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This studio examines the escalating threat of 
climate change in the Delaware River Basin in 
order to highlight its regional consequences 
and inform policy and design interventions. 

By modeling the effects of sea level rise, 
fl ooding, and storm surge in the years 2000, 
2050, and 2100 overlaid with projected 
urbanization trends, the studio analyzes 
potential impacts on land use, infrastructure, 
and development. 

Recommendations include policy revisions, 
design guidelines, and physical interventions 
that will protect the economic, cultural, and 
environmental vitality of the region. 

Mission 
Statement
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A Present Danger: 

Cities and towns along the Delaware River are already at risk from flood and 
storm surge. Storm surges of up to 17 feet from an unlikely but possible 
Category Three hurricane could displace 390,0000 residents, 69,000 jobs, 
and damage $5.0 billion of residential property. In addition, more than half a 
million residents currently live within the 100-year floodplain. 

A Rising Threat: 

The current threat will grow as climate change causes more intense 
precipitation, more frequent and severe storms, and more rapidly 
rising sea levels. Sea level rise will permanently inundate land below 0.5 
meters by 2050 and land below 1.0 meters by 2100. Projected urban growth 
and expanding hazards could place 1.4 million residents, 147,000 jobs, and 
$20.4 billion of residential property in the path of sea level rise, flooding, and 
storm surge by 2050.  

Differentiating Risk: 

With the highest probability, sea level rise threatens permanent inundation 
over limited land area in the River’s tidal reach. Riverine flooding poses 
a moderate but increasing probability of temporary inundation in valleys 
throughout the Basin. Though relatively improbable, a major storm surge 
would cause the greatest damage, overwhelming entire towns, neighborhoods, 
and regional infrastructure.

Avoiding Risk, Managing Risk: 

Residents, businesses, and cultural and natural resources should be protected 
from the consequences of climate change. Much of the projected threat could 
be avoided through land use policy that discourages floodplain development, 
incentivizes relocation from the path of sea level rise, and requires stronger 
design standards in hazardous areas. While insurance will remain crucial 
to protecting existing development, we also see an increased role for urban 
design, including permanent protective measures.  

Executive Summary
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Regional Issues Demand Regional Solutions: 

Protecting communities from storm surge through local measures would 
be impractical. As an alternative to inaction or private risk management, 
we propose a moveable storm surge barrier that could shield the entire 
urbanized region. A strategic retreat from rising sea levels would protect 
communities and enable marsh migration to offset a projected 32 percent 
loss in marsh area by 2100. Transportation infrastructure and regional 
industry, both critical to the regional economy, occupy the most vulnerable 
locations. Adaptation will require both physical protection and relocation, 
with particular attention to preserving evacuation routes (transportation) 
and remediating inundated brownfields (industry). Climate change may bring 
a shortage as well as a surplus of water. The combined effects of drought 
and sea level rise could compromise public water supplies. Because an 
increase in impervious surface compounds the threat of flooding, stormwater 
management will be an essential component of any adaptation strategy. 

Close to Home: 

Looking in detail at six sites both representative and exceptional, we find 
common themes and local variation. Already at risk from flooding and storm 
surge, the Philadelphia Airport - including current runway expansion 
plans - will be permanently inundated by sea level rise absent intervention. 
Major riverfront redevelopment plans for the Philadelphia, Camden, and 
Wilmington waterfronts target the most vulnerable land for revitalization. 
These plans must be re-imagined to avoid placing additional population, jobs, 
and infrastructure in harm’s way. The continued existence of small riverfront 
communities like Lewes, DE, Pennsville, NJ, and Port Jervis, NY will 
depend on comprehensive adaptation strategies. The challenges of climate 
change suggest the need for a conversation on long-term planning and the 
opportunity for creating new public amenities. 

A Call to Action: 

Our hosts in the Netherlands saw Hurricane Katrina as a reminder of inaction’s 
disastrous consequences. Yet here in the United States, regions like the 
Delaware Basin remain unaware of current risks and future threats from 
climate change. To prepare for 2050, we must start building today. And if we 
build for 2050, we should plan for 2100, lest our investments face immediate 
obsolescence. 
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The 13,529 square mile Delaware River watershed includes 
portions of four states: New York, New Jersey, Pennsylvania, 
and Delaware. From the confl uence of the East and West 
branches in Hancock, NY to the mouth of the River at the 
Atlantic Ocean, the Delaware extends over 300 miles. Several 
cities lie along its banks, most notably Wilmington, DE, 
Philadelphia, PA, and Trenton, NJ. Nearly 8.5 million people 
lived within the boundaries of the Basin in 2000, and the 
population is projected to grow by 30 percent to 11 million by 
the year 2050.1 For the purposes of this study, the Basin is 
divided into three sections according to geography, settlement 
patterns, and land cover. 

Upper Delaware River Basin

This sparsely populated region extends to the north of the 
River’s tidal reaches at Trenton, New Jersey. Land cover 
is dominated by forest, with some agriculture. The Upper 
Delaware region generates $34 million annually in nature-
based tourism. The most notable attraction is the Delaware 
Water Gap, a dramatic geologic feature where the river 
traverses a ridge in the Appalachian Mountain chain. Other 
signifi cant industries in the Upper Delaware include mining and 
logging. 

Urbanized Area

The Urbanized Area is the most densely populated region 
in the Basin. From Trenton, NJ south to Wilmington, DE, it 
includes all the major cities situated along the Delaware River. 
Consequently, the land is primarily developed with a signifi cant 
amount devoted to urban infrastructure and industrial uses. It 
is home to the Philadelphia International Airport as well as a 
port complex that generates $3.5 billion in annual revenue and 
sees 63.5 million metric tons of cargo per year. Several large 
scale capital projects are planned or in progress in prominent 
waterfront locations, including waterfront redevelopment in 
Wilmington, the Philadelphia Navy Yard project, and the central 
Delaware riverfront in Philadelphia. 

Lower Estuary

The Lower Estuary contains the 782 square mile Delaware 
Bay, where the mouth of the river meets the Atlantic Ocean. 
Historically a more rural region, it has seen increasing 
development on both the Delaware and New Jersey sides. 
Wetlands line the bay, providing important wildlife and 
vegetation habitat. Low elevations throughout the region mean 
that communities are already faced with increasing threats 
from sea level rise and storm surge. 

Chapter One: 
Introduction to the 
Delaware River Basin
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Cities are never static. To evaluate the long-term impact of 
climate change on the region, the studio first forecast future 
urbanization. While multiple scenarios are possible over half 
a century, we modeled a conservative projection of existing 
trends rather than a prediction of drastically different policies 
or spatial patterns. 

Our trend GIS model began with existing urbanized land, 
2000 population by municipality, and population projections 
by municipality.1 These projections were drawn from a variety 
of sources, including the Delaware Valley Regional Planning 
Commission. Where municipal projections did not continue to 
2050, we extended the projection as a linear function. We then 
assumed that, within each municipality, population growth 
would be accommodated at the existing gross density.2 For 
example, consider a township with an average of two acres of 
developed land for each resident, including houses, businesses, 
roads, and parking lots. To accommodate a projected growth of 
2,000 residents, the township would need 4,000 acres of new 
development by 2050. 

Using this estimate, we spatially allocated the projected 
urban development using a  simple algorithm that ranked 
and selected undeveloped land according to its cost-weighted 
distance along the road and rail network to (1) existing 
development and (2) existing job centers.3 Using the above 
example, our future urbanization model would select the 
4,000 undeveloped acres that would be the shortest drive 
or train ride to existing towns and businesses. The resulting 
urbanization pattern reflects a mature region with modest 
growth: neither wildly sprawling nor radically intensified.  

Forecasting 
Urbanization
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To understand the impacts of climate change on real people 
and real places, the studio identified six sites – some typical, 
some exceptional – that span the three sections of the 
Delaware River Basin. 

Lewes, Delaware is a small, beachfront town at the mouth of 
the Delaware Bay. Tied to the sea by history and economy, 
Lewes faces a dramatically reconfigured shoreline and the 
specter of catastrophic storms. 

Pennsville, New Jersey is a riverfront community twelve miles 
southwest of Wilmington. Located almost entirely below 
two meters of elevation, Pennsville’s future will hinge on a 
comprehensive adaptation strategy. 

Like many cities, Wilmington, Delaware is targeting formerly 
industrial riverfront land for redevelopment. Receding 
shorelines and flooding threaten to upset these plans and 
compound an industrial legacy of soil and water contamination.

The Philadelphia Airport and the Heinz Wildlife Refuge form a 
unique complex of transportation and ecological infrastructure 
in the heart of Philadelphia. Airport expansion plans present 
a currently overlooked opportunity to protect the low-lying 
airport, expand the existing tidal marsh, and create a new 
airport city. 

The focus of three major redevelopment plans, The 
Philadelphia and Camden Waterfronts face a critical turning 
point. By addressing climate impacts now, Philadelphia and 
Camden can ensure safe, sustainable riverfront development 
that will anchor revitalization for the coming century. 

Port Jervis, New York occupies a narrow valley at the 
confluence of the Delaware and a major tributary. Long 
plagued by flooding, Port Jervis and neighboring Matamoras, 
PA must adapt to a dramatically fluctuating Delaware if they 
hope to weather climate change in place. 

While climate change poses a threat to these communities 
and others like them, we believe that thoughtful design can 
successfully manage climate risk while creating new public 
amenities. The detailed analysis and adaptation strategies 
in Chapter Four reveal the extent of projected hazards 
and highlight opportunities for creating strong riverfront 
communities in an era of uncertainty. 

Representative Sites
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Introduction to Climate Change 

The Earth’s climate is changing. Recent years have seen record heat, more 
heavy rainstorms, more severe droughts, increased hurricane intensity, and 
more frequent tropical storms.1 Decades of climate science conclusively 
link anthropogenic greenhouse gas emissions to increased average global 
temperatures.2 Although debate remains about the rate and the consequences, 
climate change is indisputable. 

Climate change can be understood as a significant alteration of long-term 
weather patterns, measured by indicators such as temperature, rainfall, and 
wind. A scientific consensus, expressed by the Intergovernmental Panel on 
Climate Change (IPCC) and reiterated in the United States by the National 
Oceanic and Atmospheric Administration (NOAA), suggests the following 
general effects:

increasing average temperatures;•	

increasing rates of sea level rise;•	

more frequent and severe floods and droughts;•	

more frequent and powerful Atlantic hurricanes; and •	

northward-shifting tropical storms. •	

A Word on Uncertainty

Modeling these general effects at a regional and local scale involves 
substantial uncertainty. Critical unknown quantities include the exact rate of 
global temperature increase and sea level rise, the magnitude of increase 
in precipitation intensity, and the degree of change in hurricane frequency, 
intensity, and distribution. Yet the rate of currently observed changes suggests 
the need for immediate action. By translating the best available projections 
into spatially specific scenarios, this research studio offers a starting point for 
policy and design discussions in the Delaware River Basin. 

Chapter 2: 
Climate Change Threats
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Current Policy Approaches 

A review of current state-level climate change policy in the Delaware Basin 
reveals a necessary but limited focus on reducing greenhouse gas emissions.3  
While emission reductions are critical to long-term sustainability, greenhouse 
gases emitted during the last century and a half of rapid industrial expansion 
will continue to influence future climate changes.4 Therefore, even under the 
most optimistic scenarios for greenhouse gas reduction, federal, state, and 
local governments must simultaneously consider adaptation to projected 
impacts. 

Introduction to Climate Threat Scenarios 

Although the effects of climate change are many, our analysis focuses on three 
key threats to continued prosperity in the Delaware River Basin: sea level rise, 
storm surge, and flood. By modeling the extent of these threats in the years 
2000, 2050, and 2100 and then overlaying forecast urbanization patterns, we 
analyzed the potential impacts on population, employment, property value, 
and infrastructure. Responding to this analysis, our recommendations include 
policy revisions, design guidelines, and specific physical interventions that 
could protect the economic, cultural, and environmental vitality of the region.

In the sections that follow, a brief background introduces the science behind 
each threat and the studio’s methodology for converting the generalized 
predictions of climate science into spatially specific projections for the 
Delaware River Basin. Our analysis begins with a general discussion of 
findings, and charts showing increased risk for both our trend urbanization 
model and a regulated scenario where new development is prohibited in 
affected areas. On the subsequent pages, aerial perspectives show before-
and-after images of the impacts on representative sites. Regional threat maps 
appear opposite projections for affected population, jobs, infrastructure, 
and residential property value, as well as short narratives that blend these 
projections with speculative scenarios of future risk. 

17



Background 

Recent attention in the popular media has brought climate change into the 
American consciousness. Yet the threat posed by one effect of climate change, 
sea-level rise, continues to emerge. Average global temperature increases 
are melting ice caps and glacial shelves at unprecedented rates.1 While the 
loss of polar bear habitat gains headlines, the direct consequences for coastal 
and tidal regions remain largely unaddressed. The Delaware River Basin faces 
acute hazards from sea level rise.

A complicated phenomenon, sea level rise demands some explanation. 
Relative sea level rise, defined as the increase over time in the height between 
the ocean or river floor and the water surface, is the sum of several distinct 
processes. First, melt from glaciers on land adds water volume to existing 
oceans. Second, water molecules expand with increased temperature, further 
increasing volume. Together, these two processes constitute eustatic change, 
or change in ocean volume. Isostatic change refers to glacial rebound, or the 
slow raising and lowering of the Earth’s crust in response to glacial retreat 
at the end of the last ice age. Fourth, in some parts of the world, the earth’s 
tectonic forces affect land position and height and therefore sea levels relative 
to the land.  Fifth, local conditions, including land subsidence due to localized 
soil and rock composition, impact the height of land in particular regions.2

Methodology

The United States government does not predict future sea level rise, but the 
National Oceanic and Atmospheric Administration (NOAA) does track historic 
change. Over the last century, sea level rise at the Lewes, Delaware station 
averaged 3.2 millimeters per year.3 However, the U.S. Climate Change Science 
Program, which reports to Congress and the President, reports that rates of 
sea level rise are increasing, and will continue to do so in the future.4 For 
specific calculations, the United States defers to the Intergovernmental Panel 
on Climate Change (IPCC), a consortium of scientists supported by the United 
Nations. IPCC estimates for sea level rise are based on global averages of 
temperature increases.5 These increases are directly correlated with, and very 
likely caused by, an increase in anthropogenic greenhouse gas emissions.6  
The IPCC estimates a global rise in relative sea level of 0.18 to 0.59 meters 
by 2100.7 In a semi-empirical study using the same general methodology as 
the IPCC, oceanographer and IPCC contributor Stefan Rahmstorf contests the 
Panel’s prediction, suggesting a more extreme sea-level rise of 1.4 meters by 
2100.8  

The studio examined global predictions and local observations to project sea 
level rise in the Delaware River Basin for the years 2050 and 2100. First, we 
standardized and averaged the global sea-level rise estimates of the IPCC and 
Rahmstorf to generate a eustatic estimate.  Second, we incorporated local 
measurements of isostatic changes.9  Third, based on the advice of a sea level 
rise expert familiar with local conditions, we assumed the tectonic and local 
components to be negligible and excluded them from our calculations.10 

Sea Level Rise 
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Sea Level Rise
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Analysis 

Relative to 2008 mean sea level, the studio projects that sea levels in the 
Delaware River Basin will rise 0.48 meters by 2050 and 1.06 meters by 2100.

This rate of sea level rise requires a measured and thorough response in the 
built environment. Unlike other hazards discussed in this report, areas affected 
by sea level rise will be permanently or daily inundated. Inundation threatens 
all land uses: homes, businesses, farms, industry, forests, and marshes. By 
permanently raising water levels, sea level rise compounds both flooding and 
storm surge. Additionally, as sea levels rise, the salinity of the Delaware River 
will increase, threatening drinking water supplies and agricultural production.

To evaluate the consequences of sea level rise in the Delaware River Basin, 
the studio conducted a GIS analysis that overlays our sea level rise projections 
with current land use data and the future urbanization model.11 The maps 
on the following pages depict the Delaware’s extent at high tide in 2000, 
2050, and 2100. The areas in orange highlight developed land that would be 
permanently inundated absent intervention. Using our GIS model, the studio 
estimated the population, employment, and property values affected by rising 
sea levels.12 

The chart above identifies the population affected by sea level rise in our 
future urbanization model and a hypothetical, regulated scenario where new 
development is barred from areas at risk to climate change threats. Similar 
summaries are presented in the following sections on storm surge and flood. 
Because sea level rise disproportionately affects existing urbanized areas, 
impacts may be hard to control through growth management. As later sections 
of this report describe, adaptation to sea level rise will require a combination 
of physical defense and strategic retreat from receding shorelines. 
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Lewes, Delaware

Lewes, Delaware after 2100 Sea Level Rise
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Philadelphia International Airport

Philadelphia International Airport after 2100 Sea Level Rise
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In the Delaware estuary, tides change the shape of river and bay daily, 
filtering through marshes and lapping at the shores of cities and towns. The 
shoreline in 2000 reflects continuous flux as sea levels rise, beaches erode, 
and people fill or create water and wetlands. 

Sea Level Rise 2000
Baseline
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A half-meter sea level rise overtakes homes, farms, and wetlands from Lewes 
to Trenton. Residential neighborhoods in Pennsville and Campbell’s Field in 
Camden fall below the Delaware’s rising waters, while Lewes Beach becomes 
an island. During a severe drought, rising salinity renders 60 percent of 
Philadelphia’s water supply undrinkable. 

Population: 56,541

Jobs: 5,390

Residential Value: $852,234,989

Highway: 276 miles

Rail: 19 miles

Industrial Land: 1,953 acres (3%)

Sea Level Rise 2050
Effects
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In Philadelphia, another half-meter of sea level rise inundates riverfront 
condominiums, the Sunoco refinery, and the runways of the Philadelphia 
International Airport. Lower in the estuary, the Hope Creek nuclear power 
plant becomes an island and Bombay Hook National Wildlife Refuge becomes 
open water.

Population: 130,926

Jobs: 16,600

Residential Value: $2,951,370,984

Highway: 372 miles

Rail: 32 miles

Industrial Land: 3,663 acres (6%)

Wetlands: 54,057 acres (32%)

Sea Level Rise 2100
Effects
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Background 

Storm surge refers to an onshore rush of sea water caused by severe 
storms such as hurricanes.1 Wind, low atmospheric pressure, and rainfall 
can all contribute to the phenomenon. Storm surge played a central role in 
the destruction caused by Hurricane Katrina.2 Although the Delaware River 
Basin has not sustained a direct hit from a hurricane in modern records, 
geologic evidence indicates that Category Three hurricanes have occurred in 
the region.3 In the last decade, the NOAA warned of possible 7-9 foot storm 
surges during hurricanes Hannah (2008), Isabel (2003), Jeanne (2003), and 
Floyd (1999).4 Moreover, the odds of a direct hit are likely to increase with 
climate change.5 

Hurricanes that strike the Atlantic coast form in the tropics, taking a counter-
clockwise, northward path that can easily penetrate south-facing bays like 
the Delaware. The similarly oriented Chesapeake has suffered several hits.6 
The turn and bottleneck at Wilmington could create an extremely high surge 
in this heavily developed area, particularly when combined with riverine 
flooding.7 Storm surge may also be caused by non-tropical storms, such as the 
“Halloween Storm” (1991) and the Storm of the Century (1993). Also known 
as “Nor’easter’s,” these storms form in the middle latitudes and have cold 
cores. Nor’easters tend to have lower speed winds but larger radii of influence 
than hurricanes.8 

Significant historic variability in hurricanes and other large storms makes it 
difficult to predict future hurricane tracks and intensities. However, projected 
climate changes suggest several effects relevant to the Delaware River Basin:

Hurricanes and Nor’easters will become more intense, with higher •	
wind speeds and heavier precipitation.9 
Nor’easters will likely become more frequent, while the impact of •	
climate change on hurricane frequency remains uncertain.10

Rising sea surface temperatures will move hurricane paths further •	
north, increasing the probability of severe hurricanes in the Mid-
Atlantic region.11 
Sea level rise will increase relative storm surge levels and move the •	
zone of impact further inland.12 

According to the U.S. Global Change Research Program, the aggregate effect 
of these changes will be “more frequent strong storms outside the tropics, 
with stronger winds and more extreme wave heights.”13 

Methodology 

Because the literature on tropical systems is more developed, modeling efforts 
focused on storm surges associated with hurricanes. Forecasting hurricanes 
involves great uncertainty, an uncertainty that climate change increases. The 
National Weather Service (NWS) does not calculate the probability of the 
hypothetical hurricanes that it models, and the literature provides no clear 
guidance on the magnitude of increase in hurricane frequency and intensity 
climate change will produce. Lacking quantified projections, the studio 
analyzed a realistic worst-case scenario: a direct hit from a Category Three 
hurricane.

Storm Surge
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SLOSH Model Hurricane Impact

The Sea, Land, and Overland Surge from Hurricane (SLOSH) model was 
developed by the NWS and FEMA to predict the depth of storm surge in a 
geographic location.  The SLOSH model considers several critical factors, 
including astronomical tides at the time of landfall, air pressure and storm 
intensity, extent of the storm, and storm track. The SLOSH model does not 
include some variables that can significantly influence hurricane impacts, 
including precipitation, river flow at the time of the storm event, and 
maximum wind speed sustained.  The NWS states a 20 percent margin of error 
on the outputs, and suggests that the model is best for defining the maximum 
potential surge in a geographic area.14 

Our studio used SLOSH model graphics for Category One through Three 
hurricanes, graciously provided by the National Weather Service in Mt. Holly, 
New Jersey. In the Delaware Basin, storm surge is deepest near Wilmington 
and Pennsville, where the river turns from southwest to southeast.15 Building 
on the SLOSH output, the studio used GIS to add the compounding effect of 
sea level rise, model the geographic extent of areas flooded by a Category 
Three hurricane, and to estimate the population, employment, and property 
values affected.16 

Analysis

The maps and charts on the following pages illustrate the impact of a Category 
Three Hurricane in 2000, 2050, 2100. It should be noted that the minor 
change in geographic extent between time intervals is entirely due to sea level 
rise, which effectively adds a half meter to storm surge in 2050 and another 
half meter by 2100. The other change, a change in probability, cannot be 
seen. Although the scenario shown here is unlikely in 2000, the probability will 
increase at an unknown rate as climate changes. 
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Pennsville, New Jersey

Pennsville, New Jersey after 2100 Storm Surge
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Philadelphia and Camden Waterfronts

Philadelphia and Camden Waterfronts after 2100 Storm Surge
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Population: 389,037

Jobs: 68,546

Residential Value: $5,021,361,853

Highway: 604 miles

Rail: 91 miles

Industrial Land: 10,414 acres (17%)

Storm Surge 2000
Effects

Each hurricane season brings storm surge warnings from the National Weather 
Service and the occasional near miss by a tropical storm or hurricane. 
In beachfront towns like Lewes, community leaders worry that they are 
unprepared for this unlikely but catastrophic threat. But upriver, political 
leaders and ordinary citizens continue to associate storm surge with distant 
cities on the Gulf of Mexico. 
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Population: 488,314

Jobs: 78,961

Residential Value: $10,097,173,536

Highway: 646 miles

Rail: 103 miles

Industrial Land: 11,371 acres (19%)

Storm Surge 2050
Effects

More hurricanes track northward each season, and eventually one turns 
up the Delaware Bay. A seventeen-foot surge rolls over the entire town of 
Pennsville and riverfront redevelopments in Wilmington. In the wake of the 
destruction, state relief agencies cannot provide enough temporary housing 
for the displaced, and many residents leave permanently for regions with 
less perceived risk. In Philadelphia, a ten-foot surge destroys the new airport 
terminal and interrupts flights for weeks. Shipping companies move operations 
to better-protected ports in New Jersey and Maryland.
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Population: 565,025

Jobs: 139,551

Residential Value: $13,411,852,686

Highway: 689 miles

Rail: 124 miles

Industrial Land: 12,937 acres (22%)

Storm Surge 2100
Effects

After the cleanup from the 2050 hurricane, the memory fades quickly. Some 
homeowners and businesses purchase private insurance to cover hurricane 
damage, but when a Category Three hurricane hits the Mid-Atlantic just 
weeks after a Category Five devastates the Gulf coast, major insurance 
companies go bankrupt and others successfully evade claims in court. Sea 
level rise raises storm surge from 2050 levels. A cash-strapped Philadelphia 
government decides to demolish historic 30th Street Station after the surge 
destroys railyards, platforms, and underground tunnels. Across the river from 
Wilmington, a storage tank breach at the DuPont chemical plant releases 
hazardous waste into the Delaware, overwhelming evacuation routes. In the 
national media, pundits suggest denying disaster relief to low-lying towns like 
Pennsville, saying “they never should have been built in the first place.” 
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Background

Floods already cause significant damage in the Delaware River Basin. 
Consequences of flooding include shoreline erosion, contaminant transport, 
property damage, and changes in aquifer levels that threaten stored water 
and waste. According to estimates from the National Climatic Data Center, 
reported damages for the Delaware River Basin during a severe 2005 flood 
totaled $212 million.1

Because of climate change, flooding in the next 100 years will not conform to 
past trends, and floodplains based solely on historical data will underestimate 
the extent of flood risk. Although projecting the effects of climate change 
on flooding involves great uncertainty, several informed assumptions can be 
made. According to the Delaware River Basin Commission, flooding events in 
the Delaware Basin will increase in frequency and intensity over the next 100 
years.2 Sea level rise will permanently raise river levels in the Delaware’s tidal 
reaches. At the same time, land use changes unrelated to climate will increase 
the amount of impervious surface and runoff. 3 

The floodplain is a probabilistic construct used by the National Flood Insurance 
Program (NFIP), mortgage companies, and other insurance agencies to 
assess the risk of flooding in a particular area. The Federal Emergency 
Management Agency (FEMA) delineates floodplains according to flood 
probabilities calculated from historical data. Most flood insurance policies in 
the United States are based on a 100-year floodplain. Just as the 100-year 
flood has a one percent chance of occurring in a given year, land in the 100-
year floodplain has a one in one hundred chance of flooding each year. It is 
important to note that this does not statistically preclude two 100-year floods 
from occurring in consecutive years.4 

Methodology 

To project the floodplain of the future, we began with existing 100-year 
floodplain data provided by the DRBC.5 With the baseline established, we 
relied on the findings of the Northeast Climate Impacts Assessment for 
precipitation projections. The study projects that precipitation intensity, 
defined as the average amount falling on a day with precipitation, will increase 
8.5 percent by 2050 and 12.5 percent by 2100.6

Because GIS does not permit the analysis of dynamic hydrologic flows, 
our simplified approach assumed that floodplain volume would increase 
proportionally with increased precipitation intensity during the 100-year 
storm. Combining elevation data with floodplain maps, the studio estimated 
the volume of existing 100-year floodplains and then increased this volume 
at the same rate anticipated for precipitation intensity by 2050 and 2100. 
Using the new volumes, we then estimated the horizontal extent of projected 
floodplains. 

Flood
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This method suffers from several limitations. Existing floodplain maps are 
outdated. GIS analysis does not take into account the complex dynamics of 
river flow, assuming that floodplain volume will increase evenly across the 
watershed. Finally, the GIS operations used to convert aggregate volume 
into spatial extent tend to overestimate the area of floodplains for smaller 
tributaries and underestimate the floodplain on the main stem. The studio 
hopes  that researchers develop new methods for mapping floodplains that 
take into account projected climate change. 

Analysis 

In contrast to sea level rise and storm surge, flooding impacts the entire 
Basin. By 2050, 1.4 million people could be living in a 100-year floodplain. By 
2100, this number could increase by another 60,000 if current growth patterns 
continue.7 Of the three scenarios examined, the graph shows the largest 
gap between affected population in the trend urbanization model and the 
affected population in a more regulated environment. Urban growth accounts 
for 46 percent of the projected increase in affected population to 2050 and 
44 percent to 2100. Because the projected development has not occurred 
yet, this component of risk could be avoided through growth management 
policies. The maps and figures on the following pages show the effect of flood 
on the urbanized area, where projected growth and expanding floodplains 
dramatically increase flood risk. For a full set of maps, see Appendix B. 
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Port Jervis, New York

Port Jervis, New York after 2100 Flood
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Wilmington, Delaware

Wilmington, Delaware after 2100 Flood
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Population: 534,970

Jobs: 85,915

Residential Value: $11,873,574,149

Highway: 3,626 miles

Rail: 220 miles

Industrial Land: 12,519 acres

Floodplain 2000
Effects

Each year, flooding damages homes, businesses, bridges, and crops across 
the basin. In Port Jervis, two record floods are still a few years away. Several 
times each year, heavy rains cause raw sewage to overflow into Philadelphia’s 
creeks and rivers. Floodplain residents feel confident that National Flood 
Insurance will cover losses if waters rise in their neighborhood. 
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Population: 1,398,760

Jobs: 114,229

Residential Value: $15,648,747,737

Highway: 3,947 miles

Rail: 383 miles

Industrial Land: 19,495 acres (33%)

Floodplain 2050
Effects

As ‘hundred year’ floods begin to happen annually, communities lose 
confidence in FEMA floodplain maps. In Philadelphia, a newly completed 
‘green’ neighborhood on the Delaware riverfront is destroyed before 
completion, and part of the Philadelphia Art Museum’s collection is lost when 
floodwaters destroy a storage facility at the former Navy Yard. Research links 
fish die-offs and elevated mercury levels in Philadelphia’s water supply to 
increased flooding of brownfields upstream. Unexpected rates of low density 
development in the upper basin double the frequency of flooding in Port 
Jervis and Matamoras, where waters begin to threaten the historically secure 
downtown.
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Population: 1,451,270

Jobs: 146,835

Residential Value: $20,371,137,596

Highway: 3,965 miles

Rail: 421 miles

Industrial Land: 21,834 acres

Floodplain 2100
Effects

Flooding destroys two-hundred year old townhouses in Philadelphia’s historic 
Rittenhouse Square neighborhood. Closures of I-95 become a common 
occurrence, costing the region billions. Congress chooses not to reauthorize 
the National Flood Insurance Program as annual deficits mount. Private 
insurance companies fail to fill the gap, leaving one and a half million 
floodplain residents to pay for flood damage out of pocket. Matamoras and 
Port Jervis have lost seventy-five percent of their 2000 populations. 
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2000 2050 2100
Storm Surge Storm Surge
Population 2000 389 037 448 002 522 445 Population Affected 389 037 488 314Population 2000 389,037 448,002 522,445 Population Affected 389,037 488,314
Population 2050 426,997 488,314 565,025 Increase from Climate Change 58,965
[avoidable increment] 37,960 40,312 42,580 Increase from Projected Growth 40,312

Sea Level Rise
Population 2000 0 55,248 122,976 Sea Level Rise
Population 2050 0 56,541 130,926 Population Affected 0 56,541
[avoidable increment] 1,293 7,950 Increase from Climate Change 55,248

Increase from Projected Growth 1,293
100 Year Floodplain
Population 2000 534,970 1,003,500 1,045,210
Population 2050 784,366 1,398,760 1,451,270 100 Year Floodplain
[avoidable increment] 249 396 395 260 406 060 Population Affected 534 970 1 398 760[avoidable increment] 249,396 395,260 406,060 Population Affected 534,970 1,398,760

Increase from Climate Change 468,530
Combined Scenarios Increase from Projected Growth 395,260
Population 2000 707,584 1,141,700 1,217,240
Population 2050 707,584 1,540,250 1,629,350
[avoidable increment] 0 398,550 412,110 Combined Scenarios

Population Affected 707,584 1,540,250
Increase from Climate Change 434,116
Increase from Projected Growth 398,550
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Combined Hydrologic Threat
Background

Sea level rise, storm surge, and flooding present different types of risk, with 
different probabilities, over varying geographic extents. With the highest 
probability, sea level rise threatens permanent inundation over limited 
land area in the River’s tidal reach. Riverine flooding poses a moderate but 
increasing probability of temporary inundation in valleys throughout the Basin. 
While relatively improbable, a major storm surge could cause the greatest 
damage, overwhelming entire towns and neighborhoods from Lewes to 
Trenton.  

Analysis

Although these risks are distinct, the composite hazard maps on the following 
pages suggest the extent of the challenge posed by climate change. Seven 
hundred thousand residents are at risk from storm surge and flooding today.1 
By 2100, the combined effects of climate change and urban growth would 
place an additional 930,000 residents in harm’s way.2 A combined threat 
analysis that considers the differing risk components led directly to the 
alternative urbanization model detailed in the “Growth Management” section 
of this report. 
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Framework for Regional Policy 

The studio’s climate threat analysis suggests several general conclusions and 
principles for regional policy: 

Cities and towns along the Delaware River are currently at risk •	
from storm surge. This risk will increase as sea levels rise and 
severe storms such as hurricanes become more frequent. 

Climate change will increase the intensity and frequency of •	
extreme rainstorms. Combined with sea level rise, these changes 
in precipitation will expand the 100-year floodplain. 

Rising sea levels will inundate areas along the Delaware River that •	
are currently dry land or wetlands. 

Residents, businesses, and cultural and natural resources should •	
be protected from the negative effects of climate change. 

Protection can take the form of physical barriers, insurance, or •	
changes in land use that would remove development from at-risk 
areas and allow sea levels to rise unimpeded. 

Choosing the appropriate protection policy raises complex political •	
and economic issues. These issues should be addressed through 
detailed analysis and public discussion before projected risk 
increases. 

Climate change adaptation strategies should provide economic, •	
social, and ecological benefits.

This framework guides our approach to six issues of critical regional concern. 

Storm Surge Barrier: 

The Delaware River Basin is unprepared for the increased storm surge risk 
that the coming century will bring. Site-specific protections such as dikes and 
levees would be impractical and cause unacceptable disruptions to existing 
communities. Therefore, we introduce the idea of a moveable storm surge 
barrier, a piece of regional infrastructure that could defend the urbanized reach 
of the Delaware with minimal impacts to communities, ecology, and shipping. 

Growth Management: 

Our GIS analysis demonstrates that much of the projected climate risk could 
be avoided through land use policy. While physical barriers and insurance 
will continue to play an essential role in protecting existing communities, we 
suggest that state and local governments pursue a policy of risk avoidance 
by limiting development in projected hazard areas. In addition, we identify 
practical justifications and legal precedents for a strategic retreat from 
receding shorelines. 

Chapter 3: 
Regional Issues
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Transportation: 

This critical component of urban infrastructure has historically been placed 
in the most vulnerable topographic locations, with significant implications 
for everyday operations and emergency evacuation plans in a century of 
increased climate risk. We suggest measures to adapt current infrastructure 
and an emphasis on reducing threats to future investments. Highlighting the 
connection between transportation and land use, we also consider the role 
that infrastructure can play in growth management strategies that respond to 
climate change.  

Industry: 

Like transportation infrastructure, industry tends to be located in low-lying 
areas near the region’s rivers and bays. We suggest a balanced strategy of 
protecting river-dependent industry and redirecting river-independent industry 
to safer locations. As sea levels rise and floods become more frequent, the 
Delaware Basin’s vacant industrial lands will pose an increasing environmental 
hazard that if properly addressed could become an opportunity for new public 
parkland and ecological restoration. 

Wetlands:

Although climate change poses threats to all ecosystems, the region’s tidal 
marshes are uniquely susceptible to rising sea levels. Wetlands play an 
essential role in the region’s ecology and economy while shielding communities 
from flooding and storm surge. We project marsh loss to 2100, conduct a 
preliminary suitability analysis for future marsh land, and recommend policies 
for achieving no net loss of wetlands as sea levels rise. 

Water Supply: 

Although the studio’s analysis focused on excesses of water, climate change 
will also lead to more frequent and severe droughts. In combination with rising 
sea levels, salt water could compromise Philadelphia’s drinking water supply 
and sole-source aquifers throughout the region. We recommend defending key 
infrastructure while pursuing efficiency and growth management policies to 
maintain aquifers and river flows regionally. 

Stormwater Management: 

Urban development compounds projected increases in precipitation and 
flooding by converting open land to impervious surface. The studio suggests 
policy and design measures to minimize impervious surface and create green 
stormwater infrastructure that can reduce flooding and filter runoff while 
greening the urban landscape. 

In the pages that follow, we explore these issues in greater detail. Each 
section begins with background and analysis, followed by general principles 
and specific guidelines for action. 
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Storm surge poses a unique threat. Long 
ignored in the Delaware River Basin, few 
communities are prepared for the havoc 
that it could bring. Because this potentially 
catastrophic event has a low probability and no 
recent memory, local governments are unlikely 
to undertake the costly and disruptive action 
necessary to defend their residents. Yet the 
absence of National Flood Insurance in many 
areas prone to storm surge, as well as the 
unwillingness of private insurance companies 
to reimburse storm damage after Hurricane 
Katrina suggest that insurance may be an 
inadequate method of managing storm surge 
risk.1 

Societies have been dealing with the 
consequences of forceful ocean tides for 
centuries. Many places have successfully kept 
storm surge at bay with dams, dikes, and 
other physical structures. Yet these structures 
can produce signifi cant environmental impacts: 
obstructing tides, blocking wildlife movement, 
and altering the salinity of fragile estuarine 
systems.2 In already dense environments such 
as Philadelphia and Wilmington, the massive 
structures necessary to protect against storm 
surge would severely disrupt the urban fabric, 
displacing homes and businesses. At the same 
time, these distributed protection systems can 
be diffi cult to monitor and maintain. 

Movable storm surge barriers offer a solution 
to all three issues. A storm surge barrier is a 
large-scale, often movable structure that spans 
the entire width of a river. During normal 
conditions, the barrier allows shipping, tides, 
and wildlife to move freely. When an extreme 
storm is forecast, the barrier moves into place, 
blocking the storm surge and protecting land 
upstream. As a single, regionally signifi cant 
piece of infrastructure, a storm surge barrier 
can be closely monitored and maintained. 

Storm Surge 
Barrier
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If properly engineered, a storm surge barrier could protect all upstream 
residents from a Category Three storm surge. Because a storm surge barrier 
cannot protect against riverine fl ooding, other measures will be needed to 
mitigate this risk. As with any large public investment, the decision to build a 
storm surge barrier should be subject to a careful cost-benefi t analysis and a 
thorough public process. Discussion with experts in the Netherlands suggested 
the following method for evaluating a storm surge barrier: if the cost of 
insuring all affected property exceeds the amortized capital and operating 
costs of a storm surge barrier, the barrier should be built. 

The studio conducted a preliminary site suitability analysis for a storm surge 
barrier, selecting a slight narrowing just south of Pennsville, New Jersey. A 
barrier at this site would protect the entire urbanized reach of the Delaware 
River, including Wilmington, Philadelphia, Camden, and Trenton. Lower in the 
estuary, the width of the bay would render barrier construction impractical. 

Proposed Barrier Sites
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Several styles of barriers are commonly used to protect areas from storm surge. When 
the Maeslant Barrier for Rotterdam was being considered, the Dutch government held 
a design competition. Six designs were submitted; five of them are depicted below. 
Each design has advantages and disadvantages, and some are appropriate only for 
certain sites. Any site proposed for a storm surge barrier must be carefully analyzed 
to determine the most appropriate barrier type.  

Sectordeurenkering
Winning Design

Firm: BouwkombinatieMaeslant 
Kering (BMK)

Two pivoting steel gates 

Bootdeurkeringen
Firm: CSNW

Hinge door 

Barrier Precedents
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Hydraulic kleppenkering
Firm: Storcom

Hydraulic cylinders flap gate

Schuifdeurkering
Firm: CHNW

Straight sliding gates with drawer 
doors

Pneumatische 
kleppendeurkering
Firm: BMK

Flap gate
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Delaware River Basin Protected by a 
Disappearing Oscillating Flap-Gate Storm Surge Barrier and Berm System 7 miles South of Pennsville
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Delaware River Basin Protected by a
Concrete Pillar and Steel Door Bridge Storm Surge Barrier at the Delaware Memorial Bridge
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Section of Proposed Pennsville Barrier with Berm Sytem

Elevation of Proposed Pennsville Barrier with Berm Sytem

In addition to the preferred site, the studio identifi ed an alternate site at the current 
location of the Delaware Memorial Bridge near Wilmington. This location protects less 
of the region, but offers a narrower site and potentially lower construction costs. 

Current expertise on storm surge barriers is limited to a few countries, including 
England, the Netherlands, Italy, and Russia – all members of the International Network 
for Storm Surge Barrier Managers. Appendix D contains detailed information about the 
storm surge barriers used in these four countries. To minimize disruptions to shipping 
and ecology, we recommend a moveable barrier. Based on our preliminary review of 
current technology, we conclude that a disappearing oscillating fl ap gate would be 
most appropriate for the proposed site. 

This barrier type offers several advantages:  

The barrier lies fl ush with the riverbed when not in use, and should not •	
signifi cantly alter the river’s hydrology; 

Ships can pass over the deactivated barrier without disruption;•	

The barrier can be built and expanded incrementally;  •	

Parts of the barrier can be activated without elevating the entire structure; and•	

The barrier need not be secured to a receding shoreline.  •	

Several limitations, however, should be noted: 

This type of barrier requires strong foundational soils on the riverbed, •	
and would require dredging the river to its deepest location at this point, 
approximately 60 feet; 

This type of barrier will require signifi cant maintenance, including routine •	
raising and lowering to remove deposited sediment and frequent applications 
of anti-corrosive paint; and

Construction could temporarily disrupt shipping patterns.•	 3  
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Delaware Memorial Bridge with Storm Surge Barrier

Section of Delaware Memorial Bridge with Storm Surge Barrier

The proposed barrier would consist of 160 individual fl ap gates spanning the 
approximately two-mile width of the Delaware at the selected site.  Each individual 
gate would be 66 feet wide, 15 feet thick, and 99 feet long. The barrier would protect 
against the estimated 17-foot surge generated by a Category Three hurricane in this 
location.4 When a storm surge is forecast, a hydrolytic system on the back of the 
gate would raise each panel to a vertical position. When the surge recedes, the gates 
would return to their original position on the riverbed. The barrier could be opened in 
approximately 30 minutes. 

Barriers are expensive to construct and even more costly to operate. Based on data 
for a similar barrier under construction in Venice, we estimate that a disappearing 
oscillating fl ap gate barrier would cost around $3.9 billion to construct and 
approximately $18.6 million per year to operate.5 A barrier of this scale would take 
between eight and ten years to complete.6 Using the Venetian barrier as a guide, we 
estimate that construction would directly generate approximately 1,000 jobs per year.7 
When fully operational, the barrier would require approximately 150 employees to 
operate.8  

While the studio believes the Pennsville site would be most suitable, the Delaware 
Memorial Bridge in Wilmington, Delaware could offer a lower cost alternative if the 
more comprehensive barrier could not be built. Although a storm surge barrier at the 
Delaware Memorial Bridge would leave downstream development unprotected, the 
site offers two benefi ts: fi rst, the river is signifi cantly narrower at the bridge than at 
the primary site downstream. Second, although installing the barrier would require 
rebuilding the bridge, shipping operations and other uses already navigate and 
respond to a similar structure in this location. Attached to a new bridge, moveable 
gates could be operated independently according to river traffi c and fl ooding 
conditions. At the shoreline, the barrier would become a fl ood wall attached to the 
vertical columns of I-295. Based on costs for the similar Eastern Scheldt Barrier in the 
Netherlands, we estimate that the proposed barrier would cost around $1.4 billion to 
construct and around $4.8 million per year to operate.9
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Background and Analysis 

In the next half-century, the population of the Delaware River Basin is 
projected to grow by 26 percent.1 Much of that growth will, in the absence of 
regulation, occur in areas subject to increased climate risk. By 2100, our trend 
urbanization model places 1.63 million Basin residents in areas affected by 
sea level rise, storm surge, and flooding.2 In addition, 147,000 jobs and $20.4 
billion in residential property values could be affected by the combined threat.3 
More than half of this impact is avoidable: only 700,000 residents now live in 
the projected hazard area.4  

How should the region manage this increased risk? Options include public or 
private insurance, physical structures like levees, seawalls, and storm surge 
barriers, and land use policies that regulate development in hazardous areas. 
As in most of the United States, insurance and private assumption of risk are 
the most common responses to climate hazards. We recognize that private 
risk management will remain essential, but propose additional public measures 
that might complement this approach. This section focuses on land use policy 
rather than the regional and site-specific structures discussed elsewhere in our 
report. Because the nature, probability, and extent of risk varies by hazard, we 
propose separate strategies for sea level rise, storm surge, and flooding. 

Sea Level Rise 

Unlike flooding or storm surge, sea level rise threatens gradual, permanent 
inundation. The permanence of sea level rise demands public policy rather 
than private risk management. The common law of erosion holds that private 
property rights end at mean high tide.5 Tidelands, which fall between mean low 
tide and mean high tide, are usually public domain.6 Although sea level rise 
has only achieved recent recognition, coastal erosion provides a longstanding 
precedent. As coastlines erode, or as sea levels rise, private property recedes.7 
In many states, however, property owners may use bulkheads or fill to prevent 
movement of the shoreline.8 

Armoring our coastlines may have severe consequences. Bulkheads are costly 
and temporary. The zone of sea level rise is also at the highest risk from 
flooding and storm surge. Allowing private property owners to permanently 
fix their property lines not only flouts common law, but precludes continued 
public access and marsh migration. Bulkheading against sea level rise 
threatens traditional tideland use and ecosystem health.  Although the 
popularity of beaches has led to regulations that maintain beach access, the 
relative obscurity of other tidal lands, such as marshes, means less thorough 
regulation in the estuary.9 

Therefore, the studio suggests applying the law of erosion to sea level 
rise. This principle could be enforced through local land use controls such 
as setbacks, combined with regulations prohibiting bulkheads or fill by 
private owners. Setbacks instituted on a rolling basis, that is, relative to the 
moving line of mean high tide, should not constitute a taking under the Fifth 
Amendment.10 Alternately, tidelands could be preserved through easements or 
transfers of development rights, brokered by the public sector or land trusts. 
As with regulations, these measures may be most effective and least costly if 
rolling. 

Growth Management
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The net effect of these policies would be an unimpeded rise in sea levels 
through most of the Basin. As shorelines recede, residents and businesses 
would gradually relocate. With easements or transfers of development rights, 
landowners would be reimbursed. Land below mean high tide would become 
public domain, as it is now. Marshes would migrate to higher ground as their 
lower reaches changed to open water. Although we recommend this general 
approach for private land, particularly in undeveloped or sparsely developed 
areas, we recognize that communities can, and often should, invest in 
measures to protect areas of significant public or historic value. 

Flood

Currently, most risk from flooding is managed through the subsidized National 
Flood Insurance Program (NFIP). In all but two counties in the Delaware 
River Basin, residents of the 100–year floodplain, as defined by FEMA, are 
required to purchase NFIP insurance. Local floodplain overlay ordinances may 
place other restrictions on floodplain properties, but the significant amount of 
urbanized area already located in the region’s floodplains suggests that few 
localities prohibit floodplain development outright. 

Continued reliance on the floodplain/flood insurance model raises several 
issues. As the studio GIS analysis demonstrates, climate and land use change 
may significantly increase future floodplains. If floodplain mapping does not 
include the projected effects of climate change, property owners in hazardous 
areas may be unable to find private insurance. At the same time, the 
availability of both subsidized insurance and disaster relief in floodplains may 
legitimize and encourage development on risky land. 

Given the potential for reduced insurance coverage and the projected increase 
in flood risk, the studio recommends avoiding new floodplain development 
and incentivizing relocation from floodplains. Climate and land use change 
should be considered in mapping efforts. Any floodplain development that does 
proceed should be designed to withstand floodwaters.  

Storm Surge

The risk of storm surge has been largely overlooked in the Delaware River 
Basin. Damage may be covered under the NFIP, but because affected areas 
would likely extend beyond the 100-year floodplain, threatened property 
owners might not hold policies. Katrina demonstrated that insurance 
companies can and will deny holders of homeowner’s insurance reimbursement 
for storm surge damage in the wake of a natural disaster.11 As we discuss in 
the preceding section, the impracticality of local protections for storm surge 
suggests a regional solution such as a moveable storm surge barrier. 
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An Alternative Urbanization Model: Building on the 
trend urbanization scenario, shown opposite for the lower 
estuary, the studio modeled an alternative that embodies a 
policy of regional risk avoidance. This scenario reflects not a 
recommended regional plan, but a method for visualizing and 
quantifying the impact of alternate land use policies. 

Trend 2050
With 2100 Threats
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The alternative urbanization scenario holds all factors constant 
from the trend model, except that: 

No new development occurs in the combined hazard 1. 
area for 2100, including sea level rise, one hundred year 
floodplain, and Category Three storm surge.  

Existing homes and businesses in the path of sea level rise 2. 
relocate. 

These two categories are shown in yellow on the map opposite. 
Gray areas show both current urbanized area outside the 
zone of sea level rise and trend growth outside all hazard 
areas: parts of the trend model that remain in the alternative 
scenario. 

At Risk 2050
With 2100 Threats
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This map shows where redistributed growth from the trend 
model goes in the alternative. Once again, the grays represent 
constants: current urbanization that remains in both, and 
areas of future urbanization that both models project. This 
difference map shows some potential pitfalls of an a narrowly 
focused spatial policy. In some places, bursts of yellow 
appear around extremely small cores of existing gray as the 
alternative model redirects high forecast growth to greenfield 
sites far from threatened towns. Such a challenge points at the 
need for a more comprehensive growth management strategy. 
The alternative urbanization model focuses only on one 
objective – directing development to low risk areas – rather 
than the multiple goals and constraints that sound land use 
policy must respond to. 












Redistributed 2050 
With 2100 Threats
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A composite picture of the alternative scenario appears in this 
final map. Although future climate risk will likely be managed 
through a blend of private insurance, physical structures, and 
local land use policy, this scenario demonstrates the dramatic 
effect that either strong state-level policy or widespread local 
adoption of climate adaptation principles could have on future 
risk. Although apparently radical, it relies on a conservative 
strategy of risk avoidance: it requires neither the large  
investment and constant maintenance of infrastructure nor 
the continued commitment of insurance companies. In this 
scenario, population at risk from sea level rise, storm surge, 
and flooding actually decreases from current levels, rather 
than increasing by the estimated 133 percent in the trend 
model.12 At the same time, by requiring a retreat from rising 
sea levels, the alternative model maintains a public coastline 
and one of the Delaware Basin’s most crucial ecological 
resources: its tidal wetlands.

Alternative 2050 
With 2100 Threats
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In floodplains, property risk should be privately managed to avoid the problem 
of moral hazard. Taxpayers should not subsidize development in high-risk 
areas. 

As insurance companies pull out of high risk areas, municipalities should 
require property owners to assume legal risk.

Residents should be educated about current and future flood risk. 

Although property risk will be managed privately, municipal governments 
should reduce risk to life and limb by implementing flood warning systems, 
evacuation plans, and other emergency preparedness measures. 

In the short term, property risk will continue to be managed through 
insurance.  Nevertheless, people and businesses should be informed of the 
increasing risk, and policymakers should consider the possibility that insurance 
companies may not be willing to guarantee high risk property in the future. 

Manage flood risk privately, but 
prepare for diminished insurance 
coverage.
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Regional and local governments should avoid new infrastructure investments in 
floodplains. 

Flood insurance should not be subsidized. 

At the federal level, the income tax deduction for mortgage interest payments 
could be denied for floodplain properties. 

Incentivize relocation from 
floodplains.
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New development in current or projected hazard areas should only take place 
if the development is designed to survive a 100-year flood or a Category Three 
hurricane.

Design for Risk.

In local zoning codes, floodplain overlays should prohibit new development, 
require performance standards, or establish design review. 

Land use regulations in areas at risk of storm surge should be managed 
through overlay zones similar to those used for flooding. 

Mapping these overlay zones will require additional research and establishment 
of a standardized regional methodology.

FEMA floodplains should be remapped to include the effects of climate change 
and land use changes on runoff.

Risk does not end at the edge of the floodplain: policy makers should plan for 
the future.
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Options for regulating development in the path of sea level rise include 
setbacks, easements (purchase of development rights), transfer of 
development rights, eminent domain, and fee simple purchase. 

To be effective and enforceable, all development regulations should be paired 
with restrictions on bulkheads, fill, and other methods of artificially forestalling 
sea level rise. 

In the zoning code, a coastal overlay zone could impose setbacks relative to 
mean high tide on coastal properties. To avoid takings claims, setbacks should 
be ‘rolling,’ that is, moving as sea level rises. 

Where zoning codes are absent or local governments are unwilling to regulate 
coastal land without compensation, local governments may acquire land, 
purchase easements, or arrange transfers of development rights. 

Non-profits such as land trusts should also pursue land and development right 
acquisition, with particular attention to areas targeted for marsh migration.

Most states recognize a right to public access in the area between mean high 
tide and mean low tide. Regulation should preserve access to the tidelands. 

No new development should be allowed in areas of projected sea level rise. 
Current residents and businesses should be encouraged to relocate.

Avoid development in the path of 
sea level rise.
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Protect significant public resources.

Physical protection against floods and storm surges, such as dikes and levees, 
should be implemented when benefits exceed costs.

Protection structures should preserve or create a publicly accessible water-
front. 

Publicly significant buildings at risk of flood or storm surge should be modified 
or retrofitted. 

Some components of the built environment are too important to lose, 
embodying cultural, historic, or monetary value that justifies the cost of 
protection. 
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Ensure diverse land uses in 
relocated communities.

Land use policies should, at a minimum, maintain the range of land uses in 
relocated areas. 

Adaptation should also be taken as an opportunity to generate public discus-
sion about planning and land use. 

Communities in the path of sea level rise should inventory the number and 
price of housing units in the affected area, and plan for an equivalent supply 
elsewhere in the community. 
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Background

The Delaware River Basin benefits from a highly connected, multimodal 
transportation system. This system is vital to the economy and quality of 
life in the Basin, and situates the region as a major gateway to the nation. 
It is therefore important to examine the implications of climate change on 
transportation infrastructure, operations, and services. 

An extensive body of research addresses transportation’s contribution to 
greenhouse gas emissions and climate change. Yet little attention has been 
paid to the potential impacts of climate change on vital transportation 
infrastructure, or the adaptation measures that will be required in response. 

A significant portion of the region’s transportation infrastructure is already 
at risk. Often built along bays, rivers, and creeks, this infrastructure is 
highly prone to flooding.1 As floodplains expand and the chance of a severe 
storm surge increases, so too will the risk to our transportation systems. 
Moreover, sea level rise threatens permanent inundation to the lowest-lying 
infrastructure. The impacts of climate change on infrastructure include flooded 
roads, rail lines, subways, and runways; erosion of roadways and bridge 
supports; reduced clearance under bridges; and changes in harbor and port 
facilities to accommodate higher tides and storm surges. 

Analysis

All modes of transportation must adapt over the next century in order to 
withstand climate change. Decision-makers and local officials need adequate 
information about the vulnerability of major infrastructure in order to develop 
appropriate adaptation strategies. The studio GIS analysis suggests a first step 
in what should be a thorough and on-going investigation of climate change risk 
and adaptation. 

Equipped with an inventory of the existing highways and rail lines in the 
Delaware River Basin, the studio overlaid the three climate change threats, 
highlighting the locations and calculating the amount of infrastructure that 
would be inundated in each scenario. Maps of temporary flooding in 2000 
and permanent inundation in 2050 appear on the following pages. One 
significant deficiency should be noted: because the studio lacked data on 
structures elevated above grade, our calculations may overstate the impacted 
infrastructure by an unknown amount. 

The challenge of adaptation should be seen as an opportunity to create a 
more efficient and balanced regional transportation network. New investments 
can be directed towards a variety of modes, and can be used strategically to 
encourage compact development. Such a policy could accomplish multiple 
goals, adapting to climate change while reducing greenhouse gas emissions 
and other environmental, social, and economic impacts of transportation.










Transportation
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2000
Rail Lines Subject to Temporary Risk



2050
Rail Lines Subject to Permanent Inundation
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2000
Roadways Subject to Temporary Risk












2050
Roadways Subject to Permanent Inundation
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Inventory critical transportation infrastructure to determine when and where 
projected climate changes will affect operations.

Establish a regional working group focused on sharing best practices and 
incorporating current knowledge about the impacts of climate change 
on infrastructure into planning, design, development, maintenance and 
operations.

Implement a process for better communication among transportation 
professionals, climate scientists, and other relevant professionals.

Designate a clearinghouse for transportation-relevant climate change 
information.

Protect transportation systems.
Transportation infrastructure is vital to the economy and our quality of life.   
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Modify critical infrastructure susceptible to flooding and erosion.

Where modification is impractical, relocate critical infrastructure or devise 
regional protection measures. 

Establish codes and standards for construction and maintenance that take into 
account the impacts of climate change.   

Adapt infrastructure.
Critical transportation infrastructure, including emergency evacuation routes, 
should be modified or relocated to avoid risks from climate change. 
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In areas that may be temporarily inundated, transportation agencies should 
map alternate routes, including emergency evacuation routes. 

Coordinate disaster evacuation routes among municipalities.

Ensure that multiple transportation options are available to vulnerable 
populations. 

Develop monitoring technologies that provide advance warning of failures in 
major transportation facilities.

Ensure that effective communications systems are in place to rapidly restore 
transportation services in the event of failure. 

Prepare for emergencies.

Climate threats are inherently unpredictable, and physical adaptations cannot 
respond to all contingencies.   
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Infrastructure relocation and new transportation investment should be 
evaluated for the resulting effects on land development. 

Ensure collaboration between transportation and land use planning efforts at 
the local, state, and regional levels to foster more integrated decision making.

Update environmental impact statements used to evaluate transportation 
projects to include both climate change mitigation and adaptation measures.  

Ensure that transit promotes compact development with special attention 
given to mixed-use and pedestrian-oriented design. 

Consider the environmental impacts 
of infrastructure relocation.
Recognize the connection between transportation and land use, and avoid 
transportation investments that encourage sprawl.  
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Invest strategically.

All new transportation investments should take into account the projected 
effects of climate change. 

Avoid transportation investment in vulnerable areas. 

Do not allow transportation investment in the path of sea level rise. 

Although existing transportation infrastructure often lies in a floodplain, 
transit-oriented development should seek less vulnerable sites. 

Infrastructure relocation should focus on creating a balanced, interconnected 
regional transportation system.

Agencies should avoid investment in hazardous areas, and use infrastructure 
relocation as an opportunity to improve the efficiency of and access to 
multimodal transportation systems.    
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Background 

For two centuries, industrial activity has defined the cities of the Delaware 
Basin. With ready access to natural resources and markets via waterways and 
rail, manufacturing thrived in Philadelphia, Wilmington, and many smaller 
cities. This industrial history is deeply intertwined with communities large and 
small. Known as the “workshop of the world” during the Industrial Revolution, 
Philadelphia today hosts only a fraction of its peak manufacturing base. 

Yet industry in the Delaware River Basin remains dynamic and diverse. 
Some of the most significant industrial land uses include oil refining, power 
generation, chemical manufacturing, and distribution centers. Shipping plays 
a central role in the region’s industrial economy. The Delaware River handles 
over 3,000 deep draft vessels and nearly 64 million metric tons of cargo 
annually.1 The complex of ports at Wilmington, Philadelphia, and Camden 
generate approximately $3.5 billion in annual revenue.2 

Because industrial development historically occurred near rivers, many 
brownfields and active industrial plants in the Delaware River Basin are located 
at low elevations. To reveal the industry at risk from climate change, the studio 
estimated the location, acreage, and percentage of industrial lands affected by 
projected hydrologic threats in the Delaware River Basin. Areas affected by sea 
level rise will be permanently inundated, while areas affected by storm surge 
and flood face an increasing chance of temporary inundation. 

Analysis

Using land use data from the U.S. Environmental Protection Agency, we over-
laid industrial land with projected sea level rise, storm surge, and flood for the 
years 2000, 2050, and 2100.3 Maps of these results appear on subsequent 
pages. Results indicate that in 2050, a third of industrial land could be affected 
by flood and 19 percent could be impacted by storm surge. Three percent 
would be permanently lost to sea level rise. Fully 38 percent of all industrial 
land could be affected by one of the three threats in 2050. Appendix C details 
affected industrial land by climate threat.

In crafting responses to these threats, policymakers should consider a 
simple, but critical distinction between river-dependent industries and river-
independent industries. Industries that rely on shipping, such as petroleum 
refineries, or large water supplies, such as power plants, must be protected 
from climate threats if they are to remain in the region. River-independent 
industries such as distribution centers can and should be located on less 
vulnerable ground.  

Sea level rise, storm surge, and flooding threaten more than a third of the 
region’s industrial land with inundation. Unremediated brownfield sites further 
impair the quality of the Basin’s streams and rivers. 

Industry
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Industry 2050
Combined Threat











The rising Delaware inundates portions of Wilmington’s Port 
and the DuPont Chemical Compound across the river. A fringe 
of vacant industrial land, much laden with uncatalogued 
contaminants, falls below rising tides from Wilmington 
to Trenton. River-dependent industries must build costly 
defenses, while river-independent industries consider 
relocation, often to greenfield sites in rural and suburban 
municipalities. 

Industry 2050
Sea Level Rise
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Industry 2100
Sea Level Rise









The area of inundated land doubles from 2050. The Sunoco 
Oil Refinery, keystone of the regional petroleum industry, 
is inundated. Continuous vacant industrial land along the 
Christina River forms a new band of tidelands. 
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Industry 2050
Storm Surge









The area of inundated land doubles from 2050. The Sunoco 
Oil Refinery, keystone of the regional petroleum industry, 
is inundated. Continuous vacant industrial land along the 
Christina River forms a new band of tidelands. 
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Industry 2050
Floodplain









By 2050, a third of the region’s industrial lands would fall 
within the 100-year floodplain, threatening properties active 
and vacant, river-dependent and not. In contrast to other land 
uses, flooding would impact more land than storm surge while 
threatening far more frequent inundation. 
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Heavy Metals, PAH
Heavy Metals, PAH, PCB
Heavy Metals, PAH, PCB, Petroleum
Heavy Metals, PAH, Petroleum

PAH, PCB
PCB
2000 Flood
2050 Flood

Wilmington Brownfields

Brownfields

The region’s industrial legacy presents significant environmental challenges, 
including widespread soil and groundwater contamination. The risks posed by 
sea level rise, storm surge, and flooding further complicate these issues. To 
delve deeper into the industrial pollutant problem, the studio conducted a case 
study of Wilmington, Delaware. Long the center of industrial activity in the 
state, twenty-four percent, or 1,750 acres, of Wilmington’s usable land area 
is currently contaminated.4 Common contaminants include polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), heavy metals (includ-
ing arsenic, mercury and lead), and petroleum compounds.5 Each of these 
contaminants poses dire risks to human and ecological health. Because many 
common contaminants are water soluble, periodic flooding and permanent 
inundation of brownfields could severely degrade the region’s already impaired 
waterways. Similar contamination issues may be present on active industrial 
sites, and should likewise be a priority in climate change adaptation policy. 

Federal, state, and local governments have developed successful incentives, 
funding, and technical assistance programs to help communities and 
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Olympic Sculpture Park- Seattle, WA

developers remediate and reuse contaminated lands.6 As part of a climate 
adaptation strategy, remediation programs should target brownfields at high 
risk of inundation and develop a parallel system to address active industrial 
lands in the path of hydrologic threats. A pollutant inventory for the region 
could help identify industrial lands, whether active or abandoned, that should 
be prioritized for action.

Low-lying brownfields are often targeted for redevelopment that takes 
advantage of their urban waterfront location. Because many of these 
redevelopments will be at great risk from sea level rise, storm surge, and 
flooding, communities should consider alternate uses. After remediation, low-
lying brownfields offer ideal sites for urban parks, constructed wetlands, and 
riparian corridors. These amenities provide public space and boost property 
values on adjacent private lands without placing additional residents in harm’s 
way. One recent brownfield reuse project provides an inspiring example of 
the positive economic, social, and environmental benefits that brownfield 
remediation can deliver. Olympic Sculpture Park in Seattle, Washington, 
converted a nine-acre industrial site into a park that connects the city with its 
waterfront and provides a venue for public art.7 The following section outlines 
general principles and specific guidelines for adapting industrial land to climate 
change. 
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Industry provides regional and local identity as well as employment for 
riverfront communities.     

Preserve industry.
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Public safety and environmental health are more important than keeping in-
dustry in historical locations.

Industries relocating from vulnerable areas should remediate contaminated 
soil.

Public funding and technical assistance should be made available to ease the 
burden of public relocation plans. 

Brownfield programs should target sites in the path of sea level rise for reme-
diation. 

Because many industrial contaminants are water soluble, permanent 
inundation from sea level rise and temporary inundation from flooding pose 
major environmental and public health threats. 

Prioritize public health.
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Keep river-dependent industry in 
place.

Waterfront industry that depends on river access should remain in the current 
location if prevention of industrial pollution is possible. 

Engineered fortification will be an acceptable adaptation for river-dependent 
industry.

Outside risk areas, riverfront industrial expansion should be accommodated on 
existing brownfields rather than on greenfields. 
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Relocate all river-independent 
industry from the path of sea level 
rise.

Within risk areas, industrial development on greenfields should be prohibited.

Waterfront industry that does not depend on river access should be phased out 
or relocated, and the site should be remediated for conversion to a productive, 
non-polluting use. 

Within the zone of sea level rise, vacant industrial lands should revert to marsh 
or open water. 

Within other risk areas, vacant industrial lands should be converted to natural 
habitat, public parkland, or other uses flexible enough to withstand flooding 
and storm surge.  

When re-siting industrial uses, air and water quality impacts should be consid-
ered. Relocation of air-polluting industries should be discouraged in locations 
upwind of urban areas. 
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Background 

Although climate change will impact all ecosystems, this urban planning 
studio chose to focus its limited resources on one ecosystem of critical 
concern for climate change in the Delaware River Basin: the marshes that 
line the tidal reaches of the River. Tidal marshes are particularly valuable to 
society and uniquely vulnerable to climate change: valuable because they 
perform essential ecological services, and vulnerable because they occupy a 
topographic location directly in the path of sea level rise. 

Wetlands are essential to the region’s long-term ecological and economic 
viability. Wetlands provide critical habitat for local and migratory species, 
many with commercial value: approximately three-fourths of commercial 
fish landings in the United States consist of species that depend on estuaries 
and their wetlands.1 Wetlands prevent coastal erosion and protect coastal 
settlements from flooding.2 Finally, wetlands filter and retain nutrients and 
sediment, two key water quality threats in the Delaware estuary.3 Taken 
together, these functions make tidal wetlands one of the most productive and 
useful ecosystems on earth. Although placing a price tag on nature is difficult, 
one prominent study estimates that the value of ecosystem services from 
wetlands totals $9,200 per acre per year, compared to $3,600 for forests and 
$810 for grasslands.4 

As sea levels rise, tidal marshes give way to open water. Marshes do have the 
ability to migrate, or transgress, to higher ground. But this ability depends 
on human stewardship and the availability of suitable land. The specter of 
marsh loss is particularly poignant given that wetlands offer one of our best 
natural defenses against flooding and storm surge. Tidal marshes may also be 
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Low Marsh High Marsh Low Marsh High Marsh

Low Marsh High Marsh Low Marsh

Gentle Slope, No Barriers 

Migration Possible 

Steep Slope

Migration impossible 
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Wetlands
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Low Marsh High Marsh Low Marsh High Marsh

Low Marsh Low Marsh

disturbed by engineered protection devices, such as dikes and sea walls, and 
by efforts to reduce or block natural fl uxes, such as tides, fl oods, and even 
storm surges.5 

The Delaware basin contains several types of tidal wetland, which vary 
primarily with salinity. Tidal freshwater marshes in the urbanized region give 
way to estuarine marshes in the brackish estuary and saline fringe marshes 
in the Delaware Bay. In addition, species vary by elevation within each marsh 
type. In general, these species can be classifi ed into ‘low marsh,’ between 
mean sea level and mean high water, and ‘high marsh,’ between mean high 
water and spring high water – the high mark of the Bay’s tidal fl ux. As sea 
level rises, low marsh is converted to mud fl at or open water, high marsh 
becomes low marsh, and where possible, high marsh migrates, or transgresses 
to formerly dry land. In addition, some marshes may be able to accrete – raise 
their elevation by adding soil – at a pace commensurate with sea level rise. 
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Analysis

In a 2008 study, the EPA evaluated the ability of tidal marshes to keep pace 
with sea level rise.6 The authors examined three sea level rise scenarios: a 
continuation of current rates – about 3mm/year in the Delaware Basin – an 
increase to a rate of 5mm/year, and an increase to 10mm/year. The 10mm/
year scenario is similar to the projection used for this studio, and reflects the 
most current understanding of sea level rise in the region. 

Under the 10mm/year scenario, the Delaware’s estuarine and saline fringe 
marshes would eventually become open water.7  Freshwater tidal marshes 
would be able to keep pace with sea level rise, but rising salinity and water 
pollution could threaten the health of these scarce resources, which tend to be 
isolated and surrounded by urban development.8 Using the studio’s sea level 
rise projections and the EPA’s projections for accretion capacity, an estimated 
54,000 acres of tidal marsh would be lost by 2100, 32 percent of the current 
total.9 
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2100
Estuarian and Saline Marsh Lost



We propose three strategies for confronting projected marsh loss: protecting 
wetland function, allowing wetland transgression, and supporting wetland 
creation. To maintain even current rates of wetland accretion, wetland health 
must be closely supported and monitored. At the same time, most estuarine 
and saline fringe marshes cannot be maintained in place; therefore, wetland 
transgression must be enabled. Finally, sea level rise may offer opportunities 
for new wetland creation. For details, see the principle and guideline section 
that follows. 

Building on EPA research and our GIS modeling efforts, the studio conducted a 
preliminary evaluation of wetland migration potential in the Delaware Basin. By 
2100, approximately 67,000 acres of additional land will fall within spring high 
water. This means that, if secured for transgression, enough tidal land would 
be available to compensate for the projected loss of 54,000 acres.10 











Better

Worse
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2100
Marsh Transgression
















Unfortunately, only 17 percent of the projected tidal land is currently 
protected or under public ownership.11 Moreover, our GIS analysis suggests 
that some of the region’s largest public assets, such as the Bombay Hook 
National Wildlife Refuge, will be entirely lost. Therefore, land acquisition, 
protection, and regulation will be required to ensure marsh migration. To begin 
evaluating the available land, we also conducted a rough suitability analysis 
of the land between 2000 spring high water and 2100 spring high water. The 
analysis considered six factors: elevation, slope, existing land use, proximity 
to urbanized areas, proximity to public or protected land, and proximity to 
tributaries or meanders. Coordination with the alternative urbanization model 
demonstrates that both marsh transgression and projected urban growth could 
be accommodated, given strong regional land use policies. 

Sea level rise is happening. But climate change is not the only threat to 
wetlands: between 1992 and 2001, parts of the region lost 22 percent of their 
marshlands – to sea level rise, but also to other land use changes.12 As the 
Bay’s tides begin to threaten settlements, the historic tension between marsh 
protection and urban development will become more pronounced if no public 
framework exists for balancing these two essential land uses. The time for 
action is now; the section that follows proposes principles and guidelines for 
action to address marsh loss.  
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2100
Public and Protected 

Estuarian and Saline Marsh Lost



A no net loss goal can be met by preserving unique existing resources, 
enabling marsh migration, and creating new tidal marsh in areas of sea level 
inundation.

Land in the zone of sea level rise should be dedicated for migration through 
regulation, easements, or land purchases.

If a municipality chooses to prevent migration by defending development, an 
equivalent area should be dedicated elsewhere.

Newly tidal lands should be considered for marsh creation, even where no 
marsh exists now.

Mitigation banking should focus on future rather than existing tidal zones.  

Preservation should be roughly proportional by wetland type, with preference 
to the more scarce freshwater tidal marshes.

Land dedication does not guarantee wetland preservation.  Marsh health and 
function must be protected by improving water quality, ensuring sediment 
deposition, minimizing invasive species, and preventing further habitat 
fragmentation.

Ensure no net loss in wetland area, 
function, and quality.
Wetlands provide essential habitat, protect human settlement from flooding 
and storm surge, and filter water pollutants. Because urbanization and 
agriculture constrain the ability of natural systems to adapt, preservation will 
require human intervention in natural systems.  
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Identify priority preservation sites with high ecological value and low 
acquisition costs.   

Use wetland creation to strategically protect settled areas. 

Recognize that even small urban wetlands may have great civic and 
ecological value. Protect the existing resources and consider creating 
new ones on vacant urban land.

Achieve maximum benefit for 
minimum cost.
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To enable marsh migration, sea levels should be allowed to rise unimpeded, 
particularly on vacant, underutilized, or agricultural lands.

Cost-benefit analyses used to determine the location of future land uses should 
include broadly defined calculations of ecosystem services. 

Adaptation measures such as levees and storm surge barriers should consider 
the dependence of wetlands on natural fluxes such as tides, floods, and storm 
surges. 

Balance human protection with 
ecological health.
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In Delaware, New Jersey, and Pennsylvania, state coastal commissions should 
take a more active role in regulating coastal land use.     

Growth management and wetland transgression legislation should be enacted 
at the state level and implemented by local governments through the compre-
hensive planning process. 

The DRBC, in partnership with non-profit groups, should organize regional 
monitoring efforts and advocate for state and local policies that implement the 
no net loss principle.

Land trusts should pursue land and easement acquisition to enable wetland 
transgression.

Pursue wetland protection at the 
regional, state, and local levels.
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Background and Analysis

As the studio’s floodplain analysis demonstrates, projected increases in 
precipitation intensity from climate change could significantly increase the 
risk and extent of flooding in the Delaware River Basin. At the same time, 
the trend urbanization model projects a 36.4 percent increase in the region’s 
developed land.1 Urbanization converts permeable fields, forests, and wetlands 
into impervious surfaces. Because water is not absorbed into the ground, but 
rather runs off quickly into storm drains, an increase in impervious surface also 
increases the frequency and severity of flooding. At the same time, impervious 
surfaces reduce aquifer recharge and stream base flow, increasing the region’s 
susceptibility to drought. Thus, projected urbanization could exacerbate two of 
the most serious risks associated with climate change. 

To model the compounding effects of climate and land use change on 
stormwater runoff, the studio conducted a GIS analysis that combined current 
and projected land use with the best available projections of precipitation 
increases as climate changes. By 2050, rising precipitation intensity would 
increase peak runoff by 9 percent.2 Increased impervious surface from 
projected urban development would further increase runoff by 4.5 percent, for 
a combined 2050 increase of 13.5 percent.3

Land Use
Acres

Change
(%)

Runoff
(Cubic Meters)

Change
(%)

2000 Urban Open Space -947 -0.2% -1,149,660 -0.2%
Urbanized 220,070 33.5% 605,870,622 36.4%

Barren -6,342 -8.3% -20,870,622 -8.3%
Forest -84,260 -2.1% -51,148,260 -2.1%
Grass & Scrub -905 -2.8% -915,975 -2.8%
Agriculture -122,067 -5.8% -163,031,355 -5.8%
Wetland -24,731 -4.8% -5,004,360 -4.8%

364,090,932 4.50%

Change in Land Use and Runoff, 2000 - 2050



































Stormwater Management
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2050
Land Use Projections














Given the combined threats posed by flooding, sea level rise, and 
unpredictable storm events, planners will need to develop creative solutions 
to manage the volume and velocity of surface water runoff from future 
development, and to ensure that the quality of water meets the standards of 
the Clean Water Act.

Traditional stormwater conveyance systems such as storm drains, engineered 
catchment basins, and concrete curbs are effective at directing peak water 
volumes to protect human life and property.4 However, they suffer from several 
shortcomings. Because they direct water to streams and rivers as quickly 
as possible, they exacerbate downstream flooding and erosion. They often 
provide no filtration, transporting pollutants directly into waterways. In cities 
such as Philadelphia with combined sewer and stormwater systems, high peak 
flows of stormwater and raw sewage overwhelm treatment plants and spill 
directly into rivers and streams. 

Because of these problems, a growing movement seeks to mimic and preserve 
natural systems that infiltrate, reuse, and evapotranspirate stormwater. In 
particular, an exhaustive review of best stormwater management practices 
by the National Research Council indicates that standard stormwater 
infrastructure is not effective in reducing the runoff created from frequent, low 
volume precipitation.5 Thus, there is enormous potential to reduce downstream 
flooding, rising concentrations of surface pollutants, and combined sewer 
overflows in our waterbodies by retaining and filtering the first inch of 
stormwater discharge on site. 

Therefore, local governments should reduce the amount of impervious surface 
in new development while retrofitting and replacing existing stormwater 
infrastructure, parking lots, and roofing systems. Reducing impervious 
surfaces — roads, sidewalks, compacted lawns, and structures — can be 
accomplished through better site design, regional planning, GIS modeling, 
and regulatory policies.6  Retrofitting and replacing aging stormwater 
infrastructure, parking lots, and roofing systems in existing urbanized areas 
will become increasingly relevant as materials reach the end of their service 
life. The studio finds a strategic opportunity to use public funding, financial 
incentives, and educational outreach to promote green infrastructure — rain 
gardens, green roofs, bioswales, and permeable paving — as substitutes for 
aging infrastructure. 

The region needs a new approach to stormwater management. Unsightly 
“grey infrastructure” occupies a significant amount of our public space and 
receive an enormous amount of public funding. Recent efforts by the City of 
Philadelphia to accomplish a green approach to stormwater management are 
encouraging.7 Similar initiatives throughout the region could significantly offset 
the negative effects of land use and climate change while creating a greener 
urban landscape. 
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2000 - 2050
Change in Runoff

By Sub-Watershed



Traditional stormwater systems are unsightly and overlooked. Aesthetic 
improvements can draw public attention to this critical issue. 

Daylight covered creeks and streams wherever feasible.

Replace obsolete stormwater infrastructure with green alternatives.

Integrate infrastructure and 
landscape.
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Zoning, development, and subdivision regulations should set standards for 
allowable percentages of impervious surface, or performance standards for the 
amount of stormwater retained on-site.
 
Because sprawl development tends to create a disproportionate amount of 
impervious surface in the form of parking lots and roads, green infrastructure 
should be incorporated into compact development. 

Continuous parkland buffers absorb more stormwater than atomized pocket 
parks of the same aggregate square footage.                       

Prevent the compaction of soil during construction.

Reduce land disturbances and impervious surfaces associated with 
development. 

Minimize impervious surface.
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Wetlands, woodlands, grasslands, and riparian corridors play an essential role 
in slowing, absorbing, and filtering stormwater. 

Green infrastructure planning at the city and regional scale should focus on 
protecting wetlands and continuous riparian buffers. 

Preserve critical ecological areas.
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Prevent the compaction of soil during construction.

Reduce land disturbances and impervious surfaces associated with 
development.

Integrate stormwater management 
and site design.
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Create tax credits, subsidies, or rebates for green infrastructure. 
 
Consider a per unit tax or fee on stormwater to internalize costs. 

Incentivize stormwater 
stewardship.

126



Because stormwater does not start and stop at each municipal border, 
stormwater policy should be based on regional analysis and strategies. 

GIS mapping and watershed overlay zones should guide regional 
stormwater management policies.

Coordinate across boundaries.
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Background 

Although this studio deals primarily with an excess of water, climate change 
may also bring more frequent and severe droughts to the Delaware River 
Basin. While increased drought could have a wide variety of impacts, we focus 
on an issue of critical concern to the region’s cities: the security of drinking 
water supplies. Rising salinity poses a threat to both surface and groundwater 
sources, including the intake that provides 60 percent of Philadelphia’s supply. 
Sea level rise will compound salinity increases in both the Delaware River and 
the region’s aquifers. 

The salt line is an imaginary contour that reflects a seven-day average chloride 
concentration of 250 mg/l: the EPA drinking water standard for chlorides, and 
the point at which water begins to taste salty.1 The DRBC controls the salt line 
by periodically releasing water from strategic upstream reservoirs. It sets a 
benchmark of no more than 180 mg/L of chlorides or 100 mg/L sodium above 
river mile 98, the point above which a strong hydraulic connection between the 
river and aquifers supplying Camden and other municipalities begins. However, 
during severe droughts, fresh water flows may not be sufficient to meet this 
target.2 

Analysis

Given the projected effects of climate change, the region needs to prepare 
for more severe and prolonged droughts and the threat of rising salinity in 
the Delaware. To project the combined effects of increased drought risk and 
sea level rise, our studio referred to a joint EPA/DRBC study that projected 
sea level rises for 2050 and 2100 with salinity data from the 1964 drought of 
record.3 

During the 1964 drought, decreased freshwater flows caused the salt line to 
migrate to river mile 102 – only eight miles from Philadelphia’s Baxter intake, 
which provides 60 percent of the city’s drinking water.4 Because the EPA/
DRBC sea level rise assumptions differed from those used for this study, we 
adjusted the analysis to be compatible with our projected sea level rise. Using 
this method, we projected that under conditions equivalent to the drought 
of record, sea level rise would cause the salt line to migrate an additional six 
miles by 2050 and an additional nine miles by 2100.  In 2050, the salt line 
would reach river mile 114 at high tide: four miles above Philadelphia’s Baxter 
intake.

By 2100, the salt line at high tide would reach river mile 117.5 Because climate 
research suggests greater volatility in precipitation patterns, future droughts 
may exceed the drought of record, and droughts approaching the magnitude 
of the 1964 event may happen more frequently. Philadelphia must prepare for 
the possibility that its freshwater drinking supply could be compromised during 
the coming century. Options include re-siting the Baxter intake upstream, 
securing greater storage capacity or auxiliary supplies that would allow the city 

Water Supply
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Movement of Salt Line Along Delaware River During Extreme Drought Conditons
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Aquifer Before Sea Level Rise Aquifer After Sea Level Rise

to weather drought conditions, instituting contingency standards for river flow 
management, or considering an exceedingly costly desalinization plant.

In addition to Philadelphia’s public water supply, increased salt concentrations 
would threaten the fresh water intakes of a three-county municipal water 
utility, three power generating stations, four industrial plants, and two public 
water supplies.6 While the threat to public drinking supplies is the most severe 
threat, a change in the salt line could have additional consequences, including: 

Corrosion of pipes, intakes, and mechanical equipment,•	

Relocation of industry, and  •	

Decline of fresh and brackish water wetlands that fail to adapt or •	
migrate.

Coastal areas dependent on aquifers must also plan for the effects of record 
drought conditions in combination with sea level rise. In particular, the State 
of New Jersey relies on sole source aquifers that provide 50 percent or more of 
the water supplies for people living above the aquifer.7 If the fresh water levels 
in these aquifers fall below sea level, salt water from the Delaware River will 
flow inland towards the aquifers.8 For example, the City of Camden reversed 
its groundwater flow when it started pumping the Potomac-Raritan-Magothy 
aquifer system for municipal water supplies.9 Under normal conditions, this 
was not a problem, since the salt line usually falls near Wilmington, Delaware 
and fresh water from the Delaware River provides aquifer recharge.10 However, 
during the 1964 drought, salt water from the Delaware River penetrated the 
City of Camden’s supply wells, demonstrating the vulnerability of its coastal 
aquifers.11 

Communities residing well below the salt line are even more susceptible to 
aquifer salinization because they cannot rely on fresh water recharge from the 
Delaware River. For instance, landward migration of the Delaware River and 
the increasing demand for water resources recently forced Cape May County 
to import water supplies, abandon and drill deeper groundwater wells, and 
construct desalinization plants at considerable cost.12 If rapid urbanization 
and water usage continue unchecked, many coastal communities will find 
themselves unprepared for the more severe, frequent droughts and rising sea 
levels that climate change will bring. Now is the time to plan for our water 
resources. 
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Philadelphia County must plan to obtain drinking water supplies from above 
river mile 111, or to create new desalinization plants to compensate for the 
compromised Baxter intake.  

Coordinate emergency drought procedures among municipalities and regional 
governments, especially in coastal areas dependent on sole-source aquifers. 

Monitor the migration of saltwater into coastal aquifers to determine 
vulnerable locations.

Protect public supplies.
Given the projected effects of climate change, municipal water utilities should 
prepare for a drought of at least the same magnitude as the drought of record. 

131



Zoning ordinances and environmental regulations should protect groundwater 
aquifers from excessive withdrawals.

Coastal development dependent on sole-source aquifers should be held to 
stricter water performance standards. 

Water intensive businesses and industries that withdraw over 100,000 gallons 
per day should be held to stricter water performance standards. 

Municipalities should promote the reuse of water via rainwater harvesting and 
greywater systems to ease the demand on public water supplies. 

Meeting regional water needs will require reduced per capita consumption. 

Emphasize efficiency.
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Local comprehensive plans should include an analysis of projected water 
supply and demand.  

Zoning ordinances and environmental regulations should limit development in 
locations that are dependant on the importation of water supplies, or where 
aquifer withdrawals exceed replacement rates. 

Public subsidies and tax incentives should not encourage development in 
locations with limited water supplies. 

Drought overlay zones and GIS mapping of vulnerable areas with limited water 
supplies should guide development decisions.

Educate residents and the development community about the consequences 
and costs of unsustainable water management practices.

Water is a finite resource. Even with efficient water usage, water supply may 
become a limiting factor for future development. 

Limit development to supply.
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The six sites chosen for detailed analysis and design exhibit the diverse land 
types of the Delaware River Basin and a range of climate change threats. Each 
of the sites – Lewes, Pennsville, Wilmington, Philadelphia Airport and Heinz 
Wildlife Refuge, Philadelphia and Camden Riverfront, and Port Jervis – offer 
unique insight into the risks that climate change poses, and a range of design-
based adaptation measures that can protect communities in the Delaware 
River Basin during the next century. 

The sites contain a spectrum of land uses: residential, commercial, industrial, 
mixed-use, and institutional. The sites also reveal a range of density, from 
rural agricultural and preserved open space to dense central cities and 
an international airport. The six locations incorporate different scales of 
urbanization, including small towns and metropolitan centers. They also offer 
local context to the regional climate challenges discussed in Chapter Three. 
Furthermore, the six sites span the geographic and political extent of the 
Delaware River Basin.

Site-specific adaptation strategies focus explicitly on physical interventions 
that would allow communities to protect existing development in place. 
Although we recognize that some communities may decide to relocate 
threatened residences and businesses, we believe that this decision should be 
the result of a thorough and inclusive public process. As outlined in the growth 
management section, we do suggest that communities should, when possible, 
avoid placing new private development and public infrastructure in harm’s 
way. We also suggest that municipalities consider allowing sea levels to rise 
unobstructed, particularly on vacant, underutilized, and agricultural land.  

The adaptation strategies illustrated in this section should be seen not as 
singular master plans, but rather as a set of options. Physical measures include 
both ‘hard’ structures such as levees and seawalls and ‘soft’ measures such as 
constructed wetlands, flood parks, riparian buffers, and creek restorations. As 
described in the sections on wetlands and stormwater management, we see an 
increased role for green infrastructure in reducing climate risks, and suggest 
that it may provide superior function and reduced maintenance costs while 
creating environmental benefits and public amenities. Although the function of 
green stormwater infrastructure is well understood and a swale, for example, 
can be designed and ‘sized’ like a pipe, other emerging technologies may be 
more difficult to incorporate into engineering practice. For example, literature 
quantifying the ability of wetlands to protect settlement from flooding and 
storm surge is scant. Further research on the subject would provide useful 
guidance to communities seeking natural defenses. 

Through individual research and design, a common vocabulary of adaptation 
measures emerged. The measures below range in size and cost, material and 
function. Many are tried and proven, while others represent relatively new 
concepts and designs. Site-specific applications in the pages that follow offer 
insight and guidance to similar sites across the Delaware River Basin and 
beyond.

Chapter 4:
Site-Specific Adaptation
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Beach Fortifi cation  
A combination of periodic sand replenishment and dune 
augmentation to protect coastal communities from sea level 
rise and storm surge. 

Check Dam 
A small barrier located in a waterway to reduce fl ow and 
prevent erosion.

Detention Basin 
A depression that temporarily stores runoff, delaying the 
fl ow downstream.  

Flood Park
A programmed recreational space designed to periodically 
function as a detention basin.

Inundated Shorelines 
An area where seas may rise unimpeded. 

Site Design Dictionary
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Levee 
A linear, earthen mound oriented parallel to a 
waterway that protects inland development from 
fl ooding. Levees are often wide enough for paths or 
roads on top.

New Waterway 
A constructed stream, canal, or swale that protects 
development by directing, slowing, and absorbing 
runoff. Used here, the term also applies to the 
daylighting, or excavation of buried historic streams. 

Polder
A Dutch term referring to a tract of low land 
protected or reclaimed from a body of water through 
encircling dikes. Because polders disrupt natural 
hydrology, runoff must be pumped out of the 
protected area. 

Raised Land 
An increase in elevation through grading. 
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Infrastructure Relocation  
The movement of threatened infrastructure to areas 
less susceptible to natural hazards.

Storm Surge Barrier 
A large, often moveable structure that spans a water 
body and, when deployed, blocks the upstream 
passage of a storm surge.   

Seawall 
A barricade built to protect the shore and prevent 
inland fl ooding. 

Wetlands 
A plant community regularly inundated by water. 
Wetlands can protect coastal communities by 
absorbing storm surge energy and fl ood waters. 

Through these and other site-specifi c measures, the adaptation plans that follow offer 
protection from climate risk while creating new models for public space. Moving from 
south to north, we outline for each site a geographical and historic background, a 
summary of climate change threats, and a suggested adaptation strategy.  
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Lewes, Delaware has a long and close 
relationship with the sea. Water surrounds 
this 3,000 resident town at the mouth of the 
Delaware Bay. The Atlantic is visible across 
the sand dunes of Cape Henlopen State Park 
to the east. To the north, waves crash on a 
sandy beach, the distant New Jersey shore too 
far to see. To the west, wetlands defi ne the 
landscape. And in the center of town, docks 
line the Lewes and Rehoboth Canal, which 
traces the course of a historic stream. 

Founded by the Dutch as a fi shing and whaling 
post in 1631, Lewes remained an important 
commercial port through the early 20th century.  
Historic landmarks offer evidence of its Dutch 
founding, scuffl es with pirates, bombardment 
during the War of 1812, and its fortifi cation 
during World War II. After World War II, 
Lewes emerged as a tourist destination: in the 
summer months, its population doubles. With 
a large elderly population, Lewes is a vacation 
spot with busy days and quiet nights.

South of the canal, blocks of wood-shingled 
houses surround a main street with a church, a 
bank, boutiques, upscale seafood restaurants, 
and cafes. Farther from the center, suburban 
residential developments encircle the town and 
the outlet mall-lined Route 1 corridor. North 
of the canal, Lewes Beach consists mostly 
of single-family homes, with several hotels. 
Lewes Beach is the southern terminal of the 
Cape May-Lewes Ferry, which carries people 
and cars across the Delaware Bay.

Tourism and Beach Erosion

Beaches are Delaware’s largest tourist draw, 
representing over 40 percent of total tourism 
expenditures.1  In fact, tourism accounts for 
20 percent of the economy in the beaches 
region of Delaware, supplying employment 
and income to permanent residents. But 
Delaware’s beaches are prone to coastal 
erosion, which will increase dramatically with 
sea level rise. The EPA predicts that sand 
replenishment needed to protect Delaware’s 
coast from a half meter sea level rise will 
cost $34 to $143 million annually.2 Although 
Delaware’s beaches are a critical economic 
asset, their maintenance will cost state and 
local governments signifi cantly.

Lewes, DE
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Because of its proximity to the sea and an 
abundance of low-lying development, climate 
change poses a significant threat to Lewes.  

Flooding 

Flooding in Lewes comes from two distinct 
sources, according to FEMA: the Delaware Bay 
and the Lewes and Rehoboth Canal.1 FEMA 
estimates that over 600 parcels in Lewes are 
vulnerable to a 100-year flood.

Sea Level Rise 

Without intervention, sea level rise will 
permanently reshape the geography of Lewes 
over the next century. The historic town, built 
on relatively high ground, will become the tip 
of a peninsula. The State Park to the east will 
be inundated, and significant portions of the 
marsh to the west will be converted to open 
water. Sea level rise will permanently inundate 
much of the canal’s current floodplain, 

threatening important commercial properties 
around the waterway. Beachfront properties 
unprotected by sand dunes will also be lost to 
the rising Bay. 

Storm Surge

A Category Three Hurricane could devastate 
Lewes. Lewes Beach would be consumed 
by a storm surge of six to seventeen feet, 
destroying houses and likely reshaping 
the shoreline.  The surge would also flood 
agricultural and residential land as far south 
as Route 1. Although spared severe damage, 
parts of historic Lewes would nevertheless 
be flooded by overflow from the canal. Lewes 
would not be protected by either of the 
proposed storm surge barriers. 

Climate Change Threats

Flood

140



Sea Level Rise

Storm Surge
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Site Concept

Beach 
Fortifi cation

Flood Park Levee Seawall Wetlands

Climate change presents clear and serious risks to Lewes, but proper adaptation can reduce risk 
while adding economic vitality to the town center. The proposed adaptation measures respond to the 
projected one-meter rise in sea level, periodic fl ooding, and a minor storm surge.  It must be noted 
that Lewes, due to its exposed position, is practically indefensible against a direct hit by a Category 
Three Hurricane. Because constructing a barrier to protect Lewes from such an extreme but unlikely 
event would be impractical, this adaptation proposal assumes the risk of a worst-case storm surge will 
be managed through insurance rather than physical means. 

Our strategy for Lewes balances the gradual migration of water and wetlands with targeted defenses 
for Lewes’s most valuable resources. As rising sea levels convert portions of the Great Marsh to open 
water, agricultural land to the north of Lewes would give way in turn to marshland. Water from the 
Rehoboth and Lewes Canal and the Atlantic Ocean would likewise inundate the southern portion of 
Cape Henlopen State Park, re-forming the historical Rehoboth Bay. Land purchases and easements 
would allow the shoreline to move with sea level rise in currently undeveloped areas. 

Adaptation
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Lewes Adaptation

Currently, the greater Lewes area is experiencing rapid, low-density growth. Climate change will 
reduce the amount of buildable land in the area, providing an opportunity to create a denser, more 
walkable community. Additionally, the proposed physical adaptations would reclaim land in the center 
of Lewes now unsuitable for development.

The primary physical adaptation measures focus on two areas: Lewes Beach and the Canal. Beaches 
are perennially desirable destinations, and drive the economies of communities like Lewes. Therefore, 
adaptation measures must not obstruct beach access, and should preserve beach views. In Lewes 
Beach, we recommend beach replenishment, the periodic addition of sand to combat erosion, and 
dune fortifi cation, the widening and heightening of natural sand dunes, to maintain the existing 
shoreline. Most beachfront communities, including Lewes, are already using these tactics.

The Rehoboth and Lewes Canal is the heart of Lewes. Just a block from Lewes’s main commercial 
street, it hosts several canal-front restaurants and businesses. To protect development surrounding 
the canal, we propose a modest system of fl ood walls and levees approximately one meter high. On 
the north side of the canal, walls would run through areas of existing vegetation. Levees, constructed 
by raising existing roadways, would run the distance of Pilottown Road on the south side of the canal 
up to Savannah Road. East of Savannah Road the canal could expand substantially with sea level rise. 
The current elevation change should be suffi cient to protect existing residential blocks. Each of the 
constructed barriers would be coupled with water collection – and when necessary water pumping – to 
handle extreme precipitation events. 
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Lewes Beach With 2100 Sea Level Rise

With 2100 Sea Level RiseRehoboth and Lewes Canal

North Side of Canal with Adaptation

Lewes Beach with Adaptation

The area of docks between the proposed protections and the canal would become a flexible, floodable 
zone – filling temporarily with flood waters, but remaining accessible under normal conditions. 
Significantly, this adaptation plan provides for further development along both sides of the canal.  
Expansion of current canal-front businesses on elevated docks would be encouraged, creating a “Dock 
Walk” along the edge of the structure. Furthermore, the protective system of flood walls and levees 
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With 2100 Sea Level RiseCentral Lewes Residences

South Side of Canal with Adaptation

Canal Front Businesses With 2100 Sea Level Rise

Canal-Front with Adaptation

permits development of land currently at risk from fl ooding.  A new system of parks, additional beach 
side housing, and a hotel are all possible within a few minutes’ walk of historic Lewes and the beach.

Lewes must adapt to climate change.  This potential crisis also offers the opportunity for making 
intelligent land use decisions, pursuing economic development, and maintaining the town’s special and 
historic relationship with the sea. 
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The riverfront community of Pennsville, NJ is 
located just south of the Delaware Memorial 
Bridge. The New Jersey Turnpike and I-295 
provide regional connections to Wilmington, 
DE, 12 miles away, and Philadelphia, 34 miles 
away. Pennsville is the largest municipality 
in Salem County, with a population of 
approximately 14,000 residents.1 Although 
the township is primarily residential, a DuPont 
chemical plant to the north of town provides 
signifi cant employment. Large areas of tidal 
marsh surround Pennsville to the south and 
east. Located almost entirely below two 
meters, Pennsville is extremely susceptible to 
sea level rise, storm surge, and fl ooding. 

Pennsville, NJ

146



147



Flood

Even in 2000, most of Pennsville fell within the 
100-year floodplain. As the floodplain expands 
and the frequency of flooding increases, this 
already significant risk will become a severe 
threat to Pennsville’s continued vitality. 

Sea Level Rise

Absent intervention, sea level rise will 
permanently inundate large swaths of 
Pennsville, even by 2050. In addition, 
significant portions of the adjacent marsh 
will be converted to open water, resulting in 
permanent loss if land is not dedicated for 
migration. 

Storm Surge

A storm surge from a Category Three 
hurricane would entirely flood Pennsville. The 
town’s extremely low elevation and its location 
in the area of highest projected storm surge 
leave it extremely vulnerable to this unlikely, 
but potentially disastrous risk. Because of the 
high water levels involved – as much as 17 
feet – storm surge would be very difficult to 
protect against locally.

Climate Change Threats

Flood
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Sea Level Rise

Storm Surge
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Affected Land Use

Because protecting Pennsville against a disastrous but unlikely Category Three hurricane through 
local measures would be impractical, this proposal focuses on adaptation to sea level rise and riverine 
fl ooding. The proposed measures could also protect Pennsville against minor storm surges, but the 
adaptation strategy shown assumes that a regional storm surge barrier would be built south of the 
site. 

In Pennsville, the main challenge is creating strategies that will protect the community while not 
further disturbing the existing infrastructure and ecological conditions – especially the wetlands. Our 
strategy for Pennsville recommends three major adaptation measures. First, levees and moveable 
fl oodwalls should be installed along the riverfront. Second, raised walls should be carefully selected 
and placed along naturally elevated sections outside developed land. Third, a system of swales 
draining into a catchment basin should be used to improve drainage in the developed area of 
Pennsville.

Adaptation
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Site Concept
Wetlands

Seawall

Levee

Detention Basin

New Waterway

Stormwater Management 

The fi rst part of the design strategy proposes improved stormwater management within Pennsville’s 
developed area. A system of swales would provide a better alternative to the existing underground 
drainage pipes. On streets with two lanes, one lane would be widened to fourteen feet and the other 
replaced with a swale carrying stormwater from streets and private lots. These swales would slow, 
fi lter, and absorb stormwater, reducing local fl ooding. In major rainfalls, the swales would drain to 
a catchment basin located on undeveloped land in the lowest section of Pennsville. Although the 
catchment basin would be able to retain water from most rain events, overfl ow to an existing stream 
would be provided.   
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Protection Plan

Waterfront and Inland Protection

Building on Topography 

The second part of the design strategy capitalizes on 
existing areas of elevated land along the northern and 
eastern perimeter of town. Because these areas are 
already raised, low walls – less than four feet – could 
form a continuous protection against sea level rise 
and fl ooding.  This proposal draws inspiration from 
the Dutch polders – areas of low-lying land encircled 
by elevated dikes from which runoff can be pumped. 
A polder system would protect existing assets from 
sea level rise and fl ooding while preserving the town’s 
character. 

Riverfront Levees and Flood Walls 

The third part of the design strategy addresses sea 
level rise and fl ooding along the riverfront. The 
distance between riverbank and development varies 
greatly. In some areas, a buffer of undeveloped land 
separates the river from streets and structures. In 
these areas, levees  should be placed to provide 
maximum coverage from disasters. Levees in these 
areas would be high enough to protect against 2100 
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Riverfront Sections- Open Land Buffer

Riverfront Sections- Adjacent Residential Properties

sea level rise, but low enough to not obstruct views of the river. Moveable fl oodwalls could be raised 
during fl oods and lowered during normal conditions. In other areas, residential homes reach almost 
to the river’s edge. In these situations, moveable fl oodwalls should be installed atop fi xed walls 
exceeding the height of projected sea level rise. Residents could install raised patios to not lose views 
of the river and beyond. 
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The largest city in Delaware, Wilmington 
lies at the confl uence of the Delaware and 
Christina Rivers. Home to 73,000 residents, 
it hosts an extensive banking and credit card 
industry.  Beginning in the 1990s, the city 
launched a campaign to revitalize the former 
shipyard area along the Christina River. 
Riverfront development has generated nearly 
$67 million in fi scal revenues for the city 
since 1996, serving as an economic engine 
for job growth and a growing source of tax 
revenue, while also providing a new hub for 
recreation and leisure.1 The deepwater Port 
of Wilmington handles over 400 vessels per 
year, with an annual import/export cargo of 4 
million tons.2 Wilmington ranks as the world’s 
top banana port, and the nation’s leading 
gateway for imports of fresh fruit and juice 
concentrates.3 The port generates over 19,000 
jobs, $409 million in business revenue, and 
$28 million in annual local taxes.4

Wilmington, DE
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Flood 

Significant portions of Wilmington currently 
lie within the 100-year floodplain, including 
the entire riverfront development area, South 
Wilmington, and the Port. In Wilmington, 
the risk of flooding is further complicated by 
the presence of contaminated brownfields 
throughout the floodplain.   

Sea Level Rise 

Sea level rise would inundate small portions 
of South Wilmington, the riverfront, and the 
Port of Wilmington. Although the areas affected 
are relatively small, sea level rise presents 
a permanent change that compounds both 
flooding and storm surge. 

Storm Surge 

Storm surge from a Category Three Hurricane 
would have a colossal effect on Wilmington, 
flooding all of South Wilmington, the entire 
riverfront development area, and the Port 
of Wilmington. As with other sites, the local 
measures necessary to protect Wilmington 
against a major storm surge would constitute 
a radical, costly change to the city’s riverfront. 
However, either of the proposed regional 
barriers would protect Wilmington. 

Flood

Climate Change Threats
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Storm Surge
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Affected Land Use

The studio proposes a two-part adaptation strategy for Wilmington. First, a combination of polders and 
inundated shorelines would simultaneously protect existing development and create fl exible areas for 
recreation and fl ood storage. Second, diversions of water through constructed wetlands would relieve 
bottlenecks in the river while fi ltering river and stormwater.

Adaptation
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Site Concept

Flood Park New Waterway Polder Storm Surge 
Barrier

Seawall Wetlands
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Section of Stormwater Remediation

Section of Port of Wilmington

Polders and Inundated Shorelines

In the Netherlands, polders are a traditional method for maintaining usable land below sea level. We 
propose adapting this structure to fl ood-prone areas of development in Wilmington. Levees or dikes 
would encircle low-lying areas, with pumping systems to remove fl ood water. At the same time, a 
more fl exible set of structures would allow controlled fl ooding on vacant riverfront land, creating a 
venue for recreational activities that respond to fl uctuating water levels. Terraced land would fl ood in 
sequence; at the highest level, levees wide enough to accommodate walking and biking would create 
permanently dry paths for active recreation.

Diversion and Filtration

At river bottlenecks where the risk of fl ooding is particularly high, diversion channels would 
accommodate additional fl ood volume. The diversion would remediate soil and water by fi ltering 
fl ows through a series of natural marshes, constructed wetlands, and subsurface detention and 
treatment ponds before discharge into the river. Diversion channels would follow existing wetlands and 
brownfi elds in Wilmington to form a green corridor through the city’s neighborhoods. 

The proposed strategies protect Wilmington’s critical resources while identifying opportunities for 
brownfi eld and stormwater remediation, open space creation, and infrastructural use. Floodable areas 
engage fl uctuating water levels, drawing attention to the effects of climate change and opening new 
areas to recreation.   
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Section of Recreation Area

Christina Riverfront Development AreaPolders at Port of Wilmington
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Philadelphia International Airport (PHL) is 
the largest in the Delaware River Basin and a 
signifi cant driver of Philadelphia’s metropolitan 
economy, with an estimated economic impact 
of $14 billion dollars. In particular, Center 
City Philadelphia benefi ts from the airport’s 
nearby location. Currently one of the busiest 
airports in the world, PHL sees annual traffi c 
of over 32 million passengers, 19,000 tons of 
airmail, and 580,000 tons of air cargo.1 Since 
the year 2000, over $1 billion in capital has 
been invested in improvements and plans 
for terminal and runway expansions to be 
completed by 2010, estimated to total over 
$310 million in additional funds. None of the 
proposed alternatives for expansion address 
adaptation to climate change.    

Directly across I-95 to the northwest, the John 
Heinz National Wildlife Refuge was established 
in 1972 to protect the largest remaining 
freshwater tidal marsh in Pennsylvania. A rare 
oasis for recreation and wildlife in the heart of 
an urbanized area, the marsh is susceptible 
to rising sea levels as well as water pollution 
from stormwater runoff and nearby industry. 
More than 100,000 people visit annually. The 
monetary value of economic activity generated 
in the area by recreational visitors totaled 
$1.7 million in 2006, including $240,000 in 
tax revenue from jobs created. In addition 
to the direct economic impact, these refuges 
are important natural habitats and have an 
immeasurable value in their role as stewards 
of conservation, education, and protection. 
Together, the airport and the preserve form a 
critical economic and ecological resource with 
great vulnerability to climate change.

Philadelphia 
Airport and Heinz 
Wildlife Refuge
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Temporary interruptions to the airport’s 600 
daily flights, or permanent damage from 
flooding and storm surge could have enormous 
economic repercussions for the region. 

Flood

The entire airport lies in the 100-year 
floodplain, which will expand with climate 
change and further urban development. In 
surrounding neighborhoods, flood threatens 
industrial areas, residences, and businesses. 
At the same time, urban stormwater runoff 
erodes the banks of the remaining creeks 
and carries contaminants to the Heinz refuge 
downstream.           

Sea Level Rise

By 2100, a sea level rise of one meter would 
permanently inundate much of the airport. 
Residential and commercial development north 

of the airport would also succumb to rising 
water, as would portions of Island Avenue. 
Impacts to the Heinz Wildlife refuge are more 
difficult to predict. Rising sea levels would 
inundate some structures and stress the 
marsh itself. Although the EPA predicts that 
freshwater marshes will accrete in step with 
sea level rise, their ability to do so depends on 
their continued health.1

Storm Surge

A 10-foot storm surge from a Category Three 
hurricane would flood and damage the entire 
airport, I-95, the Heinz refuge, several oil 
refineries, and residential neighborhoods to 
the south.

Flood

Climate Change Threats
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Affected Land Uses

The studio’s proposal for the Airport and the Heinz refuge responds to sea level rise and fl ooding, 
assuming a regional solution to storm surge. Our adaptation strategy for the Airport and the Refuge 
suggests protecting and optimizing existing real estate, infrastructure, and natural resources. In 
particular, we argue that: 

Natural resources must be preserved. •	

Residential neighborhoods should be maintained, but new development should not be allowed •	
in vulnerable locations. 

Decisions to armor existing shorelines should be contingent on a cost-benefi t analysis. •	

To be feasible and sustainable, the existing airport expansion plan must be adapted to the •	
challenges of climate change. 

Adaptation
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Site Concept

Polder Detail

Polder Raised Land Infrastructure
Relocation

Inundated
Shoreline

Levee New 
Waterway

Wetlands Seawall

A New Shoreline

Water levels would be allowed to rise unimpeded in the 
Heinz Refuge. Land to the east of the airport would be 
dedicated for wetland creation. The fi ll necessary for 
airport expansion would be minimized by creating a 
runway island, surrounded by additional marsh.  

Flood Management

Several protection structures would be necessary to 
protect the airport and other critical areas from fl ooding. 
A circle of levees based on Dutch polders would shield the 
airport from fl ood waters and mechanically drain water 
from within. At the same time, creek restoration and 
riparian buffer expansion to the north of the airport would 
reduce downstream fl ooding and water quality impacts on 
the Heinz Refuge. 
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Redefi ning the New Shoreline

Flood Management
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Current Expansion Plan Overlaid with Projected Sea Level Rise

Philadelphia Airport and Heinz Wildlife Refuge
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Reconfi gured Airport Expansion Plan

Separating Airside and Landside Terminals 

Changing shorelines and necessary fl ood protection measures will constrain expansion efforts south 
of I-95. As an alternative to current expansion plans, the studio proposes separating all airside and 
landside facilities by moving landside operations north of I-95. 

The proposed separation – a proven technique at other airports such as Pittsburgh – offers several 
benefi ts. First, it frees up land south of I-95 for expanded fl ight operations. Second, the proposed 
landside terminal offers superior transportation connections, including freeway, regional rail, and 
trolley access. Third, the relocation site currently lies in the path of sea level rise, and would have to 
be vacated. Relocation offers the opportunity to raise and redevelop the land. Fourth, the landside 
terminal could become the center of a new airport city that revitalizes vacant and underutilized land 
north of I-95. 
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Section

Airport Landside Terminal

Vehicular access to the airport 
would be on the I-95 side of 
new passenger terminals, while 
rail and pedestrian access to 
the airport would shift to the 
northern side. Automated 
people movers would transfer 
passengers to existing terminals 
and six new gates.  

The airport city would 
consolidate all airport-related 
functions including hotels, 
motels, and convention centers, 
while offering walkable access 
to the airport passenger 
terminals. The airport city would 
reduce the distance traveled 
by the regional rail line serving 
the airport and create a new 
connection with the existing 
Route 36 trolley line.  Parking 
would be provided under the 
new airport building, thus 
minimizing the earth needed 
for raising the land above sea 
level. The studio’s alternative 
expansion strategy would knit 
airport and city together while 
protecting development from 
negative impacts such as noise 
and traffi c congestion. 
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Philadelphia 
and Camden 
Waterfronts
Birthplace of the nation and once workshop of 
the world, Philadelphia and Camden anchor 
a thriving, nationally important metropolitan 
region. The Delaware riverfront tells a 
complex story of industrial decline, recent 
redevelopment, and continued centrality. 
Tracts of vacant land line both shores, yet 
Philadelphia remains a critical transportation 
hub and a center of oil refi ning. Philadelphia’s 
port handles 544,000 containers per year 
and employs 45,000.1 Following on the 
renaissance of Center City Philadelphia, 
much of the riverfront has been proposed for 
redevelopment. We analyzed and adapted 
three major plans that will shape growth along 
the banks of the Delaware:  

The Downtown Camden Redevelopment Plan 
(2004) builds on recent expansions of the 
Adventure Aquarium and Campbell’s Field to 
create a waterfront entertainment district with 
several hundred housing units, offi ce space, 
restaurants, a museum of recording sound, 
and a hotel/conference center.  

A Civic Vision for the Central Delaware 
(2007) refl ects a public planning process 
that developed guiding principles and specifi c 
proposals for development between Port 
Richmond and the Port of Philadelphia. 

The Navy Yard Masterplan (2004) has so far 
produced a 687 acre offi ce and industrial park 
at the former Navy Yard. Planned development 
includes additional offi ce space and a 200 acre 
mixed-use development centered around a 
marina.
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Flood

Significant areas along the Delaware River 
and its tributaries fall within the 100-year 
floodplain. Because physical barriers would 
disrupt the area’s dense urban fabric, we 
propose that Philadelphia and Camden 
manage flood risk primarily through insurance. 
Proposed sea level rise measures would 
protect against minor floods, while stormwater 
management policies would reduce peak 
runoff. 

Sea Level Rise

Rising sea levels challenge efforts to target the 
riverfront for redevelopment. In Philadelphia, 
half of the Navy Yard, Waterfront Square, the 
Dockside Apartments, big-box retail outlets, 
and Delaware Avenue from Spring Garden 
to Market Street would all be inundated by 
2100. In Camden, Campbell’s  Field and the 
Adventure Aquarium – major attractions and 

anchors for proposed redevelopment - would 
both succumb to the rising Delaware. Several 
blocks of the Cooper-Grant historic district 
would be inundated, as would vast swaths of 
vacant and industrial land.  

Storm Surge

Storm surge from a Category Three hurricane 
would flood 5,800 acres of heavily developed 
land in Philadelphia and Camden.1  Although 
difficult to protect locally, Philadelphia and 
Camden would be shielded by either of the 
storm surge barriers proposed by this studio. 

Flood

Climate Change Threats
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Sea Level Rise

Storm Surge
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Affected Land Uses

The studio proposal allows the Delaware to rise along the southern part of the site while protecting 
the stadium and Cooper-Grant with a seawall. Beyond the stadium area, a rolling easement would 
maintain a roughly one-hundred foot riparian buffer, reintroducing natural habitat to Central Camden. 
The design extends the existing street grid and connects the stadium and aquarium through retail 
streets and public space. Height restrictions maintain the view from within Campbell’s Field.  

Detailed design of the waterfront features: 

A continuous boardwalk through tidal marsh,•	
A pier tracing the existing shoreline, with a seasonal café at its end,•	
Approximately 1,300 parking spaces in a garage wrapped with ground-fl oor retail, •	
A retail street connecting the main stadium entrance with the garage and a residential •	
park,  
Residential development, including townhouses and condos,•	
A museum of recorded sound, and•	
A waterfront conference center and a hotel to the west of the stadium.  •	

The studio’s adaptation strategy focuses on the three major plans for downtown Camden, the 
Philadelphia Navy Yard, and the central Delaware waterfront. All three areas feature common 
components: changing shorelines and marsh creation, strategically protecting critical investments by 
hardening and raising the existing shoreline, and strengthening urban connections to the river.   

Camden Waterfront

Philadelphia and Camden Adaptation
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Waterfront WalkCamden Library Wiggins Waterfront Park

Camden Waterfront Design Intervention Wetlands

Seawall
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Inundated 
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Infrastructure 
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Project
Year
Developed Cost Project description

New Jersey State
Aquarium 1992

$60
million

Cornerstone of Camden's waterfront
revitalization / Attracts thousands of
visitors to Camden each year

Camden Children's
Garden 1999 $9million Horticultural playground

Victor Building 2004
$60
million

Adaptive reuse of historic structure into
341 luxury waterfront loft apartments

Adventure Aquarium
(expansion) 2005

$50
million

50,000 square foot expansion / state of
the art acrylic technology and
immersive exhibits

Interior Gateway 2000 2004
$18
million

Unifying streetsacpe design and
signage

Johnson Park Historic
Restoration 2006

$4.1
million

Restoration of sculptures and water
features, cocrete walks and plaza,
benches, lighting and vegetation

Tweeter Center
(renamed
Susquehanna Bank
Center) 1995

$56
million 25,000 capacity concert venue

One Port Center 1997
$30
million 11 stories / 175,000 square feet of office

Campbell's Field 2001
$25
million 6,500 seat baseball stadium

Residential Conversion
of RCA Buildings #8
(Radio Lofts)

anticipated
2010

cost not
yet known Adaptive reuse for condominiums

Ulysses S. Wiggins
Waterfront Park 1981 2004

$11.5
million 1.3 mile linear park

Waterfront
Infrastructure Pop
Fountain Park 2006

$1.4
million

Interactive park with pop fountains and
decorative amenities
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Central Philadelphia Waterfront 

The studio’s proposal for the Philadelphia waterfront adapts several principles from the Civic Vision 
for the Central Delaware. A one-hundred foot riparian buffer along the river’s edge would provide the 
opportunity for new parkland and habitat while improving water quality.  Rolling easements on vacant 
or underdeveloped land could maintain this buffer with rising sea levels. At the same time, walls and 
levees would protect areas developed at higher density.  

We propose a seawall from Penn Treaty Park to Ellsworth Street. We considered two options for this 
structure. A wall along the bulkhead of the piers could protect all development inland of the piers, 
leaving pier development to manage risk privately. Piers not redeveloped by 2100 would be inundated. 
Alternately, a wall along the pierheads would protect all existing development and create new land for 
development by filling between piers. The studio recommends a combination of the two approaches. 
By selecting a few groups of piers for pierhead walls, such as those between Market and Race Street, 
the city could protect investments and create new developable land while offering new connections to 
a changing shoreline.   

The Cooper’s Ferry 
Development Association 
(CFDA) was founded in 1984 
as a private, non-profit 
corporation with the mission 
of carrying out economic 
development projects in 
Camden.  In the 22 years 
that followed, the CFDA has 
drawn investment totaling 
over $5oo million from both 
public and private sources to 
the Camden Waterfront.1  

Many of CFDA’s investments 
in the waterfront area will be 
impacted by sea level rise 
and threatened by storm 
surge in the future.  This 
table highlights the specific 
development projects of the 
CFDA that are vulnerable 
to the hydrologic threats of 
climate change.  

Camden Waterfront
Financial Impacts

178



Existing Waterfront Pier

Philadelphia Piers 

Waterfront Pier in 2 100 Without Design Intervention

Waterfront Pier in 2100 With Seawall and Land Fill
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Affected Land Uses

South Philadelphia Shoreline Philadelphia Navy Yard

Philadelphia Navy Yard 

Our proposal for the Navy Yard protects existing and planned investments while creating new 
freshwater tidal marsh, a regionally and nationally scarce ecosystem. 
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Site Concept

Levee New 
Waterway

Polder Raised Land Infrastructure
Relocation

Seawall

Raised Land

Raising vacant land four to six feet before redevelopment would protect against sea level rise and 
minor fl oods. Because the shipyard and reserve basin are located at extremely low elevation, they will 
be entirely inundated by 2100. A cost-benefi t analysis should inform the decision to relocate or rebuild 
these facilities. 
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Future Mixed-Use Development

Mixed-Use Development.  The proposal to raise the land modifi es the 
existing master plan before development takes place.

Raising the Land

Inundation of Port
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Navy Yard Shoreline

Design Intervention

Levees and Walkways

Inundation of Developed Land

Seawalls and Levees

Seawalls between raised piers would protect existing development, including Delaware Avenue retail, 
the Port of Philadelphia’s shipping and receiving area, and the adjacent railyards. Five- to seven-foot 
levees along the shoreline in the shipyard would protect historic industrial buildings now converted to 
offi ce uses. Levee design would minimize visual obstruction and encourage access to the waterfront by 
creating a path on the top. 
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Design Intervention

Inundation of Undeveloped Land

Raised Port and Seawall

Relocating Infrastructure

Moving Columbus Boulevard and Pattison Avenue to the current locations of Weccacoe Avenue and 
Swanson Street would protect these key arterials and re-orient new development. 
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Wetlands 

Expanding the small existing wetland at the Navy Yard would provide fl ood storage and habitat while 
creating a unique amenity for development. 

Adaptive Building Standards

Even with the proposed protection measures, construction in the Navy Yard should be built to 
withstand periodic fl ooding. Green roofs and infrastructure should be used to minimize stormwater 
runoff. In areas of existing development, one-way valves should be used to prevent backfl ow in 
stormwater drains. 

Site Design 
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Port Jervis, NY

Port Jervis, NY and neighboring Matamoras, 
PA are two historic railroad communities 
located at the confl uence of the Delaware and 
Neversink rivers. Matamoras and Port Jervis 
feature historic main streets and nineteenth 
century residential neighborhoods. Occupying 
a steep, narrow valley bounded by the 
Shawangunk Mountains, both towns suffer 
from frequent fl ooding. 
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Unlike the other selected sites, Port Jervis 
and Matamoras are located upstream of the 
Delaware’s tidal reach and are therefore 
subject to neither sea level rise nor storm 
surge. They are, however, extremely 
susceptible to flooding. In 2005 and 2006, 
Matamoras and Port Jervis suffered two of 
their highest flood events on record: 21 and 
20 feet respectively.  Because the frequency 
and intensity of severe precipitation events are 
expected to increase with climate change, Port 
Jervis and Matamoras’ flooding problems will 
only worsen in the future. 

In flood, the Delaware and the Neversink carry 
high volumes of rain, snowmelt, and water 
released from reservoirs upstream.1 Matamoras 
and Port Jervis are provisionally protected 
by levees constructed by the Army Corps of 
Engineers in the early 1900s. Unfortunately, 
these levees were never finished and have not 
been maintained.  

One issue of particular concern in Port Jervis 
is the tendency of its stormwater system to 
back up during floods. Port Jervis has been 
proactive in addressing this issue, installing 
valves that can close drainage outflows and 
a new pumping system that now sends water 
further downriver.2 The valve system offers an 
effective solution for this specific issue, but 
does not comprehensively protect Port Jervis 
from flooding. 

Flood

Climate Change Threats
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Topography

Downtown Port Jervis
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Affected Land Use

New strategies must be employed to protect Port Jervis and Matamoras from fl ooding.  Adaptation 
measures should not be seen as fi scal burdens, but rather as opportunities to create value through 
design. Devising comprehensive solutions for the two towns also provides a unique chance for the 
Delaware River Basin Commission to implement solutions across state and municipal boundaries. 

The studio proposes several types of fl ood control measures: levees, water parks, check dams, 
and creek restoration. Shown here in one confi guration, these fl exible systems could be deployed 
elsewhere in the Delaware River Basin. 

Adaptation

190



Check Dam Detention
Basin

Flood Park Levee New 
Waterway

Site Concept

Levees

To protect the two towns, new levees could to be built along both sides of the Delaware and the 
Neversink. These should be between fi fteen and twenty feet tall to accommodate the highest fl oods. 
Levees would protect most of the existing houses in the fl oodplain. By wrapping the levees around 
the outer edges of currently vacant land, the towns can create more room for the river to fl ood while 
protecting homes and businesses.
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Water parks

Floodable parks could function as recreational space during normal conditions and runoff storage 
during heavy rains. On the Matamoras side, two lakes and an ice skating rink would form the core of 
a new riverfront park. A fl oodable skate park would serve as an underground reservoir to store extra 
water during fl ood events. A pumping station would send water from the skate park further down the 
river to reduce localized fl ooding. New paths would open the site to jogging, hiking, and rollerblading. 
Left mostly unchanged, the south Matamoras park would be subtly re-sculpted by new channels that 
provide additional fl ood storage.  

In Port Jervis, a new levee would run parallel to the railroad tracks. An amphitheater would echo the 
Matamoras ice rink on the opposite side, and a boardwalk running the length of town would provide 
a new riverfront pathway. A new bridge would connect the Port Jervis and Matamoras parks via the 
Matamoras/Port Jervis Island.

Site Plan

Without Flood Flood
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Check dams

Small check dams would be built below Port Jervis’ reservoirs to protect houses downstream. Check 
dams are small barriers that, when placed in concentrated fl ow areas, detain fl ood water slowly and 
release it over time. Check dams are relatively inexpensive and can be constructed out of a variety of 
materials. 

Creek Restoration

In Port Jervis, an embattled and partially buried creek currently adds to the town’s fl ooding problems. 
We propose daylighting the mouth of the creek - currently covered by an underused parking lot - and 
creating a riparian buffer that would absorb additional runoff, improve local water quality, and create 
new park space. Further analysis of the town’s hydrology and stormwater system may reveal similar 
opportunities elsewhere. 

By using these interventions as design opportunities, Matamoras and Port Jervis can make their towns 
safer and more attractive places to live. These strategies need not be implemented in this exact 
confi guration. Rather, they display a range of choices that similar towns can use to protect themselves 
against fl ooding. Other river towns in the Delaware Basin such as Milford, PA, Portland, PA , and 
Columbia NJ, face similar challenges from fl ooding.

Matamoras Flood Park- Dry

Matamoras Flood Park- Flooded

Skate Park Retention Basin Check Dam
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Climate Change Threats and the Delaware River Basin

The pages of this report demonstrate current threat and growing risk from 
climate change in the Delaware River Basin. Rising sea levels will permanently 
inundate land along River and Bay. Climate change will increase the intensity 
and frequency of extreme rainstorms, expanding the 100-year floodplain. 
More surprisingly, cities and towns along the River are at risk from storm 
surge today. This risk will also increase as sea levels rise and severe storms 
become more frequent. The Delaware River Basin is a vital link in our nation’s 
economic, energy, water, and transportation systems. The vitality of the region 
must be protected from the increased hydrologic risks posed by a changing 
climate.

An Emerging Area for Research 
 
Over the course of three and a half months, this studio analyzed the hydrologic 
impacts that climate change will bring to the Delaware River Basin. However, 
time, information, and methodological limitations suggest several areas for 
further research: 

Elevation Data: Because all three climate threats modeled in this report 
involve the relationship between land and water, elevation data was crucial 
to our analysis. However, the USGS National Elevation Data (NED) used 
for this study suffers from significant inaccuracies, highlighted for us by 
the discrepancy between NED elevations and more detailed data used 
for Philadelphia. Region-wide LIDAR mapping could add greatly to our 
understanding of climate threats in the Basin. 

Flood: Our projection for future floodplains used existing FEMA maps as a 
baseline. Conversations with regional hydrologists, however, suggest that 
these maps may be as much as thirty years out of date. Therefore, the 
floodplains projected in this report may understate future risk. Moreover, 
our static GIS model does not capture the dynamics of hydrologic flow. 
Nevertheless, the scale of change shown in our rough projections suggests the 
need for a more thorough mapping that takes into account climate and land 
use changes. 

Storm Surge: Two considerations would add depth to our storm surge analysis. 
First, although the SLOSH model provides a sophisticated projection of impacts 
from a hypothetical hurricane, neither the National Weather Service nor our 
literature review provided quantitative guidance on the probability of such an 
event in a given year. We expect the chances of a major hurricane in the Basin 
to increase, but we cannot project the magnitude of this increase. Second, our 
proposal for a storm surge barrier leaves several questions about downstream 
impacts unanswered. Further research into this proposal should consider 
whether a barrier would exacerbate storm surge lower in the Bay.

Drought, Salinity, and Water Supply: Our study touched on this critical 
issue, but several factors suggest the need for further research. The study 
we used as a base for our analysis is by now more than twenty years old; to 
our knowledge, no other research on the subject has been published for this 
region. The complex relationship between ground and surface hydrology as 
sea levels rise is even more poorly understood. In rapidly growing parts of 

Agenda for the Region
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the lower estuary, formerly rural municipalities may not have the resources 
to research the impacts of rising salinity on their drinking supplies. Better 
regional information would aid land use decisions in such locations. 

Other Climate Risks: Although this studio focused on hydrologic threats, 
climate science suggests several other impacts to the region. More severe heat 
waves could threaten public health, particularly in cities and among the elderly. 
In forested areas, more frequent fires could threaten rural and suburban 
development. Impacts on natural systems will not be limited to wetlands: 
changing climate could reduce species diversity and stress ecosystems across 
the board. 

Modeling Natural Protection: Green infrastructure will play an increasingly 
central role in reducing climate risks, but while the function of green 
stormwater devices is well understood,  literature quantifying the ability of 
wetlands to protect settlement by absorbing floodwaters and storm surge 
energy is more scarce. Further research on the subject would provide useful 
guidance to communities seeking natural defenses. 

Costs, Benefits, and Risk Management:  During our trip to the Netherlands, 
public officials suggested that the amortized costs of physical protections 
should be measured against the cost of insurance. Given rapid evolution in 
the insurance industry and limited time, we were unable to find appropriate 
insurance estimates that could be applied at a regional scale. Ideally, a cost-
benefit analysis of protection measures would include the replacement costs 
and insurance coverage that would be required for permanently lost and 
temporarily flooded infrastructure and development. The closest proxies we 
found for replacement costs were residential property values and jobs by 
industry from the 2000 Census. However, a more complete understanding 
of costs would help evaluate proposals for site-specific interventions such as 
levees and seawalls, and major regional investments like a storm surge barrier. 
These estimates could also be used in weighing growth management policies. 

The Cost of Inaction

The Delaware River Basin is at risk today; this risk will increase dramatically 
with climate change.  

Today

535,000 people
86,000 jobs
Homes valued at over $12 billion
3,600 miles of highway
220 miles of rail lines
12,500 acres of industrial land

2100 

1.6 million people
150,000 jobs
Homes valued at over $20 billion
4,000 miles of highway
420 miles of rail lines
22,000 acres of industrial land

We hope that citizens and decision-makers throughout the region will use 
this report to understand the growing threat of climate change, and that its 
publication will generate awareness about this pressing but often deferred 
subject. Hurricane Katrina vividly demonstrated the cost of inaction. Our hosts 
in the Netherlands saw this catastrophe as a “surrogate disaster,” a wakeup 
call even in a nation renowned for its attention to natural hazards. They 
responded by prioritizing dramatic revisions to national protection policy for 
sea level rise, storm surge, and flooding. In our own country, the increasing 
risk of disasters similar to Katrina remains largely unknown, and in our region, 
a common perception locates climate risk at a safe distance. The evidence 
suggests otherwise. As the nation considers major infrastructure investments 
to jumpstart the economy and our region continues to grow and revitalize, we 
hope that this research studio has started a timely conversation.
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The maps on the following pages show additional GIS analysis not represented 
in the body of this report. Note that even though the maps do not represent 
the full scale of the watershed, the figures opposite in the main part of the 
report are for the entire Delaware River Basin. 

The first six maps show current and projected floodplains for the lower estuary 
and upper basin in 2000, 2050, and 2100. The next six maps display the 
combined hydrologic threat for all regions in 2000 and 2100. Maps in Chapter 
Two show the full extent of projected sea level rise and storm surge for all 
three years. 

Appendix B: 
Supplementary Maps
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Appendix C: 
Affected Industrial Land

Affected Industrial Land
Year Sea Level Rise Storm Surge Flood Combined

Acre % Acre % Acre % Acre %

2000 - - 10,415 17.8% 12,519 21.4% 16,559 28.3%

2050 1,953 3.3% 11,371 19.4% 19,495 33.3% 21,947 37.5%

2100 3,663 6.3% 12,937 22.1% - - - -
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Appendix D: 
Storm Surge Barrier Options
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Appendix E: 
Affected Land Uses by Site
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Appendix F: 
Transportation Infrastructure 
at Risk
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Chapter 1:  The Delaware River Basin

Geographic Areas

1 U.S. Census Bureau, Census 2000; Studio GIS Analysis. For a full description of population 
projection methodology and sources, see text and references for “Forecasting Urbanization.” 

Forecasting Urbanization

1 Existing urbanized land was calculated from the National Land Cover Database (2001), 
combining the categories of ‘Developed, Low Intensity,’ ‘Developed, Medium Intensity,’ and 
‘Developed, High Intensity.’ ‘Developed open space’ was excluded. Existing population was 
drawn from the 2000 Census, Summary File 1 and matched to Census TIGER shapefiles. 
Population projection sources include: Pennsylvania State Data Center; Pennsylvania 
Population Projections. 18 September 2008, accessed online at http://www.pabulletin.com/
secure/data/vol38/38-35/1574.html. 
 Cornell University College of Human Ecology, PRELIMINARY New York State Projection Data by 
County. 18 September 2008, accessed online at http://pad.human.cornell.edu/che/BLCC/pad/
data/projections.cfm.
U.S. Census Bureau. Pennsylvania Population of Counties by Decennial Census: 1900 to 1990. 
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Chapter 2:  Climate Change Threats
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Growth Management
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marsh extents), USGS National Elevation Database (elevation), NOAA tidal gauge data (tides), 
EPA grids from Reed et al (marsh type and accretion projections). 
10 Studio GIS analysis. Source data includes above and elevation data compiled by EPA for 
Reed et al. 
11 Studio GIS analysis. Calculated using above and public land shapefiles compiled by the 
Delaware River Basin Commission. 
12 Partnership for the Delaware Estuary. State of the Estuary 2008. PDE Report No. 08-01. 
Summer 2008. 30. 

Water Supply

1 Hull, C.H.J. and James G. Titus. Greenhouse Effect, Sea Level Rise, and Salinity in the 
Delaware Estuary. 1986. pgs 8-18.
2 Ibid. pgs. 11-12. 
3 Ibid. pgs. 11-12.
4 City of Philadelphia Water Department. Urban Water Cycle. 2008. http://www.phila.gov/
water/urban_water_cycle.html (accessed October 18, 2008).
5 Authors Hull and Titus assumed the 1964 drought, in which the salt line rose to river mile 
102. They then projected the rise in the salt line relative to 1965, assuming that sea-level 
would rise by 73 cm by 2050 and 250 cm by 2100. Their conclusion was that the salt line 
would migrate to river mile 109 by 2050 and 117 by 2100. 
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projected the average mean sea-level rise (3.2 mm year) from Lewes, Delaware (the EPA/
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we used our studio’s assumptions for accelerated sea level rise, which was 48.3 cm and 106 
cm respectively. Thus, relative to 1965, the sea would rise by 62.06 cm by 2050. [(43 *3.2 
mm)/10 + 48.3 cm]. By 2050, the sea would rise by 119.76 cm. [(43*3.2 mm)/10 + 106 cm].  
Thereafter, we made two ratios for the change in the salt line from river mile 102 relative to 
the change in sea level and cross multiplied to get our salt line change prediction for 2050. 
[62.06 cm/X = 73 cm/7] = Delta 6. Thus, the salt line would migrate to river mile 108. 
For 2100, we used the same ratio method, interpolating the change between 2050 and 2100. 
[250 cm – 73 cm] = 177 cm. [106 cm – 48.3 cm] = 57.7 cm. [117 – 109] = 8. Therefore, 
[177 cm/8 = 57.7 cm/X] = Delta 2.6. We then rounded to the nearest whole number. Thus, 
the salt line would migrate to river mile 111. 
Additionally, there is a 6-mile excursion during high tide. Thus, salt line concentrations can 
extend to river mile 114 and 117 during high tide or fall back to river mile 102 and 105 during 
low tide. 
6 Studio GIS analysis. Water intake data from Philadelphia Water Department. http://www.
phila.gov/water/urban_water_cycle.html. (accessed 2 December 2008) 
7 EPA website. http://www.epa.gov/Region2/gis/data.htm. (accessed 2 December 2008) 
8 Barlow, Paul M. Ground Water in Freshwater-Saltwater Environments of the Atlantic Coast. 
2003. pgs. 39, 43. 
9 Ibid. pg. 46
10 Delaware River Basin Commission. The Salt Line: What is it and Where is it? December 5, 
2008. http://www.state.nj.us/drbc/salt.htm (accessed December 10, 2008)
11 Hull, C.H.J. and James G. Titus. Greenhouse Effect, Sea Level Rise, and Salinity in the 
Delaware Estuary. 1986. pgs 8-18;
Navoy, Anthony S., Lois M. Voronin, and Edward Modica. Vulnerability of Production Wells in 
the Potomac-Raritan-Magothy Aquifer System to Saltwater Intrusion from the Delaware River 
in Camden, Gloucester, and Salem Counties, New Jersey. 2005. pgs. 21-23. 
12 Barlow, Paul M. Ground Water in Freshwater-Saltwater Environments of the Atlantic Coast. 
2003. pg. 43; 
Lacombe, Pierre J., and Glen B. Carleton. Hydrogeologic Framework, Availability of Water 
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Liou, Suzzanne L., Travis Madsen, and Timothy Telleen-Lawton. An Unfamiliar State: Local 
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Stormwater Management

1 Studio GIS analysis. We combined our future urbanization model with existing land use data, 
to come up with a base map and them multiplied commonly used runoff coefficients from 
(Environmental Modeling Research Laboratory.  Geo-spatial Data Acquisition-Soils.  Brigham 
Young University.  Provo, UT. September 1998.) .  We then used this with our precipitation 
projections from the flooding analysis to gain an understanding of the amount of stormwater 
by sub watersheds.  
2 Ibid 
3 Ibid
Because barren, vacant land has a higher runoff coefficient than most developed land, a 
more sophisticated land use change model that takes into account the relationship between 
developed and vacant land might arrive at a substantially higher increase in runoff.
National Research Council.  Urban Stormwater Management in the United States. Committee 
on Reducing Stormwater Discharge Contributions to Water Pollution. 2008. pg 292.
4 Ibid. pgs 1-10.
5 Studio GIS analysis; 
National Research Council.  Urban Stormwater Management in the United States. Committee 
on Reducing Stormwater Discharge Contributions to Water Pollution. 2008. pg 292.
6 For details on the Philadelphia program, see the Philadelphia Water Department’s Office of 
Watersheds at http://www.phillyriverinfo.org/

Chapter 4:  Site-Specific Adaptation

Lewes, Delaware

Background
1 Sacks, Adam.  “How Important is Tourism in Delaware? The Tourism Satellite Account 
Perspective.”  Global Insight.  June 2005.
2  EPA.  “Climate Change and Delaware”  http://www.epa.gov (accessed November 2008)

Threats
1 Institute for Public Administration, University of Delaware. “The City of Lewes Comprehensive 
Plan - October 2005.”

Pennsville, New Jersey

Background
1 U.S Census Bureau, Census 2000. Summary File 1. 

Wilmington, Delaware

Background
1 Riverfront Development Corporation of Delaware and the University of Delaware Center 
for Applied Demography and Survey Research. “Economic Impact Study of the Wilmington 
Riverfront.” June 2007. 
2 Port of Wilmington, Delaware. http://portofwilmington.com (accessed November 2008)
3 Ibid. 
4 Ibid. 

Threats
1 University of Delaware. “The Brownfields Challenge: A Survey of Environmental Justice and 
Community Participation Initiatives Among Ten National Brownfield Pilot Projects.” May 1999. 
http://ceep.udel.edu/publications/ej/reports/ej_brownfields_challenges/v_status.pdf (accessed 
November 2008).
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Philadelphia Airport / Heinz Wildlife Refuge

Background
1 Philadelphia International Airport.  The Philadelphia International Airport’s 2007 December 
Activity Report: www.phl.org/activityreports/ar0712.html (accessed 22 November 2008)
2 U.S. Fish and Wildlife Service.  Banking on Nature 2006: The Economic Benefits to Local 
Communities of National Wildlife Refuge Visitation was compiled by Service economists. 
http://www.fws.gov/northeast/nj/spm.htm (accessed 22 November 2008)

Threats
1 See full discussion in the “Wetlands” section of this report. 

Philadelphia / Camden Watefronts

Background
1 Marine Link.com. “Philadelphia Port Development Plan.” 22 March 2007. http://www.
marinelink.com/Story/Philadelphia+Port+Development+Plan-206410.html (accessed 
November 2008).
2 CamdenWaterfront.com.  Cooper’s Ferry Development Association: Master Developer of the 
Camden Waterfront.  http://www.camdenwaterfront.com/cooper.asp (accessed 21 November 
2008)

Threats
1 See Appendix D: Affected Land Uses by Site. 

Port Jervis, New York

Threats
1 Lopez, Vince.  Director of the Department of Public Works.  City of Port Jervis, New York.  
Personal Interview.  20 November 2008.
2 Ibid. 
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Mission Statement

6-7:   Hurricane Katrina damage in New              
                       Orleans, 

http://www.nade.net/_restricted/
NADENLFall2005/KatrinaDamage.jpg

Climate Change Threats

20-21:  4 images: GoogleEarth image, http://
earth.google.com/ with overlay created 
by PennDesign Studio 2008. 

29: (lower left) Slosh Model, Eberwien, 
James. cat 3. Email. 15 October 2008. 

 
30-31:  4 images: GoogleEarth image, http://

earth.google.com/ with overlay created 
by PennDesign Studio 2008.

40-41:  4 images: GoogleEarth image, http://
earth.google.com/ with overlay created 
by PennDesign Studio 2008.

Storm Surge Barrier

58-59:  5 images: photos taken by PennDesign 
Studio 2008. Maeslant Barrier Water 
Information Centre. Rotterdam: 
Netherlands. Site visit 1 October 2008.

Industry/Brownfields  

101:   Olympic Sculpture Park – Seattle, WA, 
http://www.detail.de/Db/DbFiles/  

           galerie_fotos/1412/foto

Lewes, Delaware

144:  (upper left) Lewes Beach, photo taken 
by PennDesign Studio 2008. 

(upper right) With 2100 Sea Level 
Rise, GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008 GIS Analysis. 

(lower left) Rehobeth and Lewes Canal, 
photo taken by PennDesign Studio 
2008.

  
(lower right) With 2100 Sea Level 
Rise, GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008 GIS Analysis.  

Image Sources
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145: (upper left) Central Lewes Residences, 
photo taken by PennDesign Studio 
2008.

(upper right) With 2100 Sea Level 
Rise, GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008 GIS Analysis.  

(lower left) Canal Front Businesses, 
photo taken by PennDesign Studio 
2008.

(lower right) With 2100 Sea Level 
Rise, GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008 GIS Analysis.   

Pennsville, New Jersey

153:   (upper) GoogleEarth image, http://
            earth.google.com/

  (lower) GoogleEarth image, http://
                       earth.google.com/

Philadelphia Airport and Heinz 
Wildlife Refuge 

169:  (upper left) Philadelphia Airport and 
Heinz Wildlife Refuge, http://www.
jaygaulard.com/blog/wp-content/
uploads/2007/07/philadelphia-airport.
jpg

 
(upper right 1) photograph of 
airplanes, www.aviationexplorer.com

(upper right 2) photograph of Heinz 
Wildlife Refuge, http://flickr.com/
photos/sweetgoddess/2708639668/

(lower) Current Expansion Plan 
Overlaid with Projected Sea Level 
Rise, overlay created by Philadelphia 
International Airport Capacity 
Enhancement Program http://www.phl-
cep-eis.com/with an overlay created by 
PennDesign Studio 2008.   
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Philadelphia and Camden 
Waterfronts

177: (lower left) Camden Library, photo 
taken by PennDesign Studio 2008.

(lower center) Waterfront Walk, photo 
taken by PennDesign Studio 2008.

(lower right) Wiggins Waterfront Park, 
photo taken by PennDesign Studio 
2008. 

179:   Philadelphia Piers, photo taken by 
                       PennDesign Studio 2008. 
 
180: (lower left) South Philadelphia 

Shoreline, photo taken by PennDesign 
Studio 2008. 

 
(lower right) Philadelphia Navy Yard, 
photo taken by PennDesign Studio 
2008. 

182: (upper) Mixed-Use Development with 
Design Intervention, overlay created 
by Philadelphia Navy Yard Master Plan, 
Philadelphia Industrial Development 
Corporation (PIDC), Liberty Property 
Trust Synterra Patners, Robert A.M. 
Stern Architects. January 2004, with an 
overlay created by PennDesign Studio 
2008.   

(lower left) Future Mixed-Use 
Development, overlay created by 
Philadelphia Navy Yard Master Plan, 
Philadelphia Industrial Development 
Corporation (PIDC), Liberty Property 
Trust Synterra Patners, Robert A.M. 
Stern Architects. January 2004, 
and additional overlay created by 
PennDesign Studio 2008.   
(lower right) Inundation of Port, 
GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008 GIS Analysis.

183:  (upper left) Navy Yard Shoreline, 
overlay created by Philadelphia 
Navy Yard Master Plan, Philadelphia 
Industrial Development Corporation 
(PIDC), Liberty Property Trust Synterra 
Patners, Robert A.M. Stern Architects. 
January 2004, and additional overlay 
created by PennDesign Studio 2008.   
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(upper right) Inundation of Developed 
Land, Inundation of Port, GoogleEarth 
image, http://earth.google.com/ with 
overlay created by PennDesign Studio 
2008 GIS Analysis.

(lower) Design Intervention, overly 
created by Philadelphia Navy Yard 
Master Plan, Philadelphia Industrial 
Development Corporation (PIDC), 
Liberty Property Trust Synterra 
Patners, Robert A.M. Stern Architects. 
January 2004, and additional overlay 
created by PennDesign Studio 2008.   

184:  Inundation of Undeveloped Land, 
GoogleEarth image, http://earth.
google.com/with overlay created by 
PennDesign Studio 2008.

185:  Site Design, overly created by 
Philadelphia Navy Yard Master Plan, 
Philadelphia Industrial Development 
Corporation (PIDC), Liberty Property 
Trust Synterra Patners, Robert A.M. 
Stern Architects. January 2004, 
and additional overlay created by 
PennDesign Studio 2008.   

Port Jervis, New York

189:  Downtown Port Jervis, 
http://mw2.google.com/mw-
panoramio/photos/medium/8889.jpg

193: (upper right) Check Dam, http://
www.alawaicanalproject.net/images/
Check%20Dams.jpeg   
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