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Figure 1 ς Schematic diagram of the hydrological cycle in Southeast Florida. Southeast Florida receives approximately 60 inches of year 
annually. Most of Southeast Florida sits on the Biscayne Aquifer, an open coastal aquifer of high porosity and transmissivity. (Graphic: 
USGS) 
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1 Executive Summary  
Anthropogenic activity is now widely accepted by the ƻǾŜǊǿƘŜƭƳƛƴƎ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǎŎƛŜƴǘƛǎǘǎ ŀǎ 

the major cause of global climate change (IPCC, 2007); (Karl, etal, USCCSP, & NOAA, 2009); 

(International Alliance of Research Universities, 2009). Climate change is driven primarily by the 

accumulation in the atmosphere of greenhouse gases from the burning of fossil fuels, deforestation, 

land use, and agricultural practices. Climate change has begun to exert significant effects in many 

regions of the world and there is already enough energy stored in the oceans, atmosphere, and land for 

adverse impacts to continue for centuries. In addition to an aggressive, concerted, global mitigation 

program to reduce greenhouse gas emissions in order to limit the extent of climate change, forward-

thinking local adaptation is needed to cope with the unavoidable, potential, area-specific impacts of 

climate change. 

Southeast Florida, comprised of Miami-Dade, Broward, Palm Beach, and Monroe Counties with a 

combined population of 5.5 million (US Census, 2008), was reported to be one of the ten most 

vulnerable coastal metropolitan areas in the world, ranking 4th in terms of exposed population and 1st in 

terms of the value of exposed assets by the Organisation for Economic Co-Operation and Development 

(Nicholls & OECD, 2008). The region is especially susceptible to sea level rise and expected changes in 

local weather patterns. Recent reports from the U.S. Global Climate Change Science Program (Karl, etal, 

USCCSP, & NOAA, 2009) and the International Alliance of Research Universities (IARU, 2009) indicate 

that global average sea level may rise by approximately 2 to 4 feet or more by 2100, an amount that will 

have significant effects on coastal Southeast Florida. 

Southeast FloridaΩs vulnerability derives from its geographic location, low elevation, porous geology, 

unusual ground and surface water hydrology, subtropical weather patterns, and proximity to the 

Atlantic Ocean and Gulf of Mexico. Its highly engineered water infrastructure and flood control systems 

play an essential role in assuring that ǊŜƎƛƻƴΩǎ habitability. Water managers must balance demand for 

potable water and agricultural and landscape irrigation with ground and surface water management, 

flood control, and the needs of the natural environment including the Everglades, coastal and 

freshwater wetlands, and coastal marine habitatΦ .ŜŎŀǳǎŜ ǘƘŜ ǊŜƎƛƻƴΩǎ ƘȅŘǊƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳ ƛǎ ǾŜǊȅ 

interdependent and interactive, water supply cannot be considered separately from the other elements 

ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎΣ ǎǳŎƘ ŀǎ ǿŀǎǘŜǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘΣ ŦƭƻƻŘ ŎƻƴǘǊƻƭΣ ŀƴŘ ǎǘƻǊƳǿŀǘŜǊ 

management, which are addressed comprehensively in this study.  

How and to what extent sea level rise and other climate change impacts are likely to influence Southeast 

CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅΣ ǿŀǎǘŜǿŀǘŜǊ ǊŜǳǎŜ ŀƭǘŜǊƴŀǘƛǾŜǎΣ ŀƴŘ ƎǊƻǳƴŘ ŀƴŘ ǎǳǊŦŀŎŜ ǿŀǘŜǊǎ are subjects of 

this research. Engineering options and management strategies for enhancing the resilience of the 

ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǎȅǎǘŜƳǎ ŀǊŜ ŘŜǎŎǊƛōŜŘΦ ! /ŀǎŜ {ǘǳŘȅ ƻŦ ǘƘŜ /ƛǘȅ ƻŦ tƻƳǇŀƴƻ .ŜŀŎƘ ²ŀǘŜǊ ¦ǘƛƭƛǘȅ 

exemplifies how these tools can be applied to improve the resilience of a local water utility. An adaptive 

ǇƭŀƴƴƛƴƎ ŦǊŀƳŜǿƻǊƪ ƛǎ ƻǳǘƭƛƴŜŘ ŦƻǊ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎ ŀǎ ǎŜŀ ƭŜǾŜƭ ŎƻƴǘƛƴǳŜǎ 

to rise and as drought and more severe storm events worsen with time. 
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Until now, planning has implicitly assumed άǎǘŀǘƛƻƴŀǊitȅέ (Obeysekera, 2009), that environmental 

conditions, such as climate patterns and sea level, will remain within historic ranges and that only 

changes in human circumstances, such as population, technology, and the economy, need be 

considered. This assumption is no longer valid. Unprecedented conditions in the future and uncertain 

potential consequences demand that climate change be considered in all future planning and 

policymaking concerning water resources, other infrastructure, and land use. Furthermore, current 

practices, policies, and regulations should be critically reviewed and revised in consideration of climate 

change. New ideas and new approaches that may 

possibly conflict with current thinking will be needed if 

the forecasted ranges of sea level rise and weather 

extremes are realized. 

1.1 Unforeseen Near-term  Consequences 
Increased hydrostatic backpressure on the Biscayne 

Aquifer is likely to increase saltwater intrusion and 

reduce groundwater flow to the ocean. Furthermore, 

sea level rise of as little as 3 to 9 inches within the next 

10 to 30 years will decrease the capacity of existing 

coastal flood control structures (Obeysekera, 2009) and 

may ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŎƻƳǇǊƻƳƛǎŜ ǘƘŜ ǊŜƎƛƻƴΩǎ ǎǘƻǊƳǿŀǘŜǊ 

drainage system, increasing the risk of flooding during 

heavy rainfall events. Compounding this problem, the 

amount and intensity of torrential rain events and 

tropical cyclones are expected to increase (IPCC, 2007); 

(Karl, etal, USCCSP, & NOAA, 2009). These impacts are 

expected to worsen as sea level continues to rise. 

Adaptation measures may have to be implemented in 

the near future to contend with the following 

consequences:  

1. Intensified saltwater intrusion in the ǊŜƎƛƻƴΩǎ 

easterly water wellfields. 

2. Reduced availability of fresh water for potable 

use, especially during periods of intensified 

drought.  

3. Increased risk of flooding during major rain events.  

1.2 Major Conclusions  
Within the short span of the next 10 to 30 years, sea level rise and changes in weather patterns may 

ōŜƎƛƴ ǘƻ ŜȄŜǊǘ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇŀŎǘǎ ƻƴ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ ŀƴŘ ƛƴŎǊŜŀǎŜ ǘƘŜ Ǌƛǎƪ ƻŦ ǎŜǾŜǊŜ 

flooding.  

Increased hydrostatic back-

pressure on the Biscayne Aquifer 

is likely to increase saltwater 

intrusion and reduce 

groundwater flow to the ocean. 

Furthermore, sea level rise of as 

little as 3 to 9 inches within the 

next 10 to 30 years will decrease 

the capacity of existing coastal 

flood control structures 

(Obeysekera, 2009) and may 

significantly compromise the 

ÒÅÇÉÏÎȭÓ ÓÔÏÒÍ×ÁÔÅÒ ÄÒÁÉÎÁÇÅ 

system, increasing the risk of 

flooding during heavy rainfall 

events. Compounding this 

problem, the amount and 

intensity of torrential rain events 

and tropical cyclones are expected 

to increase (IPCC, 2007); (Karl, 

etal, USCCSP, & NOAA, 2009). 

These impacts are expected to 

worsen as sea level continues to 

rise. 
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1. Sea level rise of as little as 3 to 6 inches is likely to intensify saltwater intrusion, and it could reduce 

the amount of fresh water available for potable use.  

2. The likelihood of recurring drought during the dry winter-spring season may cause water shortages 

and exacerbate saltwater intrusion.  

3. More intense rainfall events and wetter hurricanes may significantly increase the risk of flooding.  

4. Sea level rise of as little as 3 to 6 ƛƴŎƘŜǎ Ƴŀȅ ōŜƎƛƴ ǘƻ ŎƻƳǇǊƻƳƛǎŜ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ǘƘŜ ŀǊŜŀΩǎ 

coastal flood control structures reducing their capacity by as much as 20 to 40% by 2030. By about 

2040, 6 to 9 inches of sea level rise may reduce their capacity by 65 to 70%. Most of these early 

impacts will be felt in southern Miami-Dade County ǿƘŜǊŜ ǿŀǘŜǊ ǘŀōƭŜǎ ŀǊŜ ƭƻǿ ŘǳŜ ǘƻ ǘƘŜ ŀǊŜŀΩǎ 

extremely low elevations. 

5. Sea level rise would increase the damage potential of hurricanes due to storm surge. Storm surge 

could penetrate further inland and cause temporary saltwater contamination of potable water 

supplies.  

6. As sea level rises throughout the 21st Century, the southernmost Everglades are likely to be 

progressively converted into a saltwater marsh. This would change its ecology and could eventually 

threaten to contaminate the southern part of the Biscayne Aquifer with brackish water.  

7. These risks are likely to worsen as sea level continues to rise throughout the 21st Century and 

beyond. 

1.3 Major Recommendations:  

1. Climate change should immediately be formally incorporated into all planning and policymaking 

ŎƻƴŎŜǊƴƛƴƎ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎΦ  

2. Current water resource management plans and policies should be reevaluated within the context of 

climate change and revised as necessary. 

3. Workshops and conferences should be convened at the earliest opportunity to bring scientists, 

engineers, water managers and decision makers together to exchange knowledge about the impacts 

ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƻƴ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎ and to begin developing a comprehensive list of 

ǇƻƭƛŎȅ ŀƴŘ ǇƭŀƴƴƛƴƎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŦƻǊ ŜƴƘŀƴŎƛƴƎ ǘƘŜ ǊŜǎƛƭƛŜƴŎŜ ƻŦ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ water 

resources. 

4. Further study including integrated hydrological modeling should be undertaken at the earliest 

opportunity to confirm and build upon the conclusions of this report.  

5. Evaluation of impacts of sea level rise and other climate change impacts on saltwater intrusion and 

development of plans for protecting the Biscayne Aquifer should be accelerated. 

6. Comprehensive engineering evaluations should be undertaken to assess the vulnerability and 

enhance the resilience ƻŦ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ŦƭƻƻŘ ŎƻƴǘǊƻl structures and stormwater drainage 

systems to sea level rise and more intense rainfall events.  
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7. As much fresh water should be retained in the system as practical without increasing the risk of 

flooding. This calls for continued development and implementation of water conservation, 

alternative water supply, wastewater recovery and reuse, and stormwater storage programs. 

8. State and local governments, water resource agencies, and water utilities should develop policies 

and comprehensive plans that set short, intermediate, and long range goals and establish adaptive 

management implementation strategies for water resources under their jurisdiction that address 

the likely impacts of climate change and its operational, economic, and environmental implications. 

9. State and local water resource agencies and water utilities in cooperation with the state university 

system should establish a comprehensive research 

program to develop scientific and technical knowledge 

regarding the impacts of climate change and 

adaptation ǘŜŎƘƴƻƭƻƎƛŜǎ ŦƻǊ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ 

resources. 

10. Alternatives analysis and feasibility studies of large 

scale regional advanced water treatment facilities 

should be undertaken to establish the applicability of:  

a. Advanced treatment of stormwater or 

wastewater for aquifer recharge and/or 

Everglades hydration. 

b. Production of potable water from brackish 

water, treated wastewater, or stormwater.  

c. Potential for realizing economies of scale. 

Adaptation measures are likely to incur high costs that will 

have to be justified, not on the basis of economic return, 

but rather on the basis of loss avoidance in comparison 

with projected costs of failing to act. Eventually, withdrawal 

from vulnerable locations may have to be considered if 

local conditions preclude feasible and cost-effective 

adaptation. It will take innovation and leadership by 

policymakers and water managers to choose between 

difficult alternatives and implement them in a timely and 

cost-effective manner.  

This report is intended for the South Florida Water 

Management District (SFWMD); the U.S. Army Corps of Engineers (USACE); the Florida Energy and 

Climate Commission (FECC); Florida Department of Environmental Protection (FDEP); The South Florida 

Everglades Restoration Task Force (SFERTF); the water resources task forces, water advisory boards, and 

climate change task forces of Miami-Dade, Broward, Palm Beach, and Monroe Counties; state, regional 

and local policymakers, and planners; water resource managers, water utility and drainage district 

managers; and other interested parties.  

Adaptation measures are likely 

to incur high costs that will 

have to be justified on the basis 

of loss avoidance in 

comparison with estimates of 

the cost of inaction rather than 

on the basis of economic 

return. Eventually, withdrawal 

from vulnerable locations may 

become necessary if local 

circumstances preclude 

feasible and cost-effective 

adaptation. It will take 

innovation and leadership by 

policymakers and water 

managers to choose between 

difficult alternatives and apply 

them in a timely and cost 

effective manner.  
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Figure 2 - {ƻǳǘƘ CƭƻǊƛŘŀΩǎ ǎǳōǘǊƻǇƛŎŀƭ ŎƭƛƳŀǘŜ ƛǎ ǎǘǊƻƴƎƭȅ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ǿŀǘŜǊǎ ŀƴŘ ǘƘŜ ƛƴǘŜǊƛƻǊ 
Everglades. The Florida peninsula is surrounded by the Gulf of Mexico to the west, the Atlantic Ocean to the east and 
Florida Bay to the south. Lake Okeechobee to the north is fed by the Kissimmee River from central Florida. The 
Everglades is a wide, shallow river flowing south from the lake to Florida Bay and the Gulf. Annual rainfall averages 
approximately 60 inches. 
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2 Introduction  
Southeast Florida is recognized as one of the most vulnerable regions of the world to the impacts of 

global climate change. Of critical concern is the potential threat that sea level rise and other impacts of 

ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŎƻǳƭŘ ƘŀǾŜ ƻƴ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅΦ ¢Ƙƛǎ ǎǘǳŘȅ ƛǎ ŀƳƻƴƎ ǘƘŜ ŦƛǊǎǘ ǘƻ ŜȄŀƳƛƴŜ 

{ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǘƘǊƻǳƎƘ ǘƘŜ ƭŜƴǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ Lǘ ƛǎ ƘƻǇŜŘ ǘƘŀǘ ƛǘ ǿƛƭƭ 

heighten awareness to this critical issue, bring climate change to the forefront of water resource 

planning and policymaking, and stimulate new policy and planning for improving the resilience of 

{ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ 

¢Ƙƛǎ ƛǎ ǘƘŜ ǎŜŎƻƴŘ ƻŦ ŀ ǎŜǊƛŜǎ ƻŦ ǎǘǳŘƛŜǎ ŎƻƴŎŜǊƴƛƴƎ CƭƻǊƛŘŀΩǎ ǊŜǎƛƭƛŜƴŎŜ ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŎƻƴŘǳŎǘŜŘ ōȅ 

the Center for Urban and Environmental Solutions (CUES) at Florida Atlantic University (FAU) sponsored 

by the National Commission on Energy Policy (NCEP). The first report published in 2008, entitled 

CƭƻǊƛŘŀΩǎ wŜǎƛƭƛŜƴǘ /ƻŀǎǘǎ ς a State Policy Framework for Adaptation to Climate Change (Murley, 

IŜƛƳƭƛŎƘΣ .ƻƭƭƳŀƴΣ нллуύΣ ǇǊŜǎŜƴǘŜŘ ŀ ǇƻƭƛŎȅ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ǊŜǎƛƭƛŜƴŎŜ ƻŦ CƭƻǊƛŘŀΩǎ Ŏƻŀǎǘǎ 

statewide that was accepted as the foundation for recommendations on adaptation policy made by the 

CƭƻǊƛŘŀ DƻǾŜǊƴƻǊΩǎ !Ŏǘƛƻƴ ¢ŜŀƳ ƻƴ 9ƴŜǊƎȅ ŀƴŘ /ƭƛƳŀǘŜ /ƘŀƴƎŜ. (Florida Energy and Climate Change 

Action Plan, Chapter 8, 2008). The ǾǳƭƴŜǊŀōƛƭƛǘȅ ƻŦ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŀǘ 

report.  

There is strong evidence that global climate change is already impactinƎ ǘƘŜ ǿƻǊƭŘΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎ 

(Dragoni, 1998); (Buffoni, 2002); (Labat, 2004); (IPCC, 2007); (Huntington, 2006); (Dragoni & Sukhija, 

2008). A critical concern for water managers is that climate change is altering the hydrologic cycle in 

ways that might not be readily predicted. In 2008, a coalition of eight leading national water 

management associations called upon the U.S. Congress to recognize the severe impacts of global 

climate change on water resources in the United States (AWWA, et al, 2008). The water organizations 

stressed that:  

Figure 3ςA typical sunny winter day in Miami 
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άaŀƴȅ ƻŦ ǘƘŜ Ƴƻǎǘ ŎǊƛǘƛŎŀƭ ƛƳǇŀŎǘǎ ƻŦ Ǝƭƻōŀƭ 

climate change will manifest themselves 

through the hydrologic system, and there is 

already strong evidence that climate change is 

having an impaŎǘ ƻƴ ǘƘŜ ǿƻǊƭŘΩǎ ǿŀǘŜǊ 

ǊŜǎƻǳǊŎŜǎΦ Χ Because the exact effects of 

climate change on water resources are 

uncertain and will vary by region, the drinking 

water, wastewater, flood management, and 

stormwater utilities responsible for managing 

water resources for local communities face 

daunting challenges.έ 

There is nowhere that these statements are more 

applicable than in Southeast Florida, the location of 

the Miami-Fort Lauderdale-West Palm Beach 

Metropolitan Statistical Area with a growing 

population of approximately 5.5 million (US Census, 

2008). Its water supply is jeopardized by the 

anticipated effects of climate-change-induced sea level 

rise ƻƴ ǘƘŜ ŀǊŜŀΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ƎǊƻǳƴŘ ǿŀǘŜǊǎ, increased 

flooding due to hurricane storm surge and torrential 

rains, and prolonged periods of drought. 

The impacts of climate change that are most likely to 

affect water supplies in Southeast Florida are: 1) 

uncertainty in the amount and timing of precipitation 

and 2) sea level rise induced effects on ǘƘŜ ŀǊŜŀΩǎ 

surface and ground waters including saltwater 

Ȱ-ÁÎÙ ÏÆ ÔÈÅ ÍÏÓÔ ÃÒÉÔÉÃÁÌ 

impacts of global climate change 

will manifest themselves through 

the hydrologic system, and there 

is already strong evidence that 

climate change is having an 

ÉÍÐÁÃÔ ÏÎ ÔÈÅ ×ÏÒÌÄȭÓ ×ÁÔÅÒ 

ÒÅÓÏÕÒÃÅÓȢ ȣ "ÅÃÁÕÓÅ ÔÈÅ ÅØÁÃÔ 

effects of climate change on 

water resources are uncertain 

and will vary by region, the 

drinking water, wastewater, 

flood management, and 

stormwater utilities responsible 

for managing water resources 

for local communities face 

daunting challenges. ȣȱ 

Joint statement of eight leading 

national water management 

associations, May 20, 2008 

Figure 4 - A typical summer afternoon in Miami - thunderstorms forecasted 
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intrusion and changes in flows and levels. Many regions, including Florida, will see wetter wet seasons 

and drier dry seasons (Karl, etal, USCCSP, & NOAA, 

2009). 

The Intergovernmental Panel on Climate Change 4th 

Assessment Report (IPCC, 2007) reported that  

ά²ŀǊƳƛƴƎ ƻŦ ǘƘŜ ŎƭƛƳŀǘŜ ǎȅǎǘŜƳ ƛǎ ǳƴŜǉǳƛǾƻŎŀƭΣ ŀǎ ƛǎ 

now evident from observations of increases in global 

average air and ocean temperatures, widespread 

melting of snow and ice, rising global average sea level, 

ŀƴŘ ŀŎƛŘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƻŎŜŀƴǎΦέ   

The ǊŜǇƻǊǘ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƛǘ ƛǎ άǾŜǊȅ likelyΣέ meaning 

with greater than 90% certainty; these changes in 

world-wide climate are due to rapidly increasing 

atmospheric greenhouse gas concentrations from the 

combustion of fossil fuels, deforestation, agriculture, 

and other anthropogenic activities. Average global 

temperatures could rise by several degrees Centigrade 

and the warming trend could last for centuries.  

The United Nations Framework Convention on Climate 

Change (UNFCCC) was held in Copenhagen in 

December 2009 to develop a global response to the 

threat of climate change and as a successor to the 

Kyoto Agreement, which is scheduled to expire in 2012. 

In anticipation of this convention, the International 

Alliance of Research Universities held an international 

scientific congress on climate change in Copenhagen 

from March 10-12, 2009. In its report issued in June 

2009 (IARU, 2009), it stated,  

άThe scientific evidence today overwhelmingly indicates 

that allowing the emission of greenhouse gases from 

human activities to continue unchecked constitutes a 

significant threat to the well-being and continued 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŎƻƴǘŜƳǇƻǊŀǊȅ ǎƻŎƛŜǘȅΦέ  

The report also stated in its Key Message 1 - Climatic 

Trends:  

Key Message 1 - Climatic Trends:  

Ȱ2ÅÃÅÎÔ ÏÂÓÅÒÖÁÔÉÏÎÓ ÓÈÏ× ÔÈÁÔ 

greenhouse gas emissions and 

many aspects of the climate are 

changing near the upper 

boundary of the IPCC range of 

projections. Many key climate 

indicators are already moving 

beyond the patterns of natural 

variability within which 

contemporary society and 

economy have developed and 

thrived. These indicators include 

global mean surface 

temperature, sea-level rise, 

global ocean temperature, 

Arctic sea ice extent, ocean 

acidification, and extreme 

climatic events. With unabated 

emissions, many trends in 

climate will likely accelerate, 

leading to an increasing risk of 

abrupt or irreversible climatic 

ÓÈÉÆÔÓȢȱ 

International Alliance of  

Research Universities 

Synthesis Report, CLIMATE CHANGE:  

Global Risks, Challenges & Decisions 

Copenhagen, 10-12 March, 2009 
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ȣÉÔ ÍÁÙ ÂÅ ÄÉÆÆÉÃÕÌÔ ÔÏ 

determine whether what has 

been considered a 100-year 

natural disaster has become 

a 25-year or 10-year event as 

a result of gradual changes 

in underlying climatic 

conditions.  

In the face of increased risk, 

precautionary adaptation 

modifications to the flood 

control system and other 

infrastructure may be 

justified in order to reduce 

the amount of property 

damage and lives lost in such 

catastrophic events. 

άRecent observations show that greenhouse gas emissions and many aspects of the climate are 

changing near the upper boundary of the IPCC range of projections. Many key climate indicators 

are already moving beyond the patterns of natural variability within which contemporary society 

and economy have developed and thrived. These indicators include global mean surface 

temperature, sea-level rise, global ocean temperature, Arctic sea ice extent, ocean acidification, 

and extreme climatic events. With unabated emissions, many trends in climate will likely 

accelerate, leading to an increasing risk of abrupt or irreversible climatic shifts.έ 

Many of the effects of climate change in Florida are occurring gradually and are expected to worsen 

throughout the 21st Century. They are masked by the normal extremes of weather events and are 

difficult to differentiate from natural cycles. Long periods of time can lapse before underlying trends 

become evident, especially when incremental changes do not have an early detectable effect on 

everyday circumstances. Also, people tend to be reactive rather than proactive, especially when 

considering the possibility of uncertain future disasters. People are likely to at first deny or make 

excuses not to prepare adequately or are just slow to act. On the other hand, when disaster does strike, 

such as in the case of a major hurricane or flood, people are quick to react in order to recover and 

rebuild and prepare better for a possible recurrence, assuming that everything will return to normal and 

life can resume as before ς i.e. the assumption of stationarity. Furthermore, it may be difficult to 

determine whether what has been considered a 100-year natural disaster has become a 25-year or 10-

year event as a result of gradual changes in underlying climatic conditions. For example, if in the next 15 

to 25 years, a 0.5oF increase in sea surface temperatures coupled with a 6 inch rise in sea level takes 

place, it could result in a multifold increase in the probability of a Category 4 or 5 hurricane that could 

cause severe wind damage, storm surge that penetrates for miles inland, flooding that may overwhelm 

ǘƘŜ ǊŜƎƛƻƴΩǎ ǎǘƻǊƳǿŀǘŜǊ ŘǊŀƛƴŀƎŜ ǎȅǎǘŜƳǎΣ ǘŜƳǇƻǊŀǊȅ ǎŀƭǘǿŀǘŜǊ ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǿŀǘŜǊ ǎǳǇǇƭȅΣ ŀƴŘ 

weeks-long power disruptions. Predictions are needed to ascertain the effects of climate change on the 

likelihood of such events. If increased risk can be established, it may be possible to justify precautionary 

adaptation modifications to the flood control system and other infrastructure in order to reduce the 

severity of property damage and personal injury in such a catastrophic event.  

TƘŜ ǊŜƎƛƻƴΩǎ geographic location, extremely low topography, porous geology, ground and surface water 

hydrology, subtropical weather patterns, and proximity to the ocean comprise an extremely complex 

and interactive system. Water managers must balance demands for potable water and agricultural and 

landscape irrigation with ground and surface water management, flood control, wastewater 

management, and the needs of the natural environment including the Everglades, the coastal and 

freshwater wetlands, and the coastal marine habitat, all of which are intricately linked through the 

ƘȅŘǊƻƭƻƎƛŎŀƭ ŎȅŎƭŜΦ ¢ƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ ƛǎ ƘƛƎƘƭȅ ƛƴǘŜǊŘŜǇŜƴŘŜƴǘ ŀƴŘ ƛƴǘŜǊŀŎǘƛǾŜ ǿƛǘƘ ǘƘŜ ƻǘƘŜǊ 

ŜƭŜƳŜƴǘǎ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎΦ ! narrow focus on water supply in isolation would not suffice 

because the increased threat of flooding resulting from sea level rise, more intense rain events and 

hurricanes will have direct and indirect impacts on the water supply. Therefore, this report considers 

water supply resilience within the context of the entire hydrological system including the impacts of 

climate change on ground and surface waters and the reuse and discharge of treated wastewater. 
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2.1 Project Goals 
This purpose of this study was to determine the likely effŜŎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƻƴ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ 

water resources and to identify engineering and management options for improving their resilience. The 

study set out to accomplish this by undertaking the following: 

1. Gather the best available scientific and technical knowledge relating to the impacts of climate 

ŎƘŀƴƎŜ ƻƴ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ and communicate it in language that can be 

understood by non-technical as well as technical people engaged in policymaking and 

ƳŀƴŀƎŜƳŜƴǘ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜ.  

2. Identify, discuss and prioritize relevant areas of concern, challenges, opportunities, solutions, 

policies, conclusions and recommendations through consultation with water experts, 

policymakers, and stakeholders.  

3. Undertake a case study of a representative coastal city water utility in Southeast Florida in 

cooperation with its management and staff to gain insight into the issues facing local utilities 

and to exemplify application of the tools presented in this study. Determine the vulnerabilities 

of the utility to predicted climate change impacts and make specific recommendations for 

improving its resilience. 

4. tǊƻǇƻǎŜ ŀƴ ŀŘŀǇǘŀǘƛƻƴ ǇƭŀƴƴƛƴƎ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ǇǊƻǘŜŎǘƛƴƎ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ ŦǊƻƳ 

the unavoidable consequences of global climate change. 

2.2 Methodology  
The project goals were met through the use of three modes of research: 1) consultation with scientists 

and experts in fields related to water management, 2) literature research, and 3) the water utility case 

study. Scientists, water engineers, water managers, planners, and environmentalists from universities, 

engineering consulting firms, the United States Geological Survey (USGS), the South Florida Water 

Management District, local governmental agencies, water utilities, and drainage districts were consulted 

to gather information and their opinions, concerns, questions, recommendations, and collective wisdom 

on climate change and the water supply. These discussions were confidential, open-ended, and without 

preconceptions in order to discover both expected and unexpected issues and concerns. The specific 

content of disclosures made by each expert is not revealed in this report except for citations of selected 

published literature, internet postings, and public presentations. The collective disclosures and opinions 

of the experts and reviewers of the draft report were used in deriving ǘƘŜ ŀǳǘƘƻǊǎΩ conclusions, 

recommendations, and opinions, which are those of the authors and do not necessarily reflect the 

opinions of participating experts or reviewers. Experts and reviewers are listed in Appendix B.  
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Consultations with experts were supplemented with literature research.  The literature search focused 

on 1) applicable science and technology, 2) potential impacts of climate change on Southeast Florida 

water supply, 3) applicable water laws and policies, and 4) approaches to water supply resilience taken 

in other regions. Although the literature search was extensive, it should not be regarded as exhaustive. 

A Case Study of the City of Pompano Beach Water Treatment Utility was conducted by Frederick 

Bloetscher, Ph.D., P.E., and Daniel Meeroff, Ph.D., E.I. both members of the faculty of C!¦Ωǎ Department 

of Civil, Environmental, and Geomatics Engineering. This utility was chosen for several reasons. It 

employs state-of-the-art water treatment, alternative water supply, and water reuse technologies. It is 

located near the coast and has a skilled and experienced technical management team whose input 

contributed ƳŀǘŜǊƛŀƭƭȅ ǘƻ ǘƘŜ ǎǘǳŘȅΦ ¢ƘŜ ǳǘƛƭƛǘȅΩǎ ŜŀǎǘŜǊƴ ǿŜƭƭŦƛŜƭŘǎ ŀǊŜ ǾǳƭƴŜǊŀōƭŜ ǘƻ ǎŀƭǘǿŀǘŜǊ ƛƴǘǊǳǎƛƻƴΦ 

It is undertaking studies of advanced methods including wastewater reuse and recharge and 

hydrological barriers to protect its raw water supply. USGS and the Broward County Environmental 

Protection and Growth Management Department have developed a hydrological model of the North 

Broward area, which the utility is using to 

guide its alternative water supply projects. The 

ǳǘƛƭƛǘȅΩǎ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ ƻǘƘŜǊǎ provided 

input and ideas and reviewed the results of 

the Case Study.  

The Case Study set out to: 1) determine utility-

specific vulnerabilities of its water supply and 

its facilities to climate change, challenges, 

opportunities, solutions, conclusions and 

recommendations; 2) conduct an engineering 

assessment of current operating strategies, 3) 

recommend improvements to resilience to the 

utilitȅΩǎ ǿŀǘŜǊ ǎǳǇǇƭȅ ŀƴŘ ƛǘǎ ŦŀŎƛƭƛǘƛŜǎ ǿƛǘƘ 

associated capital investments and operating 

cost estimates; and 4) present generalized methodology and recommendations that other water 

treatment facilities in Southeast Florida and elsewhere might be able to use as a guide. 

  

Figure 5 - Miami Beach ς Hibiscus (foreground) and Palm Islands 
are manmade islands in Biscayne Bay.  Living on the edge. 
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Figure 6 - Topography of the Florida Peninsula 
showing that most of South Florida south of Lake 
Okeechobee is at very low elevation. (USGS) 

 

3 3ÏÕÔÈÅÁÓÔ &ÌÏÒÉÄÁȭÓ 4ÏÐÏÇÒÁÐÈÙȟ 'ÅÏÌÏÇÙȟ #ÌÉÍÁÔÅȟ ÁÎÄ (ÙÄÒÏÌÏÇÙ 

3.1 Topography  
In order to understand the subject matter of this report, it is 
necessary to first be familiar with the unique characteristics 
ƻŦ {ƻǳǘƘŜŀǎǘ CƭƻǊƛŘŀΩǎ ǘƻǇƻƎǊŀǇƘȅΣ ƎŜƻƭƻƎȅΣ ŀƴŘ ƘȅŘǊƻƭƻƎȅΣ 
i.e., the flow characteristics of groundwater and surface 
water. Figure 6 is a topographic (relief) map of the Florida 
Peninsula bounded by 25o and 30o north latitude and 80o 
and 83o west longitude. What is striking about this map is 
that there is no discernable relief south of Lake 
Okeechobee, i.e. the land is virtually flat. In fact, almost all 
of the land is at elevations of less than 15 feet elevation and 
ƳǳŎƘ ƻŦ ƛǘ ƛǎ ƭŜǎǎ ǘƘŀƴ о ƳŜǘŜǊǎ όмлΩύΦ !ƭǎƻΣ ǘƘŜ ǇŜƴƛƴǎǳƭŀ ƛǎ 
surrounded by the warm waters of the mid-Atlantic Ocean 
on the east and the Gulf of Mexico on the west. Down the 
middle of South Florida from Lake Okeechobee to Florida 
Bay is the Everglades, mostly a freshwater marsh ςactually a 

very shallow, broad river that dominates the 
watershed and is a major source of recharge 
water for the Biscayne Aquifer, Southeast 
CƭƻǊƛŘŀΩǎ ǇǊƛƳŀǊȅ ǿŀǘŜǊ ǎƻǳǊŎŜΦ 

In 2008, LIDAR (Light Detection and Ranging) 

elevation data were obtained for most of the 

urban areas of Southeast Florida. The 

Geographic Information Systems (GIS) 

departments of the county governments are 

developing high resolution elevation maps 

using these data and will also overlay them 

with various datasets of infrastructure, 

roads, developments, water tables, and 

other features. Preliminary LIDAR map of 

Miami-Dade County in Figure 7 illustrates 

elevations above sea level (NAVD 88). Areas 

up to 4 to 5 feet shown in shades of dark 

green could be at risk of serious flooding as 

sea level rises. As shown in Figure 8 

approximately 29% of urban Broward County 

is below 5 feet elevation (in purple). These 

maps illustrate how flat and low Southeast 

Florida is and how vulnerable it is to sea level 

rise. 

 

Figure 7 - Preliminary LIDAR map of Miami-Dade County illustrates 
elevations above sea level (NAVD 88). Areas up to 4 to 5 feet shown 
in shades of dark green could be at risk of serious flooding as sea 
level rises. (Harlem, 2009) 
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3.2 Geology 
{ƻǳǘƘ CƭƻǊƛŘŀΩǎ ƎŜƻƭƻƎȅ ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ ǎƘŀƭƭƻǿ 
surficial aquifers as shown in Figure 9. Substantially 
all of Southeast Florida from its southern tip 
northward to just south of West Palm Beach sits on 
the Biscayne Aquifer. This is one of the most 
productive freshwater aquifers in the world due its 
high porosity, transmissivity, and heavy rainfall that 
falls on Southeast Florida (55 to 60 inches annually). 
The land is primarily made up of porous sand and 
limestone enabling rain to rapidly percolate through 
the ground to the permeable porous limestone 
aquifer. The surficial aquifers are also are fed by the 
Everglades and Lake Okeechobee.  

The geology of the region is represented in 

simplified form in Figure 10. Southeast Florida 

obtains most of its water supply from the extremely 

porous and transmissive Biscayne Aquifer, which is 

located directly under the land surface and is 

wedge-shaped from the Everglades in the west to 

the Atlantic Ocean to the east, where it is between about 80 and 240 thick (Also see Figure 43 on page 

45). Water from the Biscayne Aquifer is generally of good quality due to the natural filtration and 

purifying properties of the aquifer. Groundwater drawn from the western parts of the urban areas is 

high in tannins and other organics present in water derived from the Everglades. These can be readily 

removed by carbon filtration and chemical treatment. Water drawn from wells to the east of the coastal 

ridge is generally of better color and quality overall. For that reason, utility directors prefer to use water 

Figure 10 - The Biscayne Aquifer is a surficial aquifer bounded beneath by semi-
confining clay called the Hawthorne Group. Below that is the Floridan Aquifer, 
the Lower Floridan, and the Boulder Zone. (SFWMD) 

 

Figure 8 - Approximately 29% of Broward County is less 
than 5 feet above current sea level, shown in purple, based 
on LIDAR topographical data. (Source: Broward County GIS) 

  

 

 

Figure 9 - Aquifers of the lower Florida 
peninsula. (USGS) 
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from easterly wells where possible.  

The Biscayne is an unconfined coastal aquifer, meaning that it is open to the surface and the ocean as 

shown in Figure 11. It is composed mostly of highly porous karst limestone (See Figure 12). Water flows 

through the aquifer to the ocean and pushes against and mixes with saltwater in what is called the 

άȊone of dispersionέ ƻǊ ǘƘŜ άƛƴǘǊǳǎƛƻƴ ȊƻƴŜ.έ Since seawater is about 2.5% denser than fresh water, 

fresh water tends to flow above the seawater forming a wedge as illustrated. The position of the zone of 

dispersion is a function of the rate of fresh water flow which in turn is affected by the amount of rainfall, 

the height of the water table relative to sea level, and the amount of water withdrawn from the aquifer 

for urban consumption, landscape irrigation and agricultural use.  

Because of the low elevation of the land, the water table, i.e. the upper surface of the groundwater in 

the Biscayne Aquifer, is often within a few feet below the surface. The area is honeycombed with 

natural and manmade lakes, ponds, wetlands, rivers and canals, the surface of which provides a ready 

indicator of the water table because of the high porosity and transmissiveness of the land and the 

aquifer. Generally, wherever a hole or trench is dug in Southeast Florida, if deep enough to penetrate 

the water table, water fills it at approximately the level of the water table. In the urban areas, ground 

water levels are generally 3 to 5 feet below their historic levels due to the effectiveness of the 

stormwater drainage system consisting of levees, canals, and control structures. In the Everglades 

Conservation Areas, west of the levees and control structures that separate them from the urban areas, 

water is above ground for a significant part of the year. 

Figure 12 -Biscayne Aquifer is a karst 
formation with high porosity and 
variability. (D. McNeill, U. Miami) 

 

Figure 11 - The Biscayne Aquifer is unconfined and open to the Atlantic Ocean. 
Lines is equal chloride concentration (isochlors) are shown. Numbers are in 
mcg/ml.  (USGS) 
































































































































































































