


Authors Authors 
Jonathan L. Goodall, Antonio Elias, Elizabeth Andrews, Christopher "Kit" Chope, John Cosgrove, Jason El 
Koubi, Jennifer Irish, Lewis L. Lawrence III, Robert W. Lazaro Jr., William H. Leighty, Mark W. Luckenbach, 
Elise Miller-Hooks, Ann C. Phillips, Henry Pollard V, Emily Steinhilber, Charles Feigenoff, and Jennifer 
Sayegh 

This report is available at William & Mary Law School Scholarship Repository: https://scholarship.law.wm.edu/
facpubs/2042 





Virginia Academy of Science, Engineering, and Medicine
June 2021

www.VASEM.org

Virginia Academy of Science, Engineering, and Medicine

The Virginia Academy of Science, Engineering, and Medicine is a nonprofit organization 

consisting of members of the National Academies of Science, Engineering, and Medicine 

who reside or work in Virginia as well as other Virginians who are leaders in these fields. 

Through its nonpartisan network of experts, the Virginia Academy provides rigorous analytical, 

technical, and scientific support to inform policy on issues critical to the Commonwealth. 

The Virginia Academy also promotes research, fosters interchange among individuals and 

organizations, and recognizes and honors Virginians who have made major contributions in 

science, engineering, and medicine. 

Front cover: A few people brave the rain and walk the boardwalk as Hurricane Earl  
moves over Virginia Beach, Virginia, on September 3, 2010. (UPI/Alexis C. Glenn) 

Back cover: Tidal waters flood yards in Tangier Island on September 16, 2016. 
(U.S. Army/Patrick Bloodgood)

http://www.VASEM.org


Virginia Academy of Science, Engineering, and Medicine
June 2021

www.VASEM.org

THE IMPACT OF CLIMATE CHANGE ON

VIRGINIA’S COASTAL AREAS

http://www.VASEM.org




CONTENTS

Executive Summary v
The Elements of Climate Change.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . v
Current Impacts on Virginia  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  vii
Future Impacts on Coastal Urban Areas .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  viii
Future Impacts on Coastal Rural Areas.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . ix
Perspectives for Decision-Makers.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . x
Recommendations.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  xii

Chapter 1. The Elements of Climate Change 1
The Energy Budget  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1
The Mechanisms of Climate Change in Coastal Virginia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  3

Sea-Level Rise .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 3
Extreme Weather .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  4
Shifting Seasonal Temperatures .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5

The Models behind the Projections  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5
Projected Sea-Level Rise .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
Projected Extreme Rainfall Events and Intense Storms .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 7
Projected Higher Temperatures  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8

The Stakes for Virginians .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8

Chapter 2. Current Impacts on Virginia 13
Recurrent Flooding .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 13
Changing Storms  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14
Ecosystem Health .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15
Human Health .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  18
Current Responses.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  18

Chapter 3. Future Impacts on Coastal Urban Areas 21
An Accelerating Challenge .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 21
Recurrent Flooding .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  23
Changing Storms  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  24
Human Health .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  26
Low-Income Communities .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  26
Long-Term Planning.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  27



Chapter 4. Future Impacts on Coastal Rural Areas 31
Recurrent Flooding .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  32
Saltwater Intrusion  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  34
Agriculture .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  34
Aquaculture and Fisheries  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  35
Cultural Resources  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  36
Long-Term Planning.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  37

Chapter 5. Perspectives for Decision-Makers 41
Taking a Statewide View  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  41
Responding in a Coordinated, Proactive Way  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  42
Appreciating the Challenge for Localities .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  43
Addressing Inequality .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  43
Adjusting to Intersecting Stakeholder Timeframes .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  44
Understanding the Role of Flood Insurance .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  45
Managing Mitigation, Remediation, and Relocation  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  46
Engaging a Multiplicity of Funding Sources .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  47
Embracing and Encouraging Innovation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  48

Chapter 6 Recommendations 51
Recommendation 1: Establish a Structure for More Effective Collaboration and Coordination .  .  .  .  52
Recommendation 2: Address Gaps in Policy and Procedure  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  54
Recommendation 3: Create a Body to Coordinate and Support Critical Data Collection  

and Technology Transfer Across the Commonwealth .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  56
Recommendation 4: Provide Meaningful Economic Innovation and Incentives to Build  

a Resilience Economy in Virginia .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  58

Appendix A: House and Senate Joint Resolution 47 (2020) 61

Appendix B: Committee Member and Staff Biographies 63
Study Board Leadership.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  63
Study Board Members.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  64
Study Board Staff .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 71



vVIRGINIA ACADEMY OF SCIENCE, ENGINEERING, AND MEDICINE

EXECUTIVE SUMMARY

As part of HJ47/SJ47 (2020), the Virginia General Assembly directed the Joint Commission 
on Technology and Science (JCOTS) to study the “safety, quality of life, and economic 
consequences of weather and climate-related events on coastal areas in Virginia.” In pursuit of 
this goal, the commission was to “accept any scientific and technical assistance provided by the 
nonpartisan, volunteer Virginia Academy of Science, Engineering, and Medicine (VASEM)” 
(see Appendix A). VASEM convened an expert study board with representation from the Office 
of the Governor, planning district commissions in coastal Virginia, The Port of Virginia, the 
Virginia Economic Development Partnership, state universities, private industry, and law firms 
(see Appendix B). In producing the report, the board followed methods similar to those used 
by the National Academies of Science, Engineering, and Medicine by convening an expert 
committee tasked with studying and reporting on the topic. As a result, the report represents 
the views and perspectives of the study board members but was not submitted for public review 
or comment. 

This report is the product of those efforts. It finds that climate change will have 
an increasingly disruptive effect on people living in Virginia’s coastal areas during the 
21st century — and that these disruptions will have repercussions across the Commonwealth. It 
includes an explanation of the physical forces driving climate change, an analysis of the current 
and projected effects of climate change on the Commonwealth, perspectives that legislators 
might consider as they face these challenges, and recommendations that could help Virginia 
implement more productive and effective strategies to address them. 

The Elements of Climate Change

The key to grasping the impacts of climate change is a basic understanding of the mechanisms 
that set it in motion. Small recalibrations of the greenhouse gases in the Earth’s atmosphere 
can have enormous implications for the solar energy the Earth retains. This surplus of energy, 
mostly in the form of heat, has set in motion the changes that will define the century.

For most of the past 800,000 years, the concentration of greenhouse gases in the 
atmosphere has been between about 200 and 280 parts per million. In the past century, that 
concentration has jumped to more than 400 parts per million, increased by human activities 
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such as burning fossil fuels and deforestation. (The sources for information in the executive 
summary can be found in the notes at the end of each chapter.) 

The result has been that the Earth has absorbed an enormous amount of energy, which 
is expected by 2050 to raise the average land and surface water temperatures 2.7°F above the 
level at the start of the Industrial Revolution. For most of human history, this temperature 
has been relatively stable, fluctuating no more than a few tenths of a degree each year — and 
very gradually declining over most of the last 7,000 years. As a result of human intervention, 
however, climate has altered at rates that, according to the United Nations Intergovernmental 
Panel on Climate Change (IPCC), “far exceed the rates of change driven by geophysical or 
biosphere forces that have altered the Earth System trajectory in the past.” 

For Virginians living on the coast, the immediate consequences will be rising sea levels, 
more intense and frequent storms, and warmer and more variable local temperatures. These 
primary drivers translate into recurrent flooding, saltwater intrusion into drinking water, 
inundation of septic systems, and threats to public health, among other issues.

 §The most obvious immediate consequence of climate change for coastal 
Virginians is sea-level rise, fueled by melting ice sheets and glaciers and by 
thermal expansion of water, compounded in Virginia by land subsidence and the 
slowing of the Gulf Stream. The rate of relative sea-level rise in coastal Virginia, 
which combines both sea-level rise and land subsidence, is among the highest 
rates in the United States.
 §The additional energy trapped by greenhouse gases manifests itself in more 
frequent and intense weather events characterized by extreme rainfall and 
extreme winds. Between 1980 and 2020, Virginia was affected by 17 tropical 
cyclones, 30 severe storms, and 15 winter storms that each caused more than a 
billion dollars in damage across the United States.
 §The third consequence of a warmer atmosphere is increased variability in 
seasonal temperatures. Both maximum and minimum winter temperatures, 
especially in coastal regions, were higher in the period between 1986 and 
2015 compared to a baseline average established between 1895 and 2000. This 
increased variability can have important consequences for agriculture and 
growing seasons, civil infrastructure lifespans, and human health, particularly 
for physically vulnerable populations and those who work in outside occupations 
such as landscaping and construction.

Over the last half century, scientists have created progressively more detailed and accurate 
climate models that project these changes into the future. Modeling groups are constantly 
refining their simulations to incorporate additional Earth system processes, take advantage of 
new datasets, and leverage new high-performance computing resources.

As an ensemble, current models show that changes in climate processes affecting Virginia’s 
coast will accelerate as the century progresses.
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 §Under the Intermediate-High Sea-Level Rise projection developed by the 
National Oceanic and Atmospheric Administration and adopted by the 
Commonwealth for planning purposes, there could be as much as 6.69 feet of 
relative sea-level rise at Sewells Point in Norfolk between 2000 and 2100.
 §Modelers have shown nearly a doubling of the frequency of Category 4 and 5 
storms by the end of the 21st century. The largest increase is projected to occur 
in the Western Atlantic, north of 20°N, which crosses the Eastern Seaboard just 
south of Florida.
 §Even under optimistic projections about our ability in coming years to reduce 
greenhouse gas emissions, historically unprecedented temperature increases and 
heat waves are projected for Virginia by the end of the 21st century. 

Current Impacts on Virginia

The Virginia coast is already feeling the costly consequences of sea-level rise in a number of 
ways. They range from compromised stormwater infrastructure in Norfolk, which has lost 
50 percent of its design capacity due to rising sea levels, to recurrent flooding in Virginia Beach, 
which costs the city $26 million a year.

Storm intensity has also increased in recent years. Using Norfolk Airport rain-gauge records 
dating back to the early 1900s, the City of Virginia Beach determined that heavy-precipitation 
events increased at a rate of about 3 percent per decade until 1950, when the frequency 
accelerated to approximately 7 percent per decade.

This situation is exacerbated when the rainfall associated with more intense storms is 
combined with high winds and storm surges. Like rainfall, storm surge from tropical cyclones 
and extratropical storms (nor’easters) has worsened in Virginia: six of the 10 most extreme storm 
surges recorded at Sewells Point over the last century have occurred in the last 20 years, with the 
surge from Hurricane Isabel (2003) reaching over 1.5 meters (4.9 feet) above normal tide levels.

Other effects of climate change on the natural world are particularly clear in the 
Chesapeake Bay area, where they affect local fisheries, agriculture, and the health of the region’s 
inhabitants. For instance, warmer water temperatures have stressed the seagrass and other 
submerged aquatic vegetation that is fundamental to the health of the bay. Such vegetation 
provides habitat for waterfowl, fish, and other marine creatures, filters nutrients from the water, 
and is an important source of dissolved oxygen. Rising water temperatures have also increased 
the concentration of Vibrio bacteria in the Chesapeake Bay and the Atlantic Ocean, increasing 
the likelihood of infection from contaminated fish or shellfish.

Coastal Virginia localities have spent millions of dollars to counter the effects of sea-level 
rise and coastal flooding. A number of these mitigation efforts have involved infrastructure 
improvements. In 2013, for instance, Norfolk elevated approximately 1,500 feet of Brambleton 
and Colley Avenues that were flooded between 200 to 300 hours annually due to high tides 
and storms. Hampton announced in 2020 that it will spend $12 million on three major 
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flood-reduction projects. They include a green infrastructure project that will store and slow 
water through the redesign of existing waterways to reduce flooding.

Large-scale planning efforts that account for sea-level rise and climate change are also 
occurring across the Commonwealth. Norfolk Vision 2100 and Virginia Beach’s Sea Level Wise 
initiative are two examples. Other communities have launched initiatives that will secondarily 
mitigate some of the consequences of climate change.  For instance, SWIFT (the Sustainable 
Water Initiative for Tomorrow) is a water-treatment initiative created by the Hampton Roads 
Sanitation District (HRSD) to ensure a sustainable source of groundwater while addressing 
water quality issues in the Chesapeake Bay. As it injects treated water into the aquifer, SWIFT 
may slow the subsidence that contributes to relative sea-level rise and flooding and increase the 
volume and pressure in the aquifer, reducing its vulnerability to saltwater intrusion.

Future Impacts on Coastal Urban Areas

While many impacts will be shared across urban and rural coastal areas in coming decades, 
they will have different consequences in different locations. For example, under NOAA’s 
intermediate-high scenario, which has been adopted by Virginia for planning purposes, the 
impact on urban infrastructure will be substantial. Many major transportation arteries — 
highways as well as rail lines — will be periodically or permanently inundated by flood waters.

Scientific studies predict the following scenarios:

 §There will be an increase in average cyclone intensity, precipitation rates, and 
number of very intense Category 4 and 5 storms. In Hampton Roads, flood 
damage from a 100-year storm — that is, a storm with a 1 percent chance of 
occurring in any given year — would cause the regional economy to shrink by 
$611 million the following year.
 §Hotter, more frequent heat waves could lead to an annual average of 170 excess 
deaths on dangerously hot days by the 2040s. A hotter, wetter climate can also 
affect public health by creating favorable conditions for vectors of infectious 
disease, which can be particularly challenging in densely populated regions.
 §Racial and ethnic minorities, the poor, the elderly, renters, non-native English 
speakers, and those with mobility challenges will be disproportionately 
affected by recurrent flooding and heat waves. For instance, many households, 
particularly in urban communities, may be unable to afford life-saving air-
conditioning or lack access to official cooling centers.

Since 2015, the Code of Virginia has required localities included in the Hampton Roads 
Planning District Commission to incorporate strategies to combat sea-level rise and recurrent 
flooding in their comprehensive plans. Additionally, increasingly more reliable future climate 
change and flooding projections have spurred urban localities across coastal Virginia to 
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develop plans to counter these effects. The Virginia Coastal Resilience Master Planning Framework 
provides a comprehensive survey of these efforts. A sampling of these includes the following:

 §The Northern Virginia Resiliency Roadmap developed by the Northern Virginia 
Resiliency Planning Work Group in conjunction with the Virginia Coastal Zone 
Management Program 
 §Resilient Hampton, Vision 2100 in Norfolk, and Virginia Beach’s Sea Level Wise, all 
in the Hampton Roads area
 §The Multi-Regional Hazard Mitigation Plan developed by PlanRVA and Crater 
PDC for their 26 combined localities.

The Virginia Coastal Resilience Master Planning Framework is a first step toward a state master 
plan that acknowledges the science of climate change, the complexity of the challenges facing 
Virginia, and the limits of available fiscal resources while prioritizing resilience projects in 
accordance with state guidelines and local and regional needs.

Future Impacts on Coastal Rural Areas

Rural coastal communities in Virginia are also sensitive to the effects of climate change 
but often lack the financial resources of urban regions to address the challenges. Rural 
coastal communities face many of the same challenges as their urban counterparts, but the 
consequences can differ substantially. For instance, urban roadways inundated by recurrent 
flooding affect a large number of people, but city-dwellers are less likely to be completely cut off 
than those who live in sparsely populated rural areas often serviced by only a single road.

The impacts on rural coastal communities in Virginia will be varied:

 §The effects on agriculture include water-logged soils in flood-prone areas, an 
increase in soil salinity due to saltwater intrusion, more variable temperatures 
affecting seed germination, and an increase in agricultural pests and diseases.
 §A Virginia Coastal Zone Management (CZM) Program-funded study found that 
209 miles, or 13.8 percent, of the state-maintained roadways on the Eastern Shore 
face permanent inundation with three feet of sea-level rise — possibly as early 
as 2060.
 §Because rural communities mostly rely on septic systems, sea-level rise and 
recurrent flooding can negatively affect public health by causing septic systems to 
fail or by reducing their longevity.
 §Saltwater intrusion into groundwater will affect wells in rural areas. Because of 
the low recharge rate of the underlying Yorktown-Eastover aquifer, the Eastern 
Shore is far more susceptible to saltwater intrusion than areas to the west of the 
Chesapeake Bay.
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 §Climate change will affect the levels of plankton, which form the basis of the 
food web in the Chesapeake Bay, and will increase the prevalence of noxious 
organisms like algae and jellyfish.
 §Because of zoning classifications, working waterfront businesses may be unable 
to retreat from their current locations as waters rise.
 § Important cultural resources in urban areas as well as rural ones — including 
archaeological sites on Jamestown Island — will likely be lost to rising waters. 

Planning for climate change in rural coastal Virginia necessarily differs from the 
approaches favored in more densely developed and populated areas like Hampton Roads or 
Northern Virginia. With more land to protect and few resources at their disposal, communities 
in rural areas are turning primarily to green initiatives like strategic land conservation, wetland 
restoration, and living shorelines.

Perspectives for Decision-Makers

The need to respond to climate change becomes more pressing with every passing year, but 
developing coherent strategies to mitigate, adapt to, and remediate its effects is a daunting 
challenge. Funding is finite, a fact that the authors of the Virginia Coastal Resilience Master 
Planning Framework state in no uncertain terms: “There is not, nor will there ever be, enough 
funding to protect all homes, businesses, infrastructure, and other coastal assets where they 
currently exist.” Faced with limited resources, legislators, policy-makers, and planners must 
weigh costs and benefits, a consideration that is easily stated but that entails grappling with 
such vexing dilemmas as costs and benefits to whom?, over what period of time?, and on what 
geographic scale?

Building consensus for these decisions is equally difficult because even solutions with 
minimal impact may ultimately entail some concession to the inevitability of disruption or 
loss. We can mitigate, forestall, and delay, but given recent events and projected trends, mere 
preservation of the status quo may not be feasible in many cases. For social, cultural, and 
economic reasons, this is a difficult truth for people to accept. Legislators, policy-makers, and 
planners must find ways to recognize, respect, and account for this reluctance in any solution 
they propose.

As mitigation and adaptation become more urgent, there will be a growing need for 
expertise and innovation as well as organizations with the capacity to complete large- 
and small-scale projects. As it grapples with these issues, Virginia has an opportunity 
to develop innovative and future-looking initiatives that can serve as an example for 
other coastal communities, initiatives that will benefit not only coastal Virginia but the 
entire Commonwealth. 

If decision-makers are to address the opportunities as well as the risks presented by climate 
change, it is important for them to consider the following perspectives:
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 §Taking a Statewide View. The consequences of climate change in coastal 
Virginia will have repercussions throughout the state. Unless coastal challenges 
are treated as a state-wide issue, it will be difficult to muster the will and resources 
needed to address a challenge of this scale and complexity.
 §Responding in a Proactive, Coordinated Way. Allowing market forces alone to 
determine the timetable and nature of the Commonwealth’s response to climate 
change will likely prove disruptive. Proactive coordination, including with 
financial market stakeholders, will set the stage for a more rational response that 
accounts for the needs of disadvantaged communities. 
 §Appreciating the Challenge for Localities. Although climate change is a global 
challenge, individual jurisdictions will bear the brunt of the response and 
will do so in different ways depending on local conditions. Support from and 
collaboration with the Commonwealth, regional planning bodies, and the private 
sector will be necessary to maximize their efforts.
 §Addressing Inequality. Climate change can be expected to exacerbate existing 
economic inequality and heighten challenges that disadvantaged communities 
already face in areas like healthcare and housing. However, with climate change 
placing pressure on government budgets, providing the financial assistance and 
incentives needed to offer equitable options to stakeholders in these communities 
will become increasingly difficult.
 §Adjusting to Intersecting Stakeholder Timeframes. Almost every response to 
climate change will require public- and private-sector decision-makers to manage 
conflicting time frames. This is often a reflection of the nature of specific impacts, 
as some are more immediate or costly than others. However, these timeframes 
also reflect factors like budgeting cycles and grant deadlines, durability of 
different assets, and projected depreciation or lost value of assets. These 
timeframes are apt to differ from one group of stakeholders to another. 
 §Understanding the Role of Flood Insurance. Recent losses have caused the 
National Flood Insurance Program and private insurers to take a more stringent 
view of risks and to increase their pricing. The result is that more and more 
individuals and commercial enterprises lack adequate flood insurance, in some 
cases making it impossible for them to use these assets as collateral for loans.
 §Managing Mitigation, Remediation, and Relocation. Mitigation, remediation, 
and relocation, individually and in combination, are likely to have their 
appropriate places in coastal Virginia’s response to climate change. The scale and 
timing of their deployment will depend on factors specific to the community and 
region, but one fact is clear: mitigation measures (risk reduction, prevention and 
adaptation) are generally more cost-effective strategies to address climate change 
than after-the-fact remediation.
 §Engaging a Multiplicity of Funding Sources. The multiple ways for the 
Commonwealth to fund and finance resilience projects include federal programs, 
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grants from nonprofit foundations and community development finance 
institutions, bonds, and various forms of revenue streams funded by special 
tax, fee, flood control, or improvement districts. However, the state will need to 
supplement these efforts with meaningful and sustained state funding. 
 §Embracing and Encouraging Innovation. Significant innovation will be required 
to avoid the worst impacts of climate change and to mitigate the impacts that 
coastal regions are already experiencing and are likely to experience in the future. 
Virginia could become a national center of expertise and innovation in this 
regard. However, some of the key tools and incentives to achieve leadership on an 
expedited basis are lacking, insufficient, or not well marketed to or coordinated 
with the private sector. 

Recommendations

Taking these impacts and decision-making perspectives into account, the members of the 
study board offer the following recommendations. In formulating these four interlocking 
recommendations, study board members have drawn on their long history of working in coastal 
Virginia to assess the impact of climate change on the Commonwealth and to find ways to 
improve the state’s response. Taken together, these recommendations provide an overarching 
framework that has the potential to help Virginia adjust to the changes that will occur in 
coming decades and reduce the disruption to its economy and the lives of its citizens. 

The four recommendations are as follows:

Recommendation 1: Establish a Structure for More Effective Collaboration and Coordination
We recommend that the climate change program structure in Virginia should be headed 

by a statutorily created council modeled after the Council on Virginia’s Future (2004–2017) and 
appropriately funded and staffed. Chaired by the Governor, that organization of legislative 
leaders and citizen members successfully created a statewide strategic plan focusing all 11 
secretariats and 93 agencies on a specific set of goals. The advantage of this approach is that it 
builds upon existing governmental structures while enhancing the Commonwealth’s capacity 
to plan and respond to the challenges of climate change. Furthermore, we recommend that 
this council plan not only for the resilience of Virginia’s coast but also for the entire state. 
While climate change will manifest itself in distinct ways in different regions, it will have 
statewide implications.

Recommendation 2: Address Gaps in Policy and Procedure
We recommend that Virginia establish and optimize a substantive budgetary policy and 

procedure for climate impact review as part of relevant state agency planning that (i) provides 
equitable opportunity for all stakeholders, including members of underserved or disadvantaged 
communities, with consideration given to such concerns and impacts as transportation and 
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evacuation, sheltering, relocation, housing, etc., and (ii) incorporates and facilitates feasible 
resilience strategies. Such policy and procedure will also need to ensure compliance with the 
Virginia Environmental Justice Act, as applicable.

Recommendation 3: Create a Body to Coordinate and Support Critical  Data Collection and 
Technology Transfer Across the Commonwealth

We recommend that the Commonwealth create, fund, and staff a Climate Change and 
Resilience Resource Center for Virginia, with a board of directors drawn from planning 
district commissions and other entities representing local governments, the Commonwealth’s 
universities and research institutions, nonprofits, and private firms specializing in 
environmental mitigation and adaptation. This entity would be charged with synthesizing 
research and development efforts for Virginia’s climate response to maximize benefits for the 
state’s citizens and promote collaboration. It would also assist entities applying for funding from 
federal, state, and local sources by identifying needed research priorities and would provide 
seed money to entities engaged in or fostering promising research and development.

Recommendation 4: Provide Meaningful Economic Innovation and Incentives to Build a 
Resilience Economy in Virginia

We recommend that the General Assembly provide incentives for businesses to develop 
innovative resilience-enhancing products, technologies, designs, and services, to partner with 
universities to capitalize on their expertise, and to foster workforce development in building 
and implementing resilience solutions. These incentives could include such nonfinancial 
measures as expedited permitting so that innovative solutions like green infrastructure can be 
rapidly implemented. However, funded incentives — including tax breaks for related R&D and 
capital investment as well as grants and low-interest financing — will also be important.



Water rises during Hurricane Dorian at Joint Base Langley Eustis, Virginia, September 6, 2019.  
Many planes and personnel were evacuated in preparation for the hurricane. 
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CHAPTER 1  

The Elements of Climate Change

The recently published Virginia Coastal Resilience Master Planning Framework is the latest 
in a series of studies that document the intensifying impact of climate change on 
Virginia’s coast. The authors state unequivocally, “Climate change is real, and has real 

consequences for all of us — particularly people living in coastal areas.”1

The researchers who produced the Fourth National Climate Assessment for an 
interagency U.S. government taskforce emphasize this point: “There is high confidence in our 
understanding of the greenhouse effect and the knowledge that human activities are changing 
the climate in unprecedented ways. There is enough information to make decisions based on 
that understanding.”2

Multiple studies published in peer-reviewed scientific journals show that 97 percent or 
more of actively publishing climate scientists agree with these conclusions, as has every major 
American scientific association as well as the National Academy of Sciences.3

The Energy Budget

Simply put, human activity has altered the energy budget of the Earth. Solar energy absorbed 
by the Earth’s surface is radiated back into the atmosphere as heat. The amount of energy that 
ultimately escapes into space is determined by the presence of greenhouse gases such as carbon 
dioxide, methane, nitrous oxide, fluorinated gases, and water vapor that can readily absorb 
this heat.

Although greenhouse gases make up slightly less than 0.1 percent of the atmosphere, 
infinitesimal changes can have outsized impacts. For most of the past 800,000 years, the 
concentration of greenhouse gases in our atmosphere has ranged between about 200 and 
280 parts per million. In the past century, that concentration has jumped to more than 400 
parts per million, increased by human activities such as burning fossil fuels and deforestation.4 

Carbon dioxide levels are now higher than at any time in the last 3.6 million years.5

The impact has been dramatic. Every four years, the Intergovernmental Panel on Climate 
Change (IPCC) a group of 1,300 independent scientific experts from the United States and 
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other countries, issues an assessment report. In 2018, the panel stated, “Human activities are 
estimated to have caused approximately 1.0°C [1.8°F] of global warming above pre-industrial 
levels, with a likely range of 0.8°C [1.4°F] to 1.2°C [2.2°F].”6 These temperature figures do not refer 
to the temperature at a specific location, but rather reflect the vast quantity of energy required 
to boost average air and surface water temperatures across the entire globe.

This rapid change in the Earth’s energy budget is unusual — and it is accelerating. While the 
global average of air and sea surface temperatures fluctuates from year to year, in preindustrial 
periods this fluctuation was no more than a few tenths of a degree. In fact, the global average 
temperature has been slowly declining over the last 7,000 years at a baseline rate of 0.02°F per 
century. Since 1970, however, the global average temperature has been rising at a rate of 3.0°F per 
century — and this rate is increasing. According to the IPCC, the global temperature is expected 
to jump almost a full degree Fahrenheit between 2020 and 2050 at the latest. 

For most of human history, our climate has been relatively stable. As a result of human 
intervention, however, it has altered at rates that, according to the IPCC, “far exceed the rates of 
change driven by geophysical or biosphere forces that have altered the Earth System trajectory 
in the past.” The consequences will be far-reaching. 

This chapter focuses on the immediate consequences of climate change rather than its 
secondary effects — for instance, recurrent flooding or saltwater intrusion. For Virginians, this 
translates into rising sea levels, more intense storms with more precipitation, and warmer and 
more variable local temperatures.

In the following chapters, we document the challenges that these three consequences pose 
for individuals, communities, government agencies, and businesses in Virginia. We look at 
impacts we have already observed and those that we can expect in the future, both in rural and 
urban areas.

ATMOSPHERIC CARBON DIOXIDE, 2005 TO PRESENT7
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The Mechanisms of Climate Change in Coastal Virginia

The impacts of global warming vary from place to place. High temperature extremes and 
heavy precipitation events are increasing. Growing seasons are lengthening, and wildfires are 
on the rise. Glaciers and snow cover are shrinking, and sea ice is retreating. Seas are warming, 
rising, and becoming acidic. Each area of the United States faces a unique combination 
of challenges.

Sea-Level Rise

The most obvious immediate consequence of climate change for coastal Virginians is 
sea-level rise driven by melting ice sheets and glaciers — there is simply more water — and by 
thermal expansion. As seawater warms, it takes up more space. Thermal expansion accounts 
for roughly one-third of global sea-level rise observed by satellite altimeters since 2004,8 while 
the bulk of the remainder is caused by melting ice. Changes in ocean surface elevation related 
to ocean circulation dynamics and weakening of the Gulf Stream also play a role.9

Other forces can influence sea-level rise in the short-term. These include fluctuations in 
temperature of offshore waters, changes in atmospheric conditions that can affect the overall 
weight of the atmosphere, and variations in wind conditions that can pile up or push ocean 
water away from the coast.10

Sea-level rise is occurring at an accelerating rate. Global mean sea level has risen 
8 to 9 inches since 1880, with about a third of that in just the last two and a half decades. In 
October 2020, global mean sea level was 3.8 inches (96.3 millimeters) above the 1993 average. 
From 2018 to 2019, in two years, global sea level rose 0.24 inches (6.1 millimeters).11
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Sea-level rise in coastal Virginia is exacerbated by land subsidence, much of which is driven 
by long-term, isostatic geologic processes. During the last ice age, the weight of the Laurentide ice 
sheet covering Canada and the northern United States pushed Earth’s underlying crust downward, 
which forced the crust to the south to bulge upward. Now that the sheet has long melted, the crust in 
Virginia is returning to its previous position. Extensive groundwater pumping is also playing a role 
in subsidence.13 Across the Hampton Roads region, total subsidence is estimated to average 3.1 mm/
year (the equivalent of an inch every eight years).14  Recent studies using satellite data have shown 
this rate of subsidence varies considerably from point to point across the region.15

As a result of this combination of conditions, i.e., sea-level rise compounded by land subsidence, 
the rate of relative sea-level rise in coastal Virginia is among the highest in the United States.16 Using 
the National Oceanic and Atmospheric Administration’s (NOAA) Sewells Point tide gauge in Norfolk 
as the primary tidal data reference (it has been in operation longer than any other Virginia tide 
gauge), Virginia has experienced more than 18 inches of relative sea-level rise in the past 100 years.17 
The impact is dramatic. Since the mid-1800s, an estimated 400-square kilometers (approximately 
100,000 acres) of uplands in the Chesapeake Bay region have converted to tidal marsh.18

Extreme Weather

The additional energy trapped by rising levels of greenhouse gases also manifests itself 
in an increase in frequency and intensity of weather events characterized by extreme rainfall and 
extreme winds. Between 1980 and 2020, Virginia experienced 17 tropical cyclones, 30 severe 
storms, and 15 winter storms that each caused more than a billion dollars in damages across 
the United States. Wind, precipitation, and storm surge-related damage from tropical cyclones 
alone made up nearly half of weather-related damage in Virginia during this period.19

Since 1990, the number of extreme precipitation events with more than two inches of 
precipitation has steadily increased. Tropical Storm Lee in 2011, for instance, resulted in total 
damages of $3 billion, with Washington Dulles International Airport receiving a total of 
8.74 inches of rainfall from the storm, approximately 20 percent of the total annual precipitation 
for the year (46.2 inches).20 Indeed, the contribution of tropical cyclones to overall extreme 
precipitation has been increasing by approximately 5 to 10 percent per decade in the southeastern 
Atlantic coastal states. These storms are wetter and more frequent than in the past.21

At the same time, the intensity of seemingly ordinary weather events has increased. 
On July 8, 2019, isolated portions of Northern Virginia experienced localized flooding that 
demonstrated the principle that it is often not the total amount of rainfall, but how fast it falls, 
that is significant. Total rainfall measured at Reagan National Airport for the July 8 storm was 
3.3 inches. Other local gauges exceeded 4 inches. Rainfall rates, however, reached the equivalent 
of 7 to 9 inches per hour. As a result, Four Mile Run in Arlington County rose 11 feet in an hour. 
This storm was considered a 150-year storm based on the airport’s rainfall intensity data, which 
means it had less than a � percent chance of occurring in any given year. Damage estimates 
were placed at approximately $3.5 million from this one event.22
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Shifting Seasonal Temperatures

The third consequence of a warmer atmosphere is shifting seasonal temperatures. Over 
time, the entire earth is expected to warm, but temperatures will not rise evenly. Since 2000, for 
example, Arctic regions have warmed at more than twice the rate of the globe as a whole.23

In Virginia, the seasons have grown warmer. According to NOAA’s National Centers for 
Environmental Information, the average annual temperature has increased in Virginia by 
1.5°F since the beginning of the 20th century. In particular, Virginia has seen average summer 
temperatures hit record highs and very cold nights dramatically decrease.24  Both maximum 
and minimum winter temperatures, especially in coastal regions, were higher in the period 
between 1986 and 2015 compared to a baseline average established between 1895 and 2000.25

The Models behind the Projections

While changes in sea level, weather patterns, and temperature seasonality can be observed 
in historical records, scientists simulate the future by developing climate models that can be 
run under different greenhouse gas emission scenarios. Building and running these models 
requires the ability to represent Earth system processes with mathematical equations, describe 
initial conditions and projected changes in greenhouse gas emissions, and use powerful 
supercomputers to simulate possible climate futures.

Once a climate model has been created, it is tested using hindcasting. In hindcasting, the 
model is run over historical periods so that the results can be compared with the observed 
records to see how well they match. With each run, scientists successively refine their model 

Reston Park and Ride in Fairfax County floods during Tropical Storm Lee in September 2011. 
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assumptions to replicate the past more accurately. This process 
of model calibration increases confidence in the model and its 
predictions for the future. 

Researchers have been creating climate models of 
increasing sophistication since 1970, providing enough time 
to test their accuracy. A study of 17 models of global average 
temperature developed between 1970 and 2007, for instance, 
found that 14 of them accurately tracked rising temperatures.26  
The Sixth Assessment Report, to be issued by IPCC in 2021, 
will feature runs from 100 state-of-the-art models produced 
by 49 different modeling groups. These modeling groups are 
constantly refining their simulations to incorporate additional 
Earth system processes, take advantage of new datasets, and 
leverage new-high performance computing resources. 

One phenomenon that all climate models account for is 
the positive feedback loops that a warming planet generates. 
In effect, climate change causes a cascade of effects that can 

dramatically amplify climate change. 
For instance, the permafrost — the layer of frozen soil that blankets the Arctic — contains 

huge amounts of carbon, equivalent to more than twice the amount of greenhouse gases 
currently in the atmosphere.27 As the permafrost thaws, it releases its stored carbon in the form 
of methane and carbon dioxide. These additional greenhouse gases, in turn, make the planet 
warmer, which increases the pace of thawing and causes additional greenhouse gas emissions. 
The danger of these positive feedback loops is not simply that they will accelerate climate 
change — for instance, sea levels will rise that much faster — but also that they will lead to a 
tipping point, at which climate change not only accelerates but becomes irreversible.

Projected Sea-Level Rise

The models show that changes in climate processes affecting Virginia’s coast will accelerate 
as the century progresses. In 2012, at the request of the U.S. Climate Change Science Program, 
NOAA reviewed the research on global sea-level rise projections. The agency revised its findings 
in 2017 following a review by the U.S. Interagency Sea-Level Rise Taskforce. It posited six 
scenarios based on increasing amounts of greenhouse gas emissions. These range from the low-
emission estimate of sea-level rise of at least 12 inches (0.3 meters) above 2000 levels in Virginia 
by 2100, to as much as 8.2 feet (2.5 meters) under the extreme emissions scenario.28

As part of Executive Order 45, signed by Governor Ralph Northam in November 2019, 
the Commonwealth adopted the NOAA Intermediate-High Sea-Level Rise projection as the 
planning standard for Virginia state-owned buildings. Using that scenario, there could be as 
much as 6.69 feet of relative sea-level rise at Sewells Point between 2000 and 2100. 29

One phenomenon that all 

climate models account for is 

the positive feedback loops that 

a warming planet generates. 

In effect, climate change 

causes a cascade of effects 

that can dramatically amplify 

climate change.
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RELATIVE SEA-LEVEL CHANGE SCENARIOS FOR SEWELLS POINT, VIRGINIA (feet)

Areas far from the coast will also be affected. Approximately 200 acres of Ronald Reagan 
Washington National Airport are within the 100-year floodplain, which is 11.4 feet above mean 
sea level. The IPCC has also issued projections. Under its high emissions growth scenario, 
permanent inundation of portions of Reagan’s taxiways and access roadways is possible.30

Projected Extreme Rainfall Events and Intense Storms

Although there is still uncertainty about the impact of global warming on the frequency of 
intense storms, recent studies suggest that the average intensity of tropical cyclones (including 
hurricanes in the North Atlantic) is projected to rise. Both theory and numerical modeling 
simulations generally indicate an increase in tropical cyclone intensity in a warmer world, 
and the models generally show an increase in the number of very intense tropical storms.31  
Modelers have shown nearly a doubling of the frequency of Category 4 and 5 storms by the 
end of the 21st century. The largest increase is projected to occur in the Western Atlantic, 
north of 20°N.32  These storms will also be characterized by higher precipitation rates.33  One 
reason for this is that as atmospheric temperature rises, atmospheric water vapor content rises 
as well.34
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Projected Higher Temperatures

Even under optimistic projections about greenhouse gas emissions, historically 
unprecedented temperature increases and heat waves are projected for Virginia by the end 
of the 21st century. Average annual temperatures are expected to exceed historic record levels 
in just 30 years, by 2050. Future heat waves are likely to be more intense, and so are naturally 
occurring droughts. Even if overall precipitation increases, higher temperatures will increase 
the rate of loss of soil moisture during dry spells.35

The Stakes for Virginians

Climate change and its impacts — including sea-level rise and changing storm patterns — 
are already affecting Virginia. Model projections of the future show these impacts are only 
beginning and will intensify in the future. 

The Virginia Coastal Resilience Master Planning Framework does an excellent job of gathering 
a variety of sources to explain why climate change matters.36 It defines coastal Virginia as 
lands east of the fall line separating the Piedmont from the coastal plain, a line that runs 
roughly along the route of Interstate 95. Coastal Virginia represents almost one quarter of the 
Commonwealth’s land area, approximately 8,950 square miles, and has more than 10,000 miles 
of tidally influenced shoreline.37,38 

The Port of Virginia’s Norfolk International Terminals.
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Generally speaking, the closer a location is to this shoreline, the more 
vulnerable it is to rising sea level and flooding. Recent estimates show that 
250,000 acres of land, 1,469 miles of roads, and property valued at $17.4 billion 
lie less than five feet above the high-tide line in Virginia. These figures 
jump to 490,000 acres, 4,500 road miles, and $54.8 billion within nine feet of 
high tide.39

The economic activity generated by coastal Virginia is significant:

 §The Department of Defense and its contractors collectively 
employ 252,187 people and, in 2017, spent more than $46.2 billion 
in Virginia. The Hampton Roads region alone is home to 139,000 
military personnel and contractors.40,41

 §The Port of Virginia is the third-highest-ranked port by volume on 
the East Coast and seventh nationally by tonnage in the United 
States,42  and port-related industries support 397,000 jobs. It 
accounted for 7.5 percent of Virginia’s 2018 gross state product and 
7.0 percent of total employment compensation.43 

 §Direct expenditures associated with coastal tourism in Virginia 
exceed $5.2 billion annually.44 

 §Commercial and recreational fisheries and aquaculture support 
nearly 15,000 jobs and $1 billion in sales in Virginia.45 

Climate change, of course, does not simply affect businesses and government agencies. 
It has an impact on individuals and the communities in which they live. Coastal Virginia is 
home to more than 70 percent of the state’s population.46  Climate change affects human health 
and wellbeing in a variety of ways that include damaging and decreasing the value of homes, 
overwhelming stormwater, sewer, and septic systems, extending the range of disease-carrying 
vectors like mosquitoes, and diminishing water quality.47  It will also strain the budgets of many 
localities and disproportionately affect poor residents. People who are already vulnerable, 
including lower-income and other marginalized communities, have diminished capacity to 
prepare for and cope with extreme weather and climate-related events.48 

The following chapters explore the specific impact of climate change on coastal Virginia 
in more detail. Chapter 2 provides an overview of current impacts facing the Commonwealth, 
offering clear evidence that climate change is not only a future problem but also a current 
problem for many Virginians. Chapters 3 and 4 present the best understanding of future 
impacts for Virginians, focusing on urban (Chapter 3) and rural (Chapter 4) areas separately 
because of their unique but related characteristics. 

Climate change presents many complex problems for decision-makers, and Chapter 5 
highlights some of the issues they will face, providing context and discussion for each. Finally, 
Chapter 6 offers recommendations for key steps Virginia can take to promote resilience and 
identify opportunities as it faces the climate change challenge. 
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A pier that was destroyed in Colonial Beach, Virginia, in Hurricane Isabel on September 16, 2003. 
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CHAPTER 2  

Current Impacts on Virginia

Compared to the impact that climate change is expected to have on coastal Virginia in 
the last half of the 21st century, the consequences to date have been relatively mild and 
manageable. Nonetheless, they are an indicator of the challenges Virginia will face in 

the future — and, as such, they have prompted a number of jurisdictions to begin planning for 
the new climate.

Enumerating the possible cascading consequences of climate change is a complex process 
that varies by locale. Global warming and the resulting sea-level rise and changing weather 
patterns affect the environment singly and in combination. Take flooding as an example. 
Sea-level rise by itself will lead to more frequent high-tide flooding, but it will also amplify 
the flooding caused by more intense and frequent storms. These consequences, in turn, will 
interact with a host of other natural, economic, and demographic factors. For instance, in 
Virginia Beach, each of its four major watersheds poses distinct flooding challenges, which are 
influenced not simply by flood pathways but also by land use and development.1

The impacts of climate change — and their costs — are already with us. In this chapter, 
we look at instances in coastal Virginia in which climate change already has had a measurable 
impact. In addition to enumerating consequences of climate change that are already being 
felt, this chapter highlights some of the efforts under way to address climate change’s impacts, 
efforts that represent significant investments within the region. 

Recurrent Flooding

The Virginia coast is already feeling the costly consequences of sea-level rise in a number of 
ways. A system of sensors installed in Norfolk’s stormwater infrastructure has revealed that, due 
to rising sea levels, there is always standing water in parts of the system. As a result, the system’s 
ability to drain streets after a rainfall has been curtailed by as much as 50 percent in some 
areas. This has led to more frequent road closures and exposes infrastructure not designed for 
frequent inundation to general deterioration and corrosion.2
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Even in the absence of rainfall, tidal flooding is now 
routine in some areas. In 1960, there were 1.7 days of recurrent 
tidal flooding in Hampton Roads. By 2014, this figure had 
risen to 7.3 days.3 The City of Virginia Beach reports that many 
low-lying coastal areas and those with strong prevailing winds 
experience recurrent flooding during 4 percent of high tides, 
even on sunny days.4

The economic consequences of recurrent flooding are 
considerable, including the need to replace and upgrade 
infrastructure, loss of property and declining business values, 
and loss of tax revenue. Currently, the average annualized 
losses from coastal flooding in Virginia Beach are estimated 
to be $26 million a year, a number that is expected to triple in 

20 years. At the same time, coastal flooding can erode a municipality’s ability to raise the capital 
to offset these losses. Credit agencies now take into consideration a municipality’s vulnerability 
to flooding in determining its credit rating. In 2014, the credit-rating agency Moody’s Investors 
Service Inc. sent a questionnaire to the City of Virginia Beach asking about the City’s sea-level 
rise vulnerabilities, expenses, and plans to address future impacts.5

Changing Storms

Increased precipitation adds to the likelihood of flooding, and heavy-rain events are on the rise. 
Virginia Beach has found that heavy-rain events, where two or three inches of rainfall in a short 
period of time, are becoming more frequent. Using the Norfolk Airport rain gauge records, which 
date back to the early 1900s, the city determined that heavy-precipitation events had been 
increasing at a rate of about 3 percent per decade until 1950, when frequency accelerated to 
approximately 7 percent per decade. To make matters worse, when the city compared more than 
60 years of historical rainfall records against maximum tide levels, it found that over 50 percent 
of the rainfall events occurred while the water level was higher than average daily high tide.6

At the same time, storm surge from tropical cyclones and extratropical storms (nor’easters) 
has worsened in Virginia: Six of the 10 most extreme storm surges recorded at Sewells Point 
over the last century have occurred in the last 20 years, with Hurricane Isabel (2003) reaching 
over 1.5 m (4.9 ft) above normal tide levels.7  As sea levels continue to rise, storm surges will be 
able to reach even farther inland. 

Remarkably, none of the extreme surges in the last 20 years were the result of a direct 
hurricane hit, thus far sparing Virginia from the kind of devastation seen, for example, in 
New Jersey in 2012 when Hurricane Sandy brought in surges that were 2.7 m (8.9 ft) above 
normal tide levels at Sandy Hook, New Jersey.8  The Army Corps of Engineers estimates the 
odds of a tropical cyclone surge in Hampton Roads exceeding 2.0 m (6.6 ft) above normal tide 
levels in a 10-year period are currently about 1 in 5.9 
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A recent study published by the Commonwealth Center for Recurrent Flooding Resiliency 
highlights the potentially catastrophic impact of such storms. The total impact of a hurricane 
similar to Florence (2018) or Katrina (2005) striking Hampton 
Roads today could approach, if not exceed, $40 billion 
during the first year after landfall. This would equate to 
approximately 40 percent of the Hampton Roads region’s 
Gross Domestic Product (GDP) and approach 10 percent of the 
Commonwealth’s GDP. 

Direct damage by wind and water alone would likely 
exceed $17 billion. A storm of this magnitude would destroy 
about 38,000 residential, business, and other structures. 
In addition, more than 175,000 people could lose their 
jobs. With output, sales, and compensation all declining, 
the economic impact of such a storm would amount to an 
additional $23 million — and the disruption caused by this 
decline would linger for years. Although Hampton Roads has 
not been hit by a storm of this magnitude in recent decades, 
the historical record shows that the area has been struck by 
comparable storms several times in the past.10 

While extreme precipitation events and storm 
surge events individually present a flood threat, the 
situation is exacerbated when extreme rainfall coincides with extreme storm surge. Such 
poorly characterized and understudied compound events can have unforeseen and 
catastrophic impacts, such as recently occurred in Houston-Galveston, Texas, in 2017 during 
Hurricane Harvey.

Ecosystem Health

The effects of climate change on ecosystems in Virginia have also begun to be apparent. In 
2017, managers, researchers, and educators from the National Oceanic and Atmospheric 
Administration, the University of Maryland Center for Environmental Science, the Chesapeake 
Bay National Estuarine Research Reserves of Maryland and Virginia, and Chesapeake 
Environmental Communications identified a number of climate-related changes that have 
already affected the Chesapeake Bay.11  These changes directly affect the ecology of the bay and, 
by extension, local fisheries, agriculture, and the region’s inhabitants.

Using climate data from Chesapeake Bay National Estuarine Research Reserve system 
(NERRs) locations and information from the National Climatic Data Center (NCDC) going back 
to the year 1900, they documented the effects of rising temperatures and increased precipitation 
on this ecosystem and identified the following trends over the past century:
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 §The length of the growing season has increased by more than 30 days, starting 
earlier and ending later than in the past. This increase is greater in the 
Chesapeake Bay region than anywhere else on the East Coast.
 §There are 30 fewer frost days per year, which may prevent agricultural pests from 
dying off in winter.
 §There are 30 more warm summer nights with temperatures at or above 68°F 
(20°C) each year now. These warm nights affect human health, especially in 
urban areas, and also lower crop yields. 
 §The Chesapeake Bay region receives about 4.5 more inches of rain per year than 
it did a century ago, an increase of 12 percent. Increased precipitation may lead to 
increased nutrients and sediments washing into the bay.

These trends have already begun to alter the bay’s ecology. Hotter atmospheric 
temperatures have translated into hotter water temperatures. Warmer water holds less dissolved 
oxygen than colder water, thereby making estuarine ecosystems experiencing eutrophication 

The Armistead Avenue road-raising and green infrastructure project, funded by a City of Hampton environmental 
impact bond, will eliminate chronic flooding on a major thoroughfare and evacuation route. 
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or algal blooms more likely to become dead zones. Over the last three decades, the bay’s water 
temperature rose 1.5°C, cancelling out — or largely compensating for — potential benefits of 
nutrient management over the past three decades.12 

Warmer water temperatures have also stressed seagrass and other submerged aquatic 
vegetation fundamental to the health of the bay. This vegetation provides habitat for waterfowl, 
fish, and other marine creatures, filters nutrients from the water, and is an important source 
of dissolved oxygen. In 2005 and 2010, the two most recent years of significant die-off, water 
temperatures exceeding 86°F occurred for more than a quarter of the summer. These warm-
water events are becoming more frequent, with 10 warm-water events since 1900. Six of them 
occurred in the last 15 years. 

The longer growing season, particularly the later onset of fall, has posed problems for some 
migratory species in the bay. Warmer temperatures encourage them to delay migration, leaving 
them vulnerable to cold snaps. In 2014, warmer water temperatures enticed speckled trout to 
overwinter in the Rappahannock River and tributaries of Mobjack Bay. Thousands were killed 
during a February cold snap. Similar circumstances in 2011 led to the death of 2 million juvenile spot.
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Tidal marshes provide important ecosystem services. However, when inorganic sediment 
inputs are too small to enable marshes to keep abreast of rising sea levels, they begin to 
deteriorate. Analyses conducted almost 20 years ago, using aerial and satellite data, found that 
more than 50 percent of Chesapeake Bay marshes were degraded.13 The loss of the marshes has 
set off a cascading series of events. Increased water turbidity leads to a reduction of submerged 
aquatic vegetation, increasing the prospects for eutrophication. 

Human Health

The impact of rising sea levels, increased precipitation, and higher temperatures on human 
health in coastal Virginia has so far been subtle, but the mechanisms are already in place for 
it to have serious consequences. For instance, increased flooding has made it more difficult to 
access medical care. Southern Virginia Beach has a dearth of potential evacuation routes, and 

hospitals and emergency shelters are already difficult to access 
during recurrent flooding and storm surges.14

Rising water temperatures increase the concentration 
of Vibrio bacteria in the Chesapeake Bay and the Atlantic 
Ocean, making infection from contaminated fish or shellfish 
more likely.15 Vibrio vulnificus bacteria can cause symptoms 
like bloody diarrhea and vomiting, while V. parahaemolyticus, 
found in oysters, can produce deadly bloodstream infections. 
In response, NOAA released a new forecast tool in 2019 
that shows public health officials in Maryland and Virginia 
when and where the pathogenic Vibrio vulnificus bacteria is 
most likely to be found in the Chesapeake Bay. The April 
to November seasonal forecast provides up to a two-day 
early warning of the probability of occurrence in bay waters. 
NOAA also has produced a tool to assess danger from V. 
parahaemolyticus.

Other potential impacts of climate change on human 
health include the introduction of vector-borne diseases, higher levels of heat-related illnesses 
and deaths, increases in cases of asthma and allergies, and groundwater pollution that leads to 
contaminated drinking water. These, however, have not yet been extensively documented. 

Current Responses

Localities throughout coastal Virginia have already spent millions of dollars to counter the 
effects of sea-level rise and coastal flooding. A number of these have involved infrastructure 
improvements. In 2013, for instance, Norfolk elevated approximately 1,500 feet of Brambleton 
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and Colley Avenues that were flooded between 200 to 300 hours annually as a result of high 
tides and storms, events that caused major traffic jams, affected access to a medical center, 
and threatened a regional light rail project. Norfolk raised the roadway 2.5 feet at a cost of 
$2.4 million.16 Three years later, flooding caused by Hurricane Matthew closed a different 
section of Brambleton Avenue for two months.17

Norfolk has been a pioneer in planning for sea-level rise, detailing long-term strategies 
to address the risk of sea-level rise in Vision 2100.18 Norfolk also adopted an innovative and 
nationally unique re-write of its zoning ordinance to direct new and more intense development 
to higher ground.19

Another example of an innovative local government response is Hampton’s announcement 
in 2020 that it will spend $12 million on three major flood reduction projects. They include 
a green infrastructure project that will slow and store water through the redesign of existing 
waterways in order to reduce flooding upstream and downstream in Newmarket Creek; 
improvements to North Armistead Avenue that combine road-raising with green infrastructure; 
and the transformation of a detention pond into a stormwater park with enhanced storage 
capacity. It is funding the project through an environmental impact bond20 — the first of its 
kind to be used by a community in Virginia.

Another ambitious effort is Virginia Beach’s Sea Level Wise Adaptation Plan. In 2020, the 
Virginia Beach City Council approved a sea-level rise plan to address flooding, which includes 
multi-billion-dollar infrastructure projects, development restrictions in some parts of the city, 
and a program of purchasing properties in danger of flooding. It requires developers to adhere 
to strict requirements to manage stormwater and flooding.21

Other communities have launched initiatives that will, as a secondary impact, mitigate 
some of the consequences of climate change. For instance, SWIFT (the Sustainable Water 
Initiative for Tomorrow), a water-treatment initiative created by the Hampton Roads Sanitation 
District (HRSD), is designed to ensure a sustainable source of groundwater while addressing 
water quality issues in the Chesapeake Bay. This initiative will take already highly treated 
wastewater through additional advanced water treatment to produce drinking-quality water, 
treat it to match the existing groundwater chemistry, and add it to the Potomac Aquifer, 
the primary source of groundwater throughout eastern Virginia. In the process, HSRD 
also hopes to reduce some of the subsidence that contributes to relative sea-level rise and 
flooding, and increase the volume and pressure in the aquifer, reducing its vulnerability to 
saltwater intrusion.22
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CHAPTER 3  

Future Impacts on Coastal Urban Areas

By 2040, Virginia is expected to leapfrog New Jersey and Michigan and become the 
nation’s 10th most populous state, with more than 10 million people, according to 
recent projections from the Demographics Research Group at UVA’s Weldon Cooper 

Center.1  The population is not only growing, but also shifting. The share of Virginia’s 
population living in many of its largest urban areas is expected to rise, while most rural 
Virginia counties are likely to experience slower growth or more population decline than in 
the past. 

Alexandria and Arlington County are expected to grow between 17 and 18 percent by 
2040, but there are exceptions to this trend of urban growth. The populations of Hampton, 
Portsmouth, and Newport News are all expected to decline, and Norfolk and Virginia Beach to 
grow by less than 3 percent.

The center’s analysis does not take into account the impact of climate change on these 
coastal urban areas. Given the disruption climate change is expected to cause, it could 
negatively affect population growth. In other words, if this crisis grows without an adequate 
response, it could limit the ability of coastal municipalities to address its consequences by 
reducing their tax base.

An Accelerating Challenge

Sea-level rise provides a baseline for estimating damage caused by recurrent flooding and 
storm surges. The rate of sea-level rise at the Sewells Point monitoring station in Norfolk, for 
instance, has been accelerating, reaching almost a quarter inch in 2020.2  As a result, it is likely 
that the disruption caused by recurrent flooding and storm surges to Virginia’s urban coastal 
communities — measured in geographic, economic, and social terms — will also grow worse as 
the century progresses. 

This expectation is evident in the estimates of predicted sea-level rise at Sewells Point:
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 §The intermediate sea-level rise projection created by the U.S. Army Corps of 
Engineers, the most optimistic of the group, shows sea levels increasing more 
than 60 percent faster between 2090 and 2100 than between 2020 and 2030.3 

 §The VIMS Norfolk Sea-Level Report Card shows that coastal waters will rise twice as 
fast between 2040 and 2050 (the last year in its estimate) as between 2020 and 2030.4 

 §NOAA’s intermediate-high scenario (adopted by the Commonwealth for planning 
purposes) also shows sea level rising twice as fast, this time comparing the period 
between 2090 and 2100 to that between 2020 and 2030.5 

VIMS maintains an interactive sea-level rise projection map showing inundation under 
various scenarios.6  Under NOAA’s intermediate-high scenario, the map shows significant 
portions of Norfolk and Virginia Beach under water by 2100, and major transportation 
arteries — highways as well as rail lines — severed. 

Recurrent Flooding

Researchers at Old Dominion University and the Commonwealth Center for Recurrent 
Flooding Resiliency have developed a model that combines the sea-level rise curve chosen by 
the Commonwealth for planning purposes (again, NOAA’s intermediate-high projection) with 
Commonwealth LiDAR elevation data, estimates of subsidence, building site locations, road overlays, 
and other data to illustrate the way progressive sea-level rise will exacerbate flooding in the region.7 

The projected consequences are alarming:

 § In 2040, the area in coastal Virginia potentially affected by relative sea-level rise 
and minor tidal flooding, also known as nuisance flooding, is estimated to be 
568 square miles (424 due to sea-level rise, 144 due to minor tidal flooding) 
 § In 2060, it will extend to 656 square miles (534 due to sea-level rise, 122 due to 
minor tidal flooding)
 § In 2080, it will reach 784 square miles (649 due to sea-level rise, 135 due to 
minor flooding). (The study includes a webmap that enables viewers to track this 
progressive inundation).

The economic disruption caused by the combination of relative sea-level rise and tidal 
flooding can be inferred from the damage to infrastructure. The total length of roadway 
potentially affected provides an idea of the extent of the damage:

 § In 2040, 545 miles will be affected (165 miles due to sea-level rise, 380 miles due to 
minor tidal flooding) 
 § In 2060, 972 miles will be affected (439 miles due to sea-level rise, 534 miles due to 
minor tidal flooding)

https://tinyurl.com/CoVA-SLR-Inundation-NOAA2017
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 § In 2080, 1,762 miles will be affected (952 miles due to sea-level rise, 810 miles due 
to minor tidal flooding). 

Building damage follows a similar progression:

 § In 2040, 30,795 buildings will be affected (6,204 due to sea-level rise, 24,591 due to 
minor tidal flooding) 
 § In 2060, 57,740 buildings will be affected (23,433 due to sea-level rise, 34,307 due to 
minor tidal flooding) 
 § In 2080, 111,545 buildings will be affected (56,178 due to sea-level rise, 55,367 due to 
minor tidal flooding). 

Hampton Roads, the Eastern Shore, and the Middle Peninsula will be the most severely 
and critically affected. The actual impact of recurrent tidal flooding will also depend on the 
frequency and duration of flooding. In addition, these figures do not include the consequences 
of tidal flooding combined with extreme rainfall events, whose frequency and intensity are 
expected to increase in Virginia with climate change.8,9

Changing Storms

There are conflicting research findings about the impact of climate change on the frequency 
of Atlantic Coast hurricanes during the rest of this century. Some models show them to be 
decreasing while others show them on the rise.10,11 Frequency, however, is a metric dominated 
by weak storms, though we have seen in recent years the extensive damage that very large, slow-
moving Category 2 hurricanes like Sandy and Ike can do.

There is a strong consensus, however, that there will be an increase in average cyclone 
intensity, precipitation rates, and the number of very intense Category 4 and 5 storms. Estimates 
range from an 11 percent to a 42 percent increase in intense storms in the Atlantic Basin by 
the late 21st century. However, when Category 5 storms are isolated, this number increases to 
136 percent.12 

Intensity is important. The damage caused by the weakest Category 5 hurricanes, with 
wind speeds of 160 mph, is 429 times that of the weakest Category 1 hurricane, with wind speeds 
of 75 mph.13  In addition, there is evidence that hurricanes will intensify more rapidly in the 
future, catching people in the affected areas off guard. A storm that intensifies by 70 mph in the 
24 hours just before landfall occurred on average once per 100 years in the late 20th century. By 
the end of the 21st century, it may occur every five to 10 years.14 

The way accelerating sea-level rise magnifies the economic impact of hurricanes is 
captured in a study commissioned by the Virginia Coastal Policy Center at the College of 
William & Mary Law School. Flood damage from a 100-year storm surge in Hampton Roads 
would cause the regional economy to shrink by $611 million the following year. These impacts 


