization of the physical link 

between climate change and SLR, and the LiDAR uncertainty is a measure of the vertical 

accuracy of the LiDAR points to represent the corresponding bare earth topography.  A 

second surface is created to represent the standard-score (SSXY) or the number of 

standard deviations a value falls from the mean. 
 
 
 

SS = 
ɛh
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The standard-score raster is reclassified to a percent probabili ty raster by means of a look-

up table assuming normally distributed errors.  Under each phase of SLR, we map and 

calculate the percent area with low, moderate, and high risk of flooding for the B1, 

A2, and A1FI scenarios.  Re-engineered areas such as the diked ponds at James Campbell 

are not included in this analysis. 
 

Results and Discussion 
 

Defining a critical elevation 
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We identify a critical elevation that separates flooding into a slow and fast phase based 

upon the local topography of three coastal wetlands. The critical elevation of KeǕlia is 

defined at 0.2 m and is predicted to be exceeded by the year 2028 + 25 years (Figure 2.2). 

Kanaha and James Campbell study areas are located at a slightly higher elevation 

resulting in a critical elevation of 0.6 m which will be reached by 2066 + 16 years. 
 

We acknowledge that the timeframe of exceedance for the critical elevation is quite large 

and is mostly a reflection of the quali ty of currently available data.  To determine the 

critical elevation we deal with two sources of uncertainty; the uncertainty of the SLR 

model used to correlate sea-level with time, and the uncertainty of the LiDAR data used 

to identify and map the critical elevation.  The large LiDAR uncertainty proves to be a 

major limiting factor.  In comparison to considering SLR model uncertainty alone, 

accounting for the joint uncertainty of both datasets increases the temporal component of 

the critical elevation from + 5 years to + 25 years at KeǕlia and + 9 years to + 16 years at 

James Campbell and Kanaha.  As SLR projections and topographic datasets improve, the 

methods used in this study can be employed with greater confidence. 
 

Mapping SLR i mpacts for slow and fast phases of flooding 
 

Here we find the slow phase of flooding is defined from present to 2028 + 25 years 

(critical elevation = 0.2 m) at KeǕlia, and from present to 2066 + 16 years (0.6 m) at 

Kanaha and James Campbell (Figure 2.3, 2.4, 2.5). To assist decision makers in 

prioriti zing SLR impacts we map flooded areas of high, moderate, and low risk. Due to 

the similarity of SLR curves during the slow phase, all three economic scenarios agree 

that there is a moderate risk of 24.1% of KeǕlia, 2.8% of Kanaha, and 4.3% of James 

Campbell being flooded (Table 2.1).  High and low risk areas encompass 21.0-34.1% of 

KeǕlia respectively, 0.3- 17.7% of Kanaha, and 1.7-15.4% of James Campbell. The slow 

phase of flooding represents the onset of vulnerabili ty as SLR increases coastal erosion, 

and the extent and frequency of storm surges. Al though initial percent area impacts may 

appear small, threatened areas include the majority of the coastline, and inland wetland 

environments at James Campbell and KeǕlia (Figure 2.3.). 
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Figure 2.3.  A1FI SLR risk comparison for slow (left column images) and fast phases of 

flooding at Kanaha (a-b) James Campbell  (c-d), and KeǕlia (d-e). 
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Figure 2.4.  A2 SLR risk comparison for slow (left column images) and fast phases of 

flooding at Kanaha (a-b) James Campbell  (c-d), and KeǕlia (d-e). 










































