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A Message from the Philadelphia Water 
Department Commissioner 

Climate change is here, and the impacts Philadelphia is already facing will only continue to grow 
over this century. Our city will experience more rain, extreme storms, higher air temperatures, 
rising sea levels and possibly increased drought. As with other water utilities across the country and 
the world, climate impacts pose significant challenges to maintaining our core services – providing 
clean, safe, reliable drinking water and effective, environmentally progressive wastewater and 
stormwater services. 

 
PWD has been committed to providing high-quality services and protecting our region’s water 
resources throughout our nearly 200-year history, and we will continue to fulfill these 
commitments in the future. To this end, it is our obligation to prepare for climate change by 
considering climate impacts and adaptation strategies in our planning, design, operations, and 
management decisions. Over the past several years, our Climate Change Adaptation Program 
(CCAP) has tracked the latest climate change science and worked to transform that science into an 
actionable set of products and tools. This Guidance document is a culmination of much of their 
work and represents a crucial step towards one of the most effective adaptation strategies: 
mainstreaming the use of climate information in all that we do. 

 
Moving forward, it is required that this Guidance be used in the planning, design and 

construction of all PWD projects to the extent feasible, including the renewal and replacement 

of existing assets and the construction of new assets. To the extent relevant, the Guidance must 

also be applied to the operation and maintenance of PWD infrastructure systems and facilities, 

including our drinking water treatment plants and water pollution control plants. We must 

incorporate and communicate this information in our work to ensure our long-lived investments 

remain operationally and economically viable, despite the impacts of climate change. 

 
Thank you for being part of the important effort to strengthen the resilience of our utility. By 
planning for climate change, we are upholding our commitment to our customers and helping to 
ensure that our precious resources and critical services are available for generations to come. 

 
 

 
 

 

Randy E. Hayman, Esq. 
Water Commissioner 
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Preface 
This guidance document is intended to provide actionable climate change information that can be 

directly applied to PWD planning and design processes. In addition to providing guidance and 

information in memos, reports and this document, the CCAP team is available to help apply climate 

change information to specific projects and planning efforts. The CCAP team can also provide 

information to help PWD staff better understand the uncertainty inherent in climate projections, 

provide strategies to effectively communicate and apply this information and assist with technical 

assessments to understand risks.  

 

The CCAP SharePoint site has numerous internally available documents that provide detailed 

information on research areas and technical assessments: [LINK REMOVED – for internal PWD access 

only]. 

 

Questions can be directed to the PWD CCAP at: 

pwd.ccap@phila.gov  

 

 

  

mailto:Julia.Rockwell@phila.gov
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1 Introduction 
The Philadelphia Water Department (PWD) provides essential services to its customers and owns 

thousands of assets, many of which are critical and costly to design, construct, install and maintain. PWD 

invests significant capital dollars on improvements, asset replacement and new projects each year. 

Many of these assets are or will become vulnerable to climate change impacts, making it essential for 

PWD to ensure that climate risk information is included in the planning, design, operations and 

maintenance of infrastructure investments. 

 

In a changing climate, weather patterns shift and can become more extreme. Philadelphia is expected to 

see increasing temperatures, more precipitation, higher sea levels and more frequent and/or extreme 

weather events like heat waves--regardless of what future emissions scenario is realized (ICF 2014). 

PWD formed the Climate Change Adaptation Program (CCAP) in 2014 to study and address PWD’s 

vulnerabilities and risks to these climate change impacts. To initiate development of the CCAP, a 

vulnerability survey was carried out with two main objectives: 1) to seek input from staff on perceived 

vulnerabilities to PWD from climate change impacts; and 2) to evaluate staff input to determine the 

most immediate, or primary, planning needs for climate change adaptation at PWD. To address these 

primary planning needs, carry out critical risk assessments and develop effective adaptation strategies, 

CCAP needed to first develop actionable climate change science and information. The projections, 

recommendations and requirements in this guidance document are a culmination of that effort. In order 

to ensure the long-term climate resilience of PWD infrastructure systems to sea level rise, increasing 

precipitation and higher air temperatures, it will be critical to embed this actionable climate change 

information within all levels of planning, design and operations.  

 

1.1 Purpose and Context  
Traditional engineering practice relies on observed data to develop probability-based tools, like design 

storms and intensity-duration frequency curves, to characterize the level of service a project will 

provide. Using observed data to characterize risks and associated levels of service assumes that 

conditions in the past will be the same as conditions in the future – in other words, the climate will 

remain stationary. With climate change already being observed in our region and around the world, the 

assumption of stationarity is no longer accurate. Despite this, planners and engineers are still tasked 

with designing and implementing projects that will be resilient and able to maintain a desired level of 

service throughout an asset’s useful life.     

 

This guidance document was developed to support and supplement planning and design processes at 

PWD. It is intended to provide staff across the Department with the information and tools necessary to 

make decisions in the face of uncertainty and include forward-looking climate risk information in all 

planning and design efforts, including those related to structural and non-structural systems. For 

example, information in this document can be used to inform PWD long-term infrastructure plans, 

watershed-scale planning initiatives, water quality assessments, standard renew and replace projects, 

and projects captured by the capital planning process that require an Alternatives Identification Memo 

(AIM) and Alternatives Evaluation and Recommended Outcome (AERO) report. It should be noted that 

certain prescriptive requirements, like the coastal design flood elevation (DFE), are relevant to specific 

applications only (in the case of the coastal DFE, above-ground physical assets in the coastal floodplain). 
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This guidance was developed based on the best available science and engineering guidance from the 

academic community, (e.g. Columbia University), foundations (e.g. the Water Research Foundation), 

peer cities (e.g. New York City), professional societies (e.g. ASCE) and peer utilities (e.g. Water Utility 

Climate Alliance).  

 

Please note, the information found in this document does not negate the Department’s obligation to 

plan, design and construct projects in accordance with federal, state and local regulations and 

building codes. The guidance presented here complements, and in most cases enhances, the level of 

protection achieved through current regulations and requirements.  

 

1.2 Guiding Principles 

a. Engineering Standards and Professional Judgement 
Engineers are obligated by the American Society of Civil Engineers (ASCE) Code of Ethics to ‘…hold 

paramount the safety, health and welfare of the public and shall strive to comply with the principles of 

sustainable development in the performance of their professional duties’ (ASCE 2017). To specifically 

address climate change and its implications for the engineering profession, ASCE recently adopted Policy 

Statement 360 – Impact of Climate Change. This statement acknowledges that engineering practice in a 

changing climate requires development of a new paradigm that is guided by updated policies, standards, 

codes and regulations.  

Engineering judgement, in combination with planning expertise, will be fundamental to developing plans 

and designs that will be robust to future environmental conditions over the service life of an 

infrastructure system or asset. Climate change requires the expertise of both engineers and planners 

due to the nature of the dilemma: consequences from climate change, some of which are uncertain, will 

occur over the long-term, resulting in significant and far-reaching impacts (APA 2011).  The American 

Planning Association (APA) acknowledges the importance of long-range thinking by stating that 

professional planners, in striving to comply with their obligation to the public, should ‘…have special 

concern for the long-range consequences of present actions (AICP 2016). These guidelines provide the 

necessary information for PWD to proactively address climate change in the planning and design of 

infrastructure by supplementing historic climate data with localized climate change projections.  

 

ASCE supports: ‘…anticipation of and preparation for impacts of 

climate change on the built environment and revisions to 

engineering and design standards, codes, regulations and 

associated laws that strengthen the sustainability and resiliency 

of infrastructure at high risk of being affected by climate 

change.’ – Policy Statement 360 

https://www.asce.org/advocacy/policy-statements/ps360---climate-change
https://www.asce.org/advocacy/policy-statements/ps360---climate-change
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b. Planning Frameworks for a Non-Stationary Climate 
Fundamental to effective climate change adaptation is an understanding of future risk. Risk is defined as 

the potential for consequences where something of value is at stake and where the outcome is 

uncertain. Risk is often considered a function of the likelihood or probability of occurrence of a 

hazardous event and the impact or consequence that results if the event occurs. Risk results from the 

interaction of vulnerability, exposure, and hazard (IPCC, 2018).  When using a risk-based approach, there 

are several factors that planners and engineers must consider when applying climate projections to a 

project or plan, specifically: 

• the anticipated useful service life of the project; 

• the exposure to specific climate change impact(s) (sea level rise, increasing precipitation, 

higher air temperatures, etc.) that will affect the ability of the project to meet its objectives; 

• the vulnerability of the project to climate change impact(s), considering both adaptive 

capacity1 and sensitivity2 to plausible climate change scenarios; and, 

• the criticality of the project to PWD’s core services and overall mission and objectives; and,  

• the general view that PWD, in relying on critical infrastructure to provide core services, has a 

low risk tolerance3 when it comes to climate risks.  

Section 3 of this guidance document provides information on risk-based and adaptive management 

planning approaches that address some of the complexities in working with climate change projections. 

Adaptive management planning is an effective way to deal with the uncertainty of future climate change 

and help ensure that sound investment decisions are made. CCAP staff are familiar with adaptive 

management planning approaches and are available to consult with PWD staff who are hoping to use 

this planning method.  

 

 
1 Adaptive capacity is defined as the ability of systems, institutions, humans and other organisms to adjust to 
potential damage, to take advantage of opportunities, or to respond to consequences (IPCC, 2018). An asset or 
system with a high adaptive capacity will be able to practically adapt over time and maintain current functions 
and/or levels of service as the climate changes.  
2 Sensitivity sometimes called elasticity, is the degree to which an asset or system is affected by or responds to a 
climate impact/hazard (i.e. it is a way of characterizing how tolerant to or susceptible to harm the asset or system 
is to climate change). 
3 Risk tolerance, in the context of this guidance document, refers to the level of risk the Department is willing to 
accept when considering climate change impacts. For an asset or infrastructure system risk tolerance may be 
related to understanding how level of service goals may be impacted.  



 

 1-4 

c. Fulfilling PWD’s Mission through Integrated and Equitable Water Resources 

Management  
 

A central goal of all utilities is to maintain high levels of service that are driven by factors including 

regulatory requirements and customer or stakeholder needs and demands (EPA 2016). In broad terms, 

the PWD mission is analogous with the utility’s level of service goals – to provide a continuous supply of 

clean, safe and reliable drinking water and effective, environmentally progressive wastewater and 

stormwater management services. The equitable provision of these services is a critical component of 

PWD’s mission, as indicated below. 

Level of service goals, however they are defined, can become challenging to achieve as forces both 

within and outside a utility’s ability to manage occur, including: changing regulatory requirements, 

changing risk tolerance levels (i.e. acceptable business risk), aging infrastructure, loss of pervious land 

cover through urbanization and development, population shifts, economic factors and changing climatic 

conditions (EPA 2016).  The guidance in this document specifically addresses one of those challenges--it 

will help ensure that PWD can maintain today’s level of service during future climate conditions.  

 

This guidance document presents climate projections, tools and risk management approaches that, if 

incorporated into a project or plan, will help ensure its long-term resilience. However, this document 

does not speak to the specific projects or strategies that are needed for PWD to adapt (i.e. this is not a 

climate adaptation plan). There will always be more than one pathway, or solution, to achieve a desired 

level of service and meet regulatory requirements, but not all pathways will be as resilient, robust, 

affordable, adaptable and equitable as others. What is becoming fundamentally clear based on the 

experiences of other cities and utilities planning for climate change is that new approaches and solutions 

are needed to maintain levels of service and address the challenges we face today and those we will 

face in the future. Resilient investments will be adaptive in nature and ideally developed through an 

integrated water resources management framework4 that maximizes synergies and produces efficient 

solutions to meet stormwater, wastewater and drinking water goals.   

 

 
4For more information on integrated planning frameworks, please see: https://www.epa.gov/npdes/integrated-
planning-municipal-stormwater-and-wastewater 

PWD Mission: The primary mission of the Philadelphia Water Department is to 

plan for, operate, and maintain both the infrastructure and the organization 

necessary to purvey high quality drinking water, to provide an adequate and 

reliable water supply for all household, commercial, and community needs, and 

to sustain and enhance the region’s watersheds and quality of life by managing 

wastewater and stormwater effectively. In fulfilling its mission, the utility seeks 

to be customer-focused, delivering services in a fair, equitable, and cost-

effective manner, with a commitment to public involvement.  

https://www.epa.gov/npdes/integrated-planning-municipal-stormwater-and-wastewater
https://www.epa.gov/npdes/integrated-planning-municipal-stormwater-and-wastewater
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The importance of integrated water resource planning, specifically, has already been recognized by 

regulatory agencies. In 2012, the EPA introduced an integrated planning framework for utilities to 

consider in meeting Clean Water Act (CWA) requirements.  Through the Water Infrastructure and 

Improvement Act (WIIA) of 2019, the CWA was amended to include this integrated planning framework 

as a voluntary path for utilities to pursue. While integrated water resources management is still in a 

nascent phase at many utilities, PWD’s Green City, Clean Waters (GCCW) program is a notable example 

of including one aspect of the EPA’s definition of an integrated approach: i.e. meeting combined sewer 

overflow (CSO) regulations by emphasizing the use of green infrastructure. Other aspects of integration 

stressed by the EPA include NPDES requirements for separate sanitary sewer systems, combined sewer 

systems, MS4 systems, and wastewater treatment plants. CCAP believes that by addressing climate 

resilience and prioritizing adaptive, equitable and economically feasible strategies in all the 

Department’s planning processes, additional opportunities for integrated water resources management 

will arise.   

 

d. Supporting Citywide Resilience 
This guidance document currently pertains to PWD infrastructure only, but the Department 

acknowledges that effective resilience to climate change requires significant coordination and 

collaboration with other local and regional entities. CCAP is engaged in regional and citywide efforts 

including the Flood Risk Management Task Force (FRMTF), resilience planning through the Office of 

Sustainability (OOS), Philadelphia City Planning Commission (PCPC) and the Delaware Valley Regional 

Planning Commission (DVRPC), and Hazard Mitigation Planning through the Philadelphia Office of 

Emergency Management (OEM). This document may eventually serve as a reference for City partners 

also seeking to incorporate climate change projections into their plans and projects.  

 

1.3 A Note on Uncertainty 
Climate change adaptation work relies on projections from Global Climate Models (GCMs), which are 

currently the most credible source available for providing information about the response of global 

climate systems to increasing greenhouse gas (GHG) concentrations (Hailegeorgis and Burn 2009). These 

models are simplified representations of the complex physical processes occurring on earth and the 

GHG emissions scenarios used to drive GCMs are based on uncertain future socio-economic conditions. 

Confidence in climate models comes from the fact that they are based on physical principles and can 

reproduce many aspects of the current climate, including observed trends that are driven by human-

induced changes, or anthropogenic forcing (Barnett et al. 2005, Knutti 2008, Hayhoe et al. 2017).  

However, climate change impact assessments which use GCM output to inform planning and decision-

making processes are subject to uncertainties which originate from multiple sources, including: 

• level of future GHG emissions (i.e. emissions scenario); 

• the Earth system response to temperature increases; and, 

• complex natural and physical processes that are difficult to model or not yet fully 

understood. 

Despite these uncertainties, it is imperative to consider climate change in water resource planning and 

management. The topic of uncertainty in climate change adaptation—and how to plan and make 
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decisions despite considerable, or deep, uncertainty—is broad and complex. The CCAP explores this 

topic and attempts to characterize uncertainty in local climate change projections in the memo titled 

Characterizing and Addressing Uncertainty in Climate Change Adaptation Planning at the Philadelphia 

Water Department. 

1.4 Evolving Science and Document Updates 
Climate adaptation work is inherently iterative as climate change science and modeling rapidly improve 

and new information is uncovered about the earth’s response to a warming atmosphere. The needs and 

priorities of the Department also evolve over time, so this guidance document is Version 1.0 of a living 

document. Periodic updates will be made with new climate science and potentially more detailed 

information on risk-based planning methodologies. Updates to this document will generally follow 

major climate science report updates at the international level (i.e. the Intergovernmental Panel on 

Climate Change (IPCC) reports) and the national level (i.e. National Climate Assessments). If deemed 

appropriate, updates to this document will be aligned when possible with updates to other PWD 

planning initiatives such as the long-term Water and Wastewater Master Plans.  

 

Throughout this guidance document, links to existing CCAP memos and documents provide more detail 

on certain research areas and technical analyses. Projections used in earlier memos and reports may not 

be the most up to date given the rapidly evolving field of climate science. The primary purpose of 

referencing earlier memos is to provide information on CCAP methods and assumptions. For the most 

recent projections, this guidance document (and subsequent updates) should be referenced. If specific, 

up-to-date information and projections pertaining to earlier memos and reports is being sought, please 

contact CCAP.  

 

1.5 In Summary 
Despite uncertainties regarding the magnitude and pace of climate change, there is enough information 

that is certain to warrant the use of climate change projections in PWD planning and design processes.  

 

What is certain regarding climate change in Philadelphia? 

➢ For our region, there is very high confidence in the direction of change for multiple climate 

impacts. 

- Temperatures will continue to increase. Even if global greenhouse gas emissions are 

stopped today, the world is locked into a certain amount of warming. 

- Precipitation volumes and intensities will increase as the climate warms. 

- Sea levels will continue to rise and the rate of rise will continue increasing  

What is less certain? 

➢ There is lower confidence in the specific rate and magnitude of climate change impacts over 

the coming century. Many of these uncertainties, including those listed below, hinge on the 

future emissions scenario that occurs.   

- The future rate and magnitude of temperature rise  

- The effect of climate change on the natural variability of precipitation  

- The percent change and variation in increasing precipitation for different event sizes 
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- The future frequency and intensity of extreme events like hurricanes  

- The rate and magnitude of sea level rise  

- The changing frequency and/or severity of droughts  

How is PWD’s Climate Change Adaptation Program (CCAP) dealing with these uncertainties and 

helping the Department become climate-resilient?  

➢ CCAP carries out the following as part of its mission to ensure PWD’s long-term resilience to 

climate change: 

- Utilize the best available science to inform decision-making. This guidance document 

provides current estimates of climate change based on today’s best available science. 

- Adopt new science consistent with recommendations from leading scientific 

organizations. CCAP will continue to track how climate science evolves and will provide 

periodic updates to this guidance as new projections are officially recognized by leading 

organizations like the National Oceanic and Atmospheric Administration (NOAA) and the 

Intergovernmental Panel on Climate Change (IPCC).   

- Provide support on ways in which to plan, design and implement changes despite 

uncertainty. Planning approaches that address decision-making under deep uncertainty 

are available and considered an important aspect of effective adaptation. CCAP can 

provide resources and support efforts to incorporate best practice planning approaches 

at PWD.  

CCAP can provide the information and tools necessary to help PWD adapt to climate change, but 

effective adaptation is only possible with the input and applied expertise of staff across this 

organization. Together, PWD employees can help ensure the utility’s long-term resilience in the face of 

climate change.   
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2 User Guide 
 

2.1 Document Purpose 
This guidance document was developed to support and supplement planning and design processes at 

PWD. While the primary end users of this information will be planners and design engineers, this 

document is intended to provide staff across the Department, as well as their consultants, with the 

information and tools necessary to make decisions in the face of climate-related uncertainty and include 

forward-looking climate risk information in all project plans and designs. CCAP will continue to track the 

latest climate science, research and modeling efforts and incorporate any critical updates into future 

versions of this guidance.  

 

Please note, the information found in this document does not negate the Department’s obligation to 

plan, design and construct projects in accordance with federal, state and local regulations and 

building codes. The guidance presented here complements, and in most cases enhances, the level of 

protection achieved through current regulations and requirements.  

 

2.2 The Contents of this Document  
The guidance in this document is presented in sections that are organized by climate change impact. The 

approach taken to develop planning and design guidance for each climate impact depends on several 

factors, most notably the risk the impact poses to PWD, the current approach(es) for using climate data 

in PWD planning and design processes and the consideration of level of service goals. Although the 

content and approach differ by climate impact, the ultimate goal of each section in this document is the 

same: provide actionable climate information that can be used to ensure the long-term resilience of 

PWD infrastructure.  

For each climate impact currently under consideration by CCAP, the following guidance is presented in 

this document:  

➢ Sea level rise and extreme storms (Pages 4-1 through 4-34) 

- This section presents information and tools developed by CCAP to apply sea level rise 

projections in planning and design at PWD. It also establishes a required design flood 

elevation (DFE), or design standard, for PWD assets that are vulnerable to current 

and/or future surface flooding along the tidal Delaware River.  

➢ Precipitation (Pages 5-1 through 5-23) 

- This section presents a series of products developed by CCAP that allow for precipitation 

projections to be directly applied to PWD planning and design efforts.   

➢ Air temperature (Pages 6-1 through 6-17) 

- The focus of this section is to characterize local air temperature projections. No design 

standard or specific guidance is provided. However, as CCAP carries out additional 

technical assessments evaluating the impacts of high heat, guidance may be included in 

future updates to this document.  
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Adaptation at water utilities is an iterative process that relies on technical assessments to fully 

understand and characterize risks. For each climate impact that is included in this guidance document, 

future areas of consideration will be summarized. While this document represents a culmination of 

several technical analyses and assessments, there are additional areas for CCAP to consider moving 

forward. For example, it will be necessary to evaluate the combined, or compound, flooding impacts of 

sea level rise and precipitation-induced flooding. Guidance on considering compound flooding events 

may be provided in future iterations of this document.  

Additional resources for topics that are relevant but outside the scope of this current document can be 

found in the supplemental ‘Additional Resources and Information’ (AIR) sheets in Appendix A-1.   

 

2.3 Relevance of Guidance Projections, Tools and Prescriptive 

Requirements 
The matrix on the next page provides an inventory of the projections, tools and prescriptive 

requirements that can be found in this guidance document (Table 2-1). The main sections in this 

document are organized by climate impact: sea level rise, precipitation and air temperature. For each of 

the major PWD programmatic and project-based planning and design groups, the likely relevance of the 

information in this guidance document is categorized as follows: definitely relevant, potentially relevant 

or not relevant. This matrix is meant to serve as a quick reference guide and is not necessarily inclusive 

of all PWD planning/design efforts or potential applications of the information in this document. 

 

2.4 What is Recommended vs. What is Required? 
It is required that climate change projections be considered in the planning and design of PWD projects. 

However, for the majority of the information in this guidance document, there is no prescriptive 

requirement as to which specific climate change projections or future scenarios must be applied. The 

only exceptions to this are two new prescriptive design requirements related to sea level rise: PWD’s 

new design flood elevation (DFE) and the associated adaptive management plan requirement. Please 

note that it is the responsibility of PWD project manangers to ensure that contractors competing for a 

project/scope of work through the Request for Proposal (RFP) process are fully aware of PWD’s 

climate resiliency planning and design requirements. See the RFP AIR sheet for more information [LINK 

REMOVED – for internal PWD access only]. 

 

2.5 CCAP Support 
CCAP staff is available to help apply the projections, information and tools described in this guidance 

document. They can provide input at the project-level to help identify climate change impacts and risks, 

alternatives and adaptive management strategies. The CCAP can also provide information to help users 

better understand the uncertainty inherent in climate and SLR projections, provide strategies to help 

communicate this information and assist with technical tasks, assessments and decision-making. 
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Table 2-1 Matrix inventory of the projections, tools and prescriptive requirements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*includes new assets and renewal/replacement of existing assets; includes capital projects above AND below $2M threshold  

**various assessments apply; if dealing with climate-related risks, will likely be led by CCAP 
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3 Uncertainty Futures: Planning Under Deep Uncertainty 
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3.1 Planning at PWD 
Although there is consensus that increasing temperatures and precipitation as well as sea level rise will 

continue to occur, there is great uncertainty as to the magnitude and timing of these projections. For 

this reason, planning and design guidance must include recommendations for dealing with this 

uncertainty. This section is structured to provide information and tools that work within the existing 

PWD planning programs, rather than resulting in a separate climate adaptation plan. There are a 

number of planning efforts where climate change impacts must be considered, including during phases 

of plan development, updates and implementation. Including climate change projections in PWD 

planning efforts will ensure long-term resilience of infrastructure investments and the ability to meet 

regulations and compliance targets in the future. Relevant PWD planning efforts are listed below along 

with some of the primary climate change related impacts to be considered in each plan or planning 

process. 

• Wastewater Master Plan: assets related to the wastewater treatment plants must consider 

potential flooding issues related to both sea level rise and storm surges, as well as increased 

flows due to increases in precipitation. Part of the planning effort must include risk 

assessments for each critical asset. 

• Drinking Water Master Plan: assets related to the water treatment plants must consider 

both potential flooding issues related to sea level rise, storm surges and riverine flooding, as 

well as the impacts of increasing temperature on source water quality and treatment 

processes. Part of the planning effort must include risk assessments for each critical asset. 

• Capital Planning Process: the capital planning process includes alternatives identification 

and evaluation for each identified project need. This process must incorporate potential 

impacts of climate change in the alternative evaluation criteria, and considerations for 

responding to climate change impacts must be included within the basis for design. 

• CSO Long Term Control Plan Update (Green City, Clean Waters): this plan is in response to 

the combined sewer overflow Consent Order and Agreement (COA) with PADEP. The plan 

includes both collection system storage and transmission improvements, wastewater 

treatment plant expansion, as well as green stormwater infrastructure implementation. 

Designs should consider the likelihood of increasing precipitation due to climate change and 

sea level rise. 

• Stormwater Planning (MS4): the separate stormwater collection system is required to 

reduce pollutant loads to receiving waters. Plans and designs should consider the likelihood 

of increasing precipitation and sea level rise due to climate change.  

• Emergency Response Planning: the Office of Emergency Management works to ensure the 

City of Philadelphia is ready for any kind of emergency, including those caused by natural 

hazards.  The City’s Hazard Mitigation Plan is a comprehensive assessment of natural and 

anthropogenic hazards that is updated regularly. In Philadelphia, flooding is a key element in 

emergency planning and response and should consider increased storm intensity and 

extreme rainfall due to climate change, as well as storm surge/sea level rise flooding risks. 

• Linear Asset Planning: PWD plans and implements the renewal and replacement of 

stormwater and wastewater collection systems. Part of the program is to assess impacts of 

increasing precipitation intensity on level of service and selected design storms. 
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• Water Resource and Source Water Protection Planning:  PWD uses a multi-barrier 

approach that includes emergency preparedness systems, computer modeling systems, 

regional and national partnerships, and the development and implementation of formal 

plans to protect PWD source waters and guide infrastructure investments. Climate change 

information should inform these initiatives as they relate to the long-term protection and 

reliability of Philadelphia’s water resources.   

 

3.2 Sources of Uncertainty  
As mentioned in the Introduction to this document, GCMS are the most credible source available for 

providing information about the response of global climate systems to increasing greenhouse gas (GHG) 

concentrations. These models are simplified representations of the complex physical processes 

occurring on earth and the GHG emissions scenarios used to drive GCMs are based on uncertain future 

socioeconomic conditions. Confidence in climate models comes from the fact that they are based on 

physical principles and can reproduce many aspects of the historic and current climate, including 

observed trends that are driven by human-induced changes. However, climate change impact 

assessments which use GCM output to inform planning and decision-making processes are subject to 

uncertainties which originate from multiple sources. Some of the major uncertainties in projecting 

climate change impacts include: 

• the likelihood of emission scenarios coming to fruition and all the factors that influence 

them including anthropogenic emissions, land use change, population growth, etc.; 

• the Earth system response to temperature increases; 

• models may not accurately represent the way the climate will change under emissions 

scenarios;  

• complex natural and physical processes that are difficult to model or not yet fully 

understood; and, 

• uncertainty related to downscaling approaches that transform the resolution of raw GCM 

output into finer spatial and temporal scales.  

In addition to uncertainties related to GCMs that provide temperature and precipitation projections, sea 

level rise estimates, which rely on models and processes external to the GCMs, also must consider 

uncertainty related to many factors including: the dynamics of thermal expansion of the oceans, ocean 

circulation changes, vertical movement of the land surface, marine ice sheet dynamics and plausible 

estimates of ice sheet flow through outlet glaciers.  

3.3 Dealing with Uncertainty 
Planning and designing for an uncertain future are not new to PWD and the engineering practice, 

however, planners and designers at PWD must seek to deal with a new level of uncertainty when 

applying climate change projections, particularly those related to sea level rise and precipitation 

intensity for larger storms. CCAP is responsible for ongoing assessments of uncertainty in climate change 

impacts, in applying methods to reduce uncertainty where feasible, and to communicate uncertainty to 

the users of the climate change guidance. Traditional risk assessments have been the primary approach 
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planners and engineers take to manage uncertainties in the future (Ayyub 2014, ASCE 2015).  Risk is 

measured as the probability of the occurrence of an event and the outcomes or consequences (i.e. 

social, environmental, health consequences) associated with the occurrence of the event. Risk 

management uses information from the risk assessment to make informed decisions, either to accept 

the risk or reduce it.  

In planning for uncertainty, there are a few key concepts that must be considered when deciding on the 

degree of acceptable risk for a given asset. These include: 

• Anticipated useful life: A capital project should ideally be designed to withstand climate 

conditions projected all the way through the end of its anticipated useful life (the 

estimated number of years an asset will be in use before needing reinvestment to 

continue performing its normal function).  

• Criticality. Climate design adjustments should consider and be tailored to the criticality 

of a project, with more critical projects or project components designed to higher 

protection standards.  

• Risk tolerance. Climate design adjustments should be selected based on risk tolerance 

levels – and the corresponding climate projections – for relevant climate hazards. 

Familiar examples of risk tolerance levels are the 5-, 10-, 25-, or 100-year precipitation 

design storms used to design stormwater assets. 

Over the last decade climate change adaptation research has focused on developing and adopting 

planning and decision-making methods to help develop robust adaptation strategies that help users deal 

with uncertainty (WUCA 2015, Döll and Romero-Lankao 2017).  Adaptive management approaches 

(sometimes called ‘bottom-up’ approaches) are now being brought forward as most appropriate for 

addressing the deep uncertainty associated with climate change adaptation. The idea is to identify 

climate change related impacts during the planning and design phases of a project and pair them with 

measures that could be implemented as needed throughout the life of the infrastructure to address 

these impacts. Section 4 of this document provides more information on this planning approach in the 

context of the new Design Flood Elevation (DFE) and Adaptive Management Plan (AMP) requirement 

aimed at reducing the long-term risks of sea level rise and storm surge to PWD infrastructure.  

More information on climate uncertainty can be found in the 2018 CCAP memo Characterizing and 

Addressing Uncertainty in Climate Change Adaptation Planning at PWD.  

3.4 Scale and System-Wide Considerations 
When using the information provided in this guidance —and with all adaptation work in general—issues 

related to scale and scope arise. For example, if applying the new design flood elevation (DFE) detailed 

in Section 4. to one asset or one part of a system that is vulnerable to coastal flooding, there is a risk of 

creating “islands of resiliency” within an otherwise vulnerable facility. Similarly, if upsizing a pipe in the 

collections system to meet level of service goals under future conditions, system-wide analyses should 

be conducted first in order to avoid creating capacity issues downstream of the upsized pipe. Adaptation 

will only be successful if strategies are considered at a broader, systemic scale. Therefore, while these 

guidelines are required for any new capital project, it is extremely important that resiliency is 
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considered holistically and that this guidance is also considered in existing long-term plans (e.g. the 

Wastewater Master Plan and the Water Master Plan). 
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4.1 Key Terms  

Key Term Acronym Definition 

100-year floodplain -- 

The area of land that is inundated by a flood having a 1 in 100 or 1% chance 
of being equaled or exceeded in any given year. Most often, people refer to 
the 100-year floodplain established by the Federal Emergency Management 
Administration (FEMA) as it is used for the Federal Flood Insurance Program. 
However, the 100-year floodplain can be determined by others (e.g. other 
governmental departments like the USGS, municipalities, engineering firms 
and academics) using local data and models. 

500-year floodplain -- 

The area of land that is inundated by a flood having a 1 in 500 or 0.2% 
chance of being equaled or exceeded in any given year. Most often, people 
refer to the 100-year floodplain established by the Federal Emergency 
Management Administration (FEMA), but the 500-year floodplain can be 
determined by others (e.g. other governmental departments like the USGS, 
municipalities, engineering firms and academics) using local data and 
models. 

Absolute sea level -- 
Refers to the height of the ocean surface, regardless of whether nearby land 
is rising or falling.  

Adaptive 
management 

-- 

Adaptive management is an iterative, systematic decision-making process for 
improving resource and infrastructure-based management in the face of 
uncertainty. Adjustments are made over time as insights are gained from 
management outcomes and conditions change.  

Annual exceedance 
probability 

AEP 
The probability of a flood event of a particular magnitude or larger occurring 
in any given year. 

Anticipated useful 
life 

-- 

An estimated number of years an asset will be in use before needing 
reinvestment to continue performing its normal function(s). The anticipated 
useful life assumes regular and adequate maintenance and repairs are 
implemented. This differs from the design life, which is typically shorter. 

Base Flood 
Elevation 

BFE 

The flood having a one percent chance of being equaled or exceeded in any 
given year. The base flood is the national standard used by the National 
Flood Insurance Program (NFIP) and all Federal agencies for the purposes of 
requiring the purchase of flood insurance and regulating new development. 

Climate Change 
Adaptation 
Program 

CCAP The program at the Philadelphia Water Department working on climate 
change adaptation. 

Coastal inundation 
(coastal flooding) 

-- 
When normally dry, low-lying land is flooded by seawater, brackish water or 
freshwater in a tidal river system.  

Critical asset -- 

An asset whose absence or unavailability would significantly degrade the 
ability of a utility to carry out its mission or would have unacceptable 
financial or political consequences for the owner or the community (AWWA 
J100, 2014). 

Datum -- 
A base elevation or starting point used as a fixed reference for heights, 
depths or distance. It is the basis for all geodetic survey work.  
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Design flood 
elevation 

DFE 
A new protective elevation for PWD assets to be raised, hardened or 
protected to that is higher than current protective elevations found in 
national and local floodplain regulations. 

Federal Emergency 
Management 
Agency 

FEMA 
FEMA supports citizens and emergency personnel to build, sustain, and 
improve the nation's capability to prepare for, protect against, respond to, 
recover from, and mitigate all hazards. 

Flood Insurance 
Rate Maps 

FIRMS 
The official map of a community on which FEMA has delineated both the 
special flood hazard areas and the risk premium zones. 

Glacial isostatic 
adjustment 

GIA 
The adjustment process of the earth to an equilibrium state resulting in an 
ongoing movement of land once burdened by ice-age glaciers. 

Highest 
astronomical Tide 

HAT 
The elevation of the highest predicted astronomical tide expected to occur 
at a specific tide station over the National Tidal Datum Epoch (NTDE). 

Mainstreaming -- 

In the context of climate change adaptation, the process of providing 
relevant climate information across all business functions to ensure that 
climate change impacts and adaptation are a key part of all planning, design, 
operations and management decisions.  

Mean higher-high 
water 

MHHW 
The average of the higher high water height of each tidal day observed over 
the National Tidal Datum Epoch.  

Mean high water MHW 
The average of all the high water heights observed over the National Tidal 
Datum Epoch. 

Mean sea level MSL 
The arithmetic mean of hourly heights observed over the National Tidal 
Datum Epoch. 

Mean low water MLW 
The average of all the low water heights observed over the National Tidal 
Datum Epoch. 

Mean lower-low 
water 

MLLW 
The average of the lower low water height of each tidal day observed over 
the National Tidal Datum Epoch. 

National Climate 
Assessment 

NCA 
An ongoing United States government interagency effort on climate change 
science conducted under the auspices of the Global Change Research Act of 
1990. 

National Flood 
Insurance Program 

NFIP 

A program that aims to reduce the impact of flooding on private and public 
structures by providing affordable insurance to property owners, renters and 
businesses and by encouraging communities to adopt and enforce floodplain 
management regulations. 

National Tidal 
Datum Epoch 

NTDE 

The specific 19-year period adopted by the National Ocean Service as the 
official time segment over which sea level observations are taken and 
reduced to obtain mean values for datum definition. The latest NTDE used as 
a standard across the United States is from 1983-2001.  

Nuisance flooding -- See sunny day flooding 
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Permanent 
inundation 

-- 
This term does not mean that land will be submerged at all times, but refers 
to land that will be inundated at some point within the regular predicted tide 
cycle.  

Primary planning 
scenario 

-- 

Ideally all three of the CCAP sea level rise scenarios are considered in project 
planning and design. However, when one value must be chosen, the primary 
planning scenario should be used, which is the NOAA (2017) Intermediate-
High Scenario.  

Sunny day flooding 
 

-- 

The temporary inundation of low-lying areas, especially streets, during 
exceptionally high tide events, such as at those that occur right after the full 
and new moons (often called spring or king tides). The term “sunny day” 
stems from the fact that this flooding is not associated with a storm event.  

Surface flooding 
 

-- 
A pluvial, or surface water flood (also sometimes referred to as ‘urban 
flooding’), caused when heavy rainfall creates a flood event independent of 
an overflowing water body. 

Storm surge 
-- 

An increase in water elevation above the normal astronomical tide level 
caused by high sustained winds and low-pressure systems.  

Storm tide  
-- 

The total water level during an extreme event that is composed of storm 
surge on top of high tide. 

Sea level rise 
SLR A rise in the average level of the earth’s oceans. 

Spring tide 

-- 

A tide just after a new or full moon, when there is the greatest difference 
between high and low water. Spring tides have nothing to do with the spring 
season, rather, the word is a reference to the tide "springing forth." Spring 
tides occur twice each lunar month all year long, without regard to the 
season. 

Temporary 
flooding -- 

Flooding that is not permanent—i.e. is not part of the regular tide cycle—
and that occurs due to an extreme event. In this section of the guidance 
document, temporary flooding refers to flooding caused by storm surge. 

Tidal flooding 
-- See sunny day flooding. 

Tidal range 
-- Tidal range is the height difference between high tide and low tide. 
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4.2 Introduction 
The rate of sea level rise is increasing, both globally and locally. Since 1880 global mean sea level (GMSL) 

has increased 8-9 inches and about a third of that occurred in the last two and a half decades (NOAA, 

2019). Since the launch of satellites in 1993, which record more accurate absolute sea levels, we know 

the global annual rate of sea level rise has increased to ~0.125 inches/year (Church et al. 2013; Nerem et 

al. 2010), and the rate of annual relative sea level rise (SLR) in Philadelphia has increased to ~0.21 

inches/year5. 

Philadelphia is roughly 90 miles 

from the open ocean, but its two 

main waterways, the Schuylkill 

and Delaware Rivers, are tidal6 

(i.e. they are influenced by the 

ocean and tides and experience 

sea level rise). Looking at over 

116-years of tide level data in 

Philadelphia, a steady increase 

in the baseline elevation is 

observed. Between 1901 and 

2016, Philadelphia has 

experienced ~1.3 ft. of sea level 

rise (Figure 4-1), which equates to an 

annual rate of ~0.13 inches/year 

(Maimone & Kulis 2017)—a rate that is nearly twice the global average annual rate of  0.07 inches/year 

for roughly the same time period (1901-2010) (Church et al. 2013).  The rate of SLR in Philadelphia is higher 

primarily due to land subsidence (Linn 2004). While the sea levels are rising, the land beneath 

Philadelphia—and much of the mid-Atlantic/Northeast region of the U.S.—is sinking in response to the 

last glacial period, a process called glacial isostatic adjustment (GIA). 

Furthermore, it is not only the average tide level—or sea level—that is increasing in Philadelphia; the 

highest tide of each day is also increasing at a faster rate than mean sea level, indicating that our tidal 

range is increasing (Figure 4-2). It is thought that this increasing tidal range occurred due to dredging 

and manmade changes to the floodplain (agriculture and urban development) and changes to the tidal 

range may continue to occur in the future.  

According to the latest National Climate Assessment (NCA) Climate Science Special Report, it is “very 

likely”7 that GMSL will rise between 1 and 4.3 feet by the year 2100, relative to the year 2000 (Sweet et 

al. 2017). Sea level rise alone, in the absence of storm events, will increase the frequency, intensity and 

depth of coastal flooding in Philadelphia. Extreme events will cause more damage as storm surges occur 

 
5 This rate of sea level rise in Philadelphia was determined using a linear model fit to tide level data recorded since 1993.  
6 The Schuylkill River is tidal up to the Fairmount Dam and the Delaware River is tidal up to Trenton. 
7 The NCA uses likelihood as a measure of uncertainty expressed probabilistically. This means it is based on statistical analysis of 
observations, model results and/or expert judgement. ‘Very Likely” means greater than or equal to nine out of ten (USGCRP, 
2017). 

Figure 4-1 Gap-filled tide level dataset from NOAA Tide Station #8545240 with linear 
regression line (1901-2016) (Maimone & Kulis 2017). 
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on top of higher sea levels, increasing the depth of flooding and reaching further inland. As 

demonstrated by Superstorm Sandy in New York City, damage from storm surge can be catastrophic to 

wastewater and water infrastructure—damages to wastewater infrastructure alone were estimated to 

be $100 Million (NYC DEP 2013).  

Using NOAA’s Intermediate-High sea level rise scenario (see and Table 4-1) the frequency of today’s 

100-year base flood elevation8 (BFE) at the Philadelphia tide gauge location, as established by the 

Federal Emergency Management Agency (FEMA), could increase more than tenfold by the 2060s and 

FEMA’s current 100-year special flood hazard area (SFHA)9 in Philadelphia could increase ~25% by the 

end of the century. As a utility providing critical services, planning for these changes is important and 

necessary.  

 

Figure 4-2 Monthly average of daily maximum tide levels (red), monthly average of all daily tide levels (mean sea level) (blue) and 
monthly average of daily minimum tide levels (teal).  

4.3 How This Guidance Applies to PWD 
Sea level rise and extreme storms were identified by PWD staff in a CCAP Vulnerability Survey as climate 

change impacts that could result in high consequence scenarios for the Department’s physical assets, 

operations and/or levels of service.  CCAP developed an Inundation Analysis as an initial, high-level study 

to understand and estimate the risk that PWD may face due to increases in coastal flood frequency 

resulting from SLR and storm surge. Projected future water surface elevations for the tidal Delaware and 

Schuylkill Rivers were examined using three sea level rise scenarios in combination with storm surge for 

three time periods: the near-term (2030s), mid-century (2060s), and end-of-century (2100+). As with all 

 
8 The BFE at the Philadelphia tide gauge #8545240 is 9.32 ft. NAVD88 
9 From the FEMA 2015 Flood Insurance Study and Flood Insurance Rate Maps. 
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future climate projections, there is more uncertainty toward the end-of-century scenario compared with 

the near-term and mid-century scenarios.  For planners, designers, and decision makers, asset or 

investments with long useful lifespans should consider this uncertainty in the planning process (i.e. 

prioritize flexibility in design). 

The Inundation Analysis informs the guidance outlined here. This guidance is meant to primarily address 

surface flooding in the tidally influenced areas of Philadelphia through a combination of new planning 

and design requirements and recommendations. There is no prescriptive requirement for most of the 

information and tools presented in this section. Generally, it is up to planning and design staff to 

determine how best to incorporate this information into projects, plans and programs. The only 

exception to this are two new prescriptive planning and design requirements related to sea level rise: 

PWD’s new design flood elevation (DFE) and the associated adaptive management plan requirement, 

both of which are detailed later in this section.   

The Inundation Analysis does not directly address how sea level rise and storm surge may impact PWD’s 

subsurface systems, but a data visualization tool and high-level risk assessment were developed to help 

identify impacts to the combined sewer collection system, which can be used in further planning 

analyses and assessments. This guidance does not address how sea level rise may impact water quality, 

such as increasing salinity levels10 and impacts to drinking water treatment processes. Water quality 

issues related to sea level rise and salinity are being studied by the PWD Water Quality Modeling group, 

which coordinates with CCAP and uses consistent sea level rise projections and climate information.  

The guidance and design standards for coastal floodplain management outlined here exceed existing 

floodplain regulations. However, users should still be familiar with local floodplain regulations as they 

are required by Philadelphia’s participation in the FEMA National Flood Insurance Program (NFIP) and 

required through local ordinance. The planning and design elevations in this guidance document 

augment existing requirements and should only be considered if they are higher than the regulatory 

standard or the regulatory standard does not currently apply. 

a. Example applications 
Below are examples of areas where climate change information—specifically future risk from sea level 
rise and storm surge—should be considered. 
 

 
 

 
10 CCAP coordinates with other PWD water quality modelers and consultants who are developing a salinity model. For more 

information on this effort, please see the PWD Watershed Protection Program website. 

This guidance is meant to facilitate the integration of climate change projections into 

existing planning and design processes at PWD. Through this process of mainstreaming 

climate information into existing practices, PWD can help ensure that current levels of 

service can be maintained, and regulatory requirements can be met under future conditions. 

https://www.phila.gov/water/sustainability/protectingwaterways/Pages/default.aspx
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1. Performing planning assessments  

▪ Future tide and storm tide elevations, inundation maps, asset exposure tables and other 

CCAP tools should be used in planning assessments for all above-grade assets in the 

current or future floodplain 

▪ Future tide and storm tide elevations should be used, when possible, in planning and 

design assessments related to below-grade assets 

▪ The design flood elevation (DFE) should be used for any preliminary designs that are 

created during project planning assessments, including the alternatives analyses process  

▪ Future tide and storm tide elevations, inundation maps, and asset exposure tables 

should be used in flood risk analyses/floodplain management efforts, such as: 

▪ Facilities-based or system-wide risk assessments 

▪ Pumping station design or renewal and replacement 

▪ Storm Flood Relief assessments 

▪ Future tide and storm tide elevations should be used for planning assessments related 

to receiving water quality regulatory compliance (NPDES Permits) 

 

2. Designing above-grade assets 

▪ The design flood elevation (DFE) must be used for all designs for new or rehabilitated 

above-grade assets in the current or future floodplain 

 

3. Floodproof existing assets for flood resilience (asset management, operations) 

▪ The DFE should be used as a threshold for floodproofing existing assets in the current or 

future floodplain (e.g. hardening, elevating electricals) 

 

4. Designing grey, green and nature-based infrastructure  

▪ Future tide and storm tide elevations, inundation maps and changes to the groundwater 

table should be considered for green stormwater infrastructure projects built for Long 

Term Control Plan Update (LTCPU) compliance 

▪ Future tide and storm tide elevations, inundation maps and changes to the groundwater 

table should be considered in nature-based flood mitigation projects, e.g. stream 

restoration or expansion of the green infrastructure program to address flooding and 

water quality (MS4 permit) 

 

5. Evaluating collection system performance 

▪ Future tide and storm tide elevations should be used as boundary conditions in 

Hydrologic & Hydraulic (H&H) models to better understand system performance and to 

inform which outfalls may need tide gates or pumps 

 

6. Water Pollution Control Plant hydraulic assessments  

▪ Future tide levels and storm tide levels should be used as boundary conditions in models 

to evaluate flow through PWD’s Water Pollution Control Plants (NPDES permits)  
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It should be noted that CCAP staff is available to help apply the results, information and tools described 

in this section. Additionally, CCAP has expertise on current floodplain regulations and has developed 

tools to help users understanding how the Inundation Analysis results compare and relate to FEMA’s 

base flood elevations.  

 

4.4 Future Coastal Flood Risk Planning and Design 
The goal of this section is to provide an overview of tools and information available to facilitate 

integration of sea level rise projections and coastal flood risk hazards into PWD’s planning and design 

processes. Future coastal flood risk from SLR and storm surge must be incorporated in all projects in the 

current or future floodplain and the DFE design standard must be applied. This applies to assessments, 

plans and projects worked on by in-house staff and those led by consultants.  

The sections below will provide useful climate information and tools for project planning and 

assessments in the following formats: 

• Sea Level Rise Projections and Future Tide Elevations – Sea level rise projections are used 

to determine potential tide elevations in Philadelphia for three future time periods. Any 

flooding associated with future tide elevations is considered permanent inundation as it will 

occur within the predicted tide cycle.  

• Storm Surge and Future Storm Tide Elevations – Storm surge and storm tide elevations are 

associated with various sized storms specific to Philadelphia. Any flooding associated with 

storm surge on top of tide levels (i.e. storm tide) is considered temporary inundation as it 

will only occur during extreme events. Using a combination of sea level rise scenarios and 

storm surge amounts, storm tide levels are estimated for three future time periods.  

• Forward-Looking Inundation Mapping – A GIS bathtub model was produced to estimate 

and visualize the timing and extent of future coastal flooding in Philadelphia.  

• Exposure Analysis and Asset Exposure Tables – Results are presented for a high-level 

screening assessment looking at which PWD assets are most exposed to future sea level rise 

and storm surge.  

• Changing Flood Frequency Tool  – This tool allows users to input any elevation—such as the 

elevation of an existing asset, the current protective elevation required by FEMA within the 

coastal 100-year floodplain, or a potential design flood elevation—that then produces a 

table that depicts the changing flood frequency (measured as an annual return interval) 

associated with that elevation over time (through the year 2100) taking into account sea 

level rise. 

• Interceptor Sewer and Regulators Tool – This interactive visualization tool allows user to 

investigate the impact of various sea level rise and storm surge scenarios on PWD’s 

subsurface, combined sewer system drainage infrastructure.  
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a. Sea Level Rise Projections and Future Tide Elevations 
Two sea level rise scenarios were chosen from the NOAA 2017 report Global and Regional Sea Level Rise 

Scenarios for the United States (Sweet et al. 2017) for infrastructure planning and design11 at PWD: the 

Intermediate-Low and Intermediate-High Scenarios (Table 4-1 and Figure 4-3). Users are encouraged, if 

they have the time and capacity, to assess risk and examine design alternatives using both sea level rise 

scenarios, as it is best practice to plan for multiple futures. NOAA’s Intermediate-High and Intermediate-

Low sea level rise scenarios provide a planning envelope (an upper and lower bound) of potential SLR in 

Philadelphia, representing uncertainty with a plausible high-end scenario and a plausible low-end 

scenario, respectively. NOAA’s Intermediate-High sea level rise scenario is the PWD primary planning 

scenario. 

At a minimum, it is recommended that the Primary Planning Scenario for sea level rise, in combination 

with storm surge, be considered to build resilience to coastal surface flooding in all assessments and 

analyses.   

 
11 There are special situations or applications where other sea level rise projections may be appropriate. For 
example, for water quality planning, management and policy decisions, different sea level rise projections may be 
appropriate given the different risk tolerance, adaptive capacity and planning horizons. 
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Table 4-1 Philadelphia Water Department sea level rise planning scenarios for near-term (2030s), mid-century (2060s), and end-
of-century (2100s) 

Philadelphia Water Department Sea Level Rise Planning and Design 
Scenarios 

Year 

PWD Low  
Scenario (ft.) 

PWD Primary Planning 
Scenario (ft.) 

NOAA Int-Low NOAA Int-High 

2000 (baseline) 0 0 

Near-term (2030s) 0.62 1.18 

Mid-century (2060s) 1.21 2.89 

End-of-century (2100s) 1.94 6.4 

 
Figure 4-3 PWD sea level rise scenarios with fitted polynomial curves. Values depicted for near-term (2030s), mid-century (2060s) 
and end-of century (2100). 

Tables with estimated annual sea level rise amounts for the years 2000-2150 for both SLR scenarios are 

also provided in  

Appendix B-1 (see example in Table 4-2). 
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Table 4-2 Example of table with annual interpolation of PWD sea level rise scenarios (incomplete), which can be found in Appendix 
B-1 Sea Level Rise Annual Interpolation Table. 

Annual interpolation of NOAA SLR Scenarios 

Year 

PWD Low Scenario 
(ft.) 

PWD Primary Planning 
Scenario (ft.) 

NOAA Int-Low NOAA Int-High 

2000 0.00 0.00 

. . . 

. . . 

. . . 

2020 0.40 0.73 

2021 0.42 0.77 

2022 0.44 0.81 

2023 0.46 0.85 

2024 0.48 0.90 

2025 0.50 0.94 

. . . 

. . . 

. . . 

2075 1.52 4.03 

2076 1.54 4.11 

2077 1.56 4.20 

2078 1.58 4.28 

2079 1.60 4.37 

2080 1.61 4.46 

2081 1.63 4.54 

2082 1.65 4.63 

2083 1.67 4.72 

2084 1.69 4.81 

2085 1.70 4.90 

 

When applying the sea level rise scenarios, it is important to add them on top of the correct baseline 

water elevation. The NOAA SLR projections have a baseline year of 2000; therefore, it is necessary to 

add these sea level rise scenarios on top of Philadelphia’s tide levels12 in the year 2000. NOAA publishes 

average tide levels for Philadelphia, called tidal datums (Figure 4-4). Definitions of tidal datums can be 

found here on NOAA’s website. NOAA publishes tidal datums that reference a specific period of time 

called the National Tidal Datum Epoch, which determines the tidal elevations averaged over the period 

from 1983-2001. CCAP adjusted all the tidal datums provided by NOAA by +0.07 ft. to align with the 

baseline year (2000), accounting for any changes over time, e.g. any sea level rise that occurred 

between the NTDE and the year 2000.  

 
12 CCAP uses tide levels from Philadelphia tide station 8545240 from NOAA to represent tide levels in Philadelphia.  

https://tidesandcurrents.noaa.gov/datum_options.html
https://tidesandcurrents.noaa.gov/datum_options.html
https://tidesandcurrents.noaa.gov/datums.html?id=8545240
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Figure 4-4 Illustration representing the most frequently used tidal datums 

With the correct baseline established, the sea level rise scenarios are added to the tidal datums to 

estimate future tide elevations that include sea level rise. The future tide elevations for Mean Lower-

Low Water (MLLW) through Mean Higher-High Water (MHHW) represent permanent inundation—as 

flooding that results from these elevations will occur during the normal predicted tide cycle13. CCAP 

recommends also considering sea level rise (in the absence of storm surge) on top of the highest 

astronomical tide (HAT) as it is guaranteed to occur, even if only once every ~18.5 years14. Flooding 

from sea level rise that occurs during less common and exceptionally high tides--such as the HAT or the 

spring tide--is called sunny day flooding, nuisance flooding or tidal flooding. Sunny day flooding will 

happen more and more frequently as sea levels rise over time, pushing what were once lower tides 

above flooding thresholds. Table 4-3 depicts future tide elevations using the Primary SLR Planning 

Scenario. Future tide elevations for the PWD Low sea level rise scenario can be found in Appendix B-2 

Future Tide & Storm Tide Levels . 

Table 4-3 Philadelphia baseline tidal datums (year 2000) and future tidal datums estimated using the Primary SLR Planning 
Scenario for the near-term (2030s), mid-century (2060s) and end-of-century (2100+) time periods. All values are in feet, NAVD88. 

Tidal Datums 
Baseline 

Year 
2000 

Future Tidal Datums – Primary Planning Scenario 

Near-term 
(2030s) 

Mid-century 
(2060s) 

End-of-century 
(2100) 

+1.18 ft. SLR +2.89 ft. SLR +6.4 ft. SLR 

MLLW (mean lower-low water) -3.03 -1.85 -0.14 3.37 

MLW (mean low water) -2.84 -1.66 0.05 3.56 

MSL (mean sea level) 0.46 1.64 3.35 6.86 

MHW (mean high water) 3.26 4.44 6.15 9.66 

MHHW (mean higher-high water) 3.66 4.84 6.55 10.06 

HAT (highest astronomical Tide) 4.9 6.08 7.79 11.3 

 
13 The tide cycle is driven by the gravitational effects of the sun and the moon on the Earth’s ocean. As the moon, sun and Earth 
are in various orientations to one another, there is variation in the tide cycle and periods where tides are generally lower or 
higher. The East Coast of the United states has a semidiurnal tide cycle with two high and low tides of approximately equal size 
occurring each lunar day. 
14 The Highest Astronomical Tide is the highest predicted tide level that could occur under any combination of astronomical 

conditions, meaning any orientation of the sun, moon and Earth. It occurs once every ~18.6 years. 
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To learn more about working with tidal datums and vertical control datums, see the Tidal Datums AIR 

Sheet (Appendix A-1).  

b. Storm Surge and Future Storm Tide Elevations  
While sea level rise will slowly create new areas that are permanently inundated, exacerbating sunny 
day flooding, it is arguably temporary inundation from extreme events with storm surge that cause the 
most damage. Storm surge is an increase in the water elevation caused by high sustained winds and 
low-pressure systems above the normal, predicted astronomical tide. A storm tide is the total water 
level during an extreme event that is composed of storm surge on top of high tide (Figure 4-5). 
 

 
Figure 4-5 Illustration depicting storm surge and storm tide. 

A CCAP analysis of tide levels on the Delaware River from 1901 to 2016 determined storm tide 
elevations associated with a 1%, 2%, 4%, 10%, 20% and 50% Annual Exceedance Probability (AEP). The 
analysis assumes that the highest storm tides occur during high tide, so Mean Higher High Water (the 
average of the highest daily tides) was subtracted from the storm tide elevation to determine estimated 
storm surge15 heights associated with each AEP (Table 4-4).  

Table 4-4 Storm tide elevations and storm surge heights associated with various annual exceedance probabilities for Philadelphia. 

Philadelphia Station (NOAA 8545240) 

Return 
Interval  

Annual 
Exceedance 
Probability 

(AEP) 

AEP  
as % chance in 
any given year 

Storm Tide elevation,  
(ft. NAVD88) 

 Determined using the period 
of record for year 2000 

Estimated  
Storm Surge height (ft.)       
Storm tide elevation minus 
MHHW for the year 2000 

2-year 0.5 50% 5.87 2.21 

5-year 0.2 20% 6.30 2.64 

10-year 0.1 10% 6.65 2.99 

25-year 0.04 4% 7.05 3.39 

50-year 0.02 2% 7.32 3.66 

100-year 0.01 1% 7.56 3.90 

 
15 The storm surge estimates are based on storm tides that are technically stillwater elevations. Wave effects are 
incorporated into design standards using safety factors.  
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With storm surge amounts associated with various return periods for Philadelphia, it is possible to 
estimate temporary future coastal flooding in Philadelphia by combining storm surge16 and sea level rise 
in three future time periods, the 2030s, 2060s and 2100. Note that the future storm tide elevations are 
determined by placing the associated amount of storm surge on top of Mean Higher-High Water 
(MHHW), which is the average of the highest tide of each tidal day. CCAP chose to put storm surge on 
top of MHHW as that water elevation will be experienced on a regular basis; more than 50% of the time, 
the highest tide of each day reaches or exceeds the MHHW elevation. Furthermore, storm surge in 
Philadelphia is often experienced during Nor’easters (extratropical storms that form most frequently 
between September and April), which are generally large and slow-moving, providing more opportunity 
for storm surge to be experienced over a high tide (Zielinski 2002). CCAP also considered placing storm 
surge on top of the Highest Astronomical Tide (HAT), as a way to plan for a worst-case scenario, since it 
is guaranteed to occur within the regular tide cycle. However, the chance of a rare storm with a low 
annual exceedance probability falling on the exact day and time of the HAT, which only occurs once 
every ~18.5 years, is extremely low. It is still good practice to consider flooding from SLR, in the absence 
of storm surge, on top of HAT, since it is guaranteed to occur. 

Table 4-5 depicts future tide levels using the Primary SLR Planning scenario and future extreme water 
levels based on storm surge estimates. Appendix B-2 Future Tide & Storm Tide Levels  provides future 
tide levels and future extreme water levels for the Low sea level rise scenario.  

 
16 There is currently no consensus on whether—or the extent to which—climate change will increase storm surge in 
the future. The values in this guidance associated with storm surge assume it will remain the same in the future. For 
example, the amount of storm surge associated with a 1% annual chance storm (3.9 ft.) in 2000 is the same 
amount of storm surge in the 2030s, 2060s and 2100+. 

Future Tide and Storm Tide Levels for Philadelphia  
Primary Planning Sea Level Rise Scenario, all values in ft. NAVD88 

 

 
Baseline 

(year 
2000) 

Near-term 
(2030s)  

Mid-
century 
(2060s) 

End-of-
century 
(2100) 

 

+1.18 ft. SLR +2.89 ft. SLR +6.4 ft. SLR  

MLLW (mean lower-low water) -3.03 -1.85 -0.14 3.37 

Permanent 
inundation - 

occurs within the 
regular predicted 

tide cycle 

MLW (mean low water) -2.84 -1.66 0.05 3.56 

MSL (mean sea level) 0.46 1.64 3.35 6.86 

MHW (mean high water) 3.26 4.44 6.15 9.66 

MHHW (mean higher-high water) 3.66 4.84 6.55 10.06 

HAT (highest astronomical Tide) 4.9 6.08 7.79 11.3 

Storm tide levels below place storms surge on top of Mean Higher-High Water   

50% annual chance storm (+2.21 ft.) 5.87 7.05 8.76 12.27 
Temporary 

inundation – 
occurs during 

extreme storm 
events (50%-1% 
annual chance) 

20% annual chance storm (+2.64 ft.) 6.3 7.48 9.19 12.70 

10% annual chance storm (+2.99 ft.) 6.65 7.83 9.54 13.05 

4% annual chance storm (+3.39 ft.) 7.05 8.23 9.94 13.45 

2% annual chance storm (+3.66 ft.) 7.32 8.50 10.21 13.72 

1% annual chance storm (+3.9 ft) 7.56 8.74 10.45 13.96 

Table 4-5 Baseline and future tide elevations and future storm tide elevations (above MHHW) in feet, NAVD88. 
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c. Forward-Looking Inundation Mapping  
CCAP developed a “bathtub model” in ArcGIS to estimate inundation from future sea level rise and 

storm surge to better understand PWD’s future flood exposure. This tool takes the future water 

elevations provided in the tables above to estimate and visualize the timing (e.g. mid-century vs. end-of-

century) and extent of future coastal flooding in Philadelphia. These forward-looking inundation maps 

can be used for: 

• Determining whether an asset is within the FEMA BFE area or the FEMA 500-year floodplain 

• Determining whether an asset is within estimated future floodplains 

• Evaluating project placement to better avoid future flood exposure that may not exist today 

• Performing high-level vulnerability assessments for specific projects or systems 

• Creating visuals for planning assessments to demonstrate the timing and likelihood of future 

flooding 

The Inundation maps are also a key tool for determining whether the Design Flood Elevation applies to 

your project. The design flood elevation is discussed in detail below in Section IV.  

 

 

Inundation maps are available to PWD staff through the ArcGIS online CCAP Inundation 

Mapping Tool: [LINK REMOVED – for internal PWD access only]  

 

Instructions on how to use this tool are provided within the webmap and can also be found in 

Design Flood Elevation AIR Sheet [LINK REMOVED - for internal PWD use only]. 
 

 

Lastly, CCAP can also provide high-resolution maps in any size and location within the map extent with 

customized layers for each user.  Maps can include high-level asset exposure screening information, 

which is discussed in further detail below. 

d. Exposure Analysis and Asset Exposure Tables 
Using the GIS tool described above, a high-level Exposure Analysis was conducted to identify PWD 

facilities and assets that might be exposed to future coastal flood hazards. The Exposure Analysis is an 

initial step in evaluating the consequence of flooding on individual assets and systems. Determining the 

sensitivity of PWD assets and facilities to flooding is another important step to accurately estimate the 

consequence of inundation to the Department and must be done in coordination with other PWD staff 

working on asset management, planning and operations.  

Using a modified bathtub method to map flood extents, the GIS tool was used to perform an asset 

screening to identify the timing and likelihood that PWD’s structural assets could be exposed to future 

flooding. Results indicate that several critical assets – including the Baxter Raw Water Basin, multiple 

structures at the Southwest Water Pollution Control Plant, and two major pumping stations – may 

become exposed to permanent tidal inundation within the next 70 years. Other major assets may be 
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exposed to flooding much sooner during storm events as sea levels rise over the remainder of the 

century.  

It should be noted that the results of the Exposure Analysis are only as good as the data available; CCAP 

used all asset data sets that were accessible through PWD’s GIS geodatabases. The Exposure Analysis 

results are coarse but provide a useful starting point for understanding risk and prioritizing which 

existing facilities and assets should be studied, in-depth, through facilities-based or system-based, asset-

by-asset risk assessments. The Exposure Analysis provides asset exposure tables (see example in Table 

4) with a breakdown of the likely timing and frequency of flood exposure of existing assets at each of 

PWD’s Water Pollution Control Plants (WPCP), Drinking Water Treatment Plants (DWTP) and pumping 

stations exposed to current and future coastal flooding.  

Table 4-6 Sample asset exposure table: Northeast WPCP Structures: Timing and Likelihood of Flooding using the PWD Primary 
Planning Sea Level Rise Scenario (NOAA Intermediate-High). 

Northeast Water Pollution Control Plant Asset Exposure Table, Primary Planning SLR Scenario 

 2030s  2060s 2100 

 
SLR Projection:  

NOAA Intermediate-High 
(1.18 ft SLR) 

SLR Projection:  
NOAA Intermediate-High  

(2.89 ft SLR) 

SLR Projection:  
NOAA Intermediate-High  

(6.4 ft SLR) 

Mean Higher-High 
Water (MHHW) 

- - Chlorine Contact Tank (North) 
Chlorine Contact Tank Eff. Channel 
Chlorine Contact Tank (South) 
NW Sludge Lagoon A 
SW Sludge Lagoon B 
NE Sludge Lagoon C 

All storm scenarios below are assumed to occur on top of MHHW 

2-year storm tide  
(+2.21 ft.) 

- - Everything above + 
Access Buildings 1-3  
Aeration Tanks 1-7  
Chlorine Building  
Digestion Sludge Tanks  
Final sed. tanks - Set 1 (Tanks 1-8)  
Final sed. tanks - Set 2 (Tanks 9-16)  
Final sed. tanks - Set 3 (Tanks A-D)  
Final sed. tanks – Set 1 Eff. Channel  
Mixed Liquor Channel  
Plant/Effluent Water Pumping Station 

5-year storm tide 
(2.64 ft.) 

- - Everything above + 
Gas Compressor Building 
Primary Sedimentation Tank - Set 2 
(Tanks 1-4)  
Scum Pumping Station  
Sludge Thickener Building  
Sludge Transfer Station  
Temporary Waste Gas Burner Facility 
Transformer Yard  
Admin/Services Building  
Blower Building  
Sludge Digestion Tanks  

10-year storm tide 
(2.99 ft.) 

- Chlorine Contact Tank (North) 
Chlorine Contact Tank Eff. Channel 
NW Sludge Lagoon A 

Everything above + 
Gas Storage Tank 
Waste Gas Burner Building 
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NE Sludge Lagoon C 

25-year storm tide 
(3.39 ft.) 

- Everything above + 
SW Sludge Lagoon B 

Everything above + 
Scum Disposal Building 

50-year storm tide 
(3.66 ft.) 

- Everything above Everything above 

100-year storm tide 
(3.9 ft.) 

- Everything above Everything above + 
Meter Vault 
PST Set 1 (Tanks 1-8) 
Storage Building 

 

e. Changing Flood Frequency Tool  
The Changing Flood Frequency Tool is based on an Excel spreadsheet and provides estimates of the 

changing probability of flooding through the end of the century due to sea level rise for any input 

elevation. As currently designed, the tool combines annual storm surge probability estimates based on 

the NOAA Generalized Extreme Value (GEV) equations for the Philadelphia tide station (NOAA 2013) 

with the NOAA 2017 sea level rise projections. The intent is to be able to input any elevation related to 

PWD’s coastal assets and the tool will calculate the flood protection level associated with that elevation 

over time, as sea levels rise, in annual return interval format.  

The tool assesses the increasing probability of annual flooding due to sea level rise using the NOAA 2017 

Intermediate-Low and Intermediate-High scenarios. The asset elevation must be input relative to feet 

NAVD88. The tool then converts the elevation to meters and estimates the elevation of the asset above 

the year 2000 MHHW. The difference between the input asset elevation (e.g. the lowest entry point) 

and the current MHHW represents the measure of current protection for non-storm conditions but note 

that the asset is subject to potential flooding due to storm surges. The spreadsheet shows the storm 

surge probability that will cause flooding of the asset for any year between 2000 and 2100, considering 

two NOAA 2017 SLR scenarios. 

It is critical to note that flood risks do not occur on an annual basis, but rather accumulate over time. For 

this reason, the tool also calculates a cumulative flood likelihood which shows the likelihood of flooding 

at least once over the anticipated useful life of an asset. This is based on the mean annual probability of 

flooding during its useful life, as calculated from the asset’s elevation, the selected sea level rise 

scenario, and the remaining useful life of the asset. For example, if an asset has a 1% annual flood 

likelihood (also known as a 100-year flood risk), that asset has a 26% chance of flooding at least once 

over 30 years. 

Figure 4-6 shows example output of the tool. In blue shaded areas, which depict the tool output, the 

tool shows the annual probability of flooding (as a return period) for an example asset elevation of 9.75 

ft NAVD88 as a return interval in years for both sea level rise scenarios, the PWD Low scenario (NOAA 

2017 Intermediate-Low) and the PWD Primary Planning Scenario (NOAA 2017 Intermediate-High).  

The red boxes are the input cells, with the asset elevation shown as 9.75 feet NAVD88, the start year of 

the calculation as 2020, and an estimated 50 years of useful remaining life of the asset (through 2070). 

In the blue boxes to the right, the cumulative flood likelihood over the period 2020 – 2070 is provided 

for both sea level rise scenarios. Note that the table will always include all years between 2000 and 

2100, but the cumulative probability is calculated using the start year and end year of the asset’s useful 
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life. In the example provided, under the Primary Planning scenario, the asset has an estimated 85.5% 

chance of flooding over the course of its useful life.  

The Changing Flood Frequency Tool itself can be accessed by PWD staff at this link [LINK REMOVED – for 

internal PWD use only].  
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Figure 4-6 Example of the Changing Flood Frequency Tool output in annual return intervals and cumulative probabilities over the 
50-year lifetime of an asset located at an elevation of 9.75 ft. NAVD88. 
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f. Interceptor Sewer and Regulators Tool 
Most tools and information provided in this guidance apply specifically to above-grade assets. However, 

future tide and storm tide elevations should be considered in subsurface infrastructure planning and 

design as our drainage system is gravity-fed. Outfalls may need tide gates or pumps in the future to 

effectively drain the system and maintain current levels of service. Tide gates may also be necessary to 

reduce the risk of the outfalls acting as conduits for water to flow from the river into neighborhoods and 

to our treatment plants. In addition to using the future water elevation information above as a boundary 

condition in analyses, an Interceptor Sewer and Regulator Dam Analysis Tool was developed as an 

interactive data visualization tool for investigating the impact of sea level rise and storm surge on 

Philadelphia’s Combined Sewer System. In this tool, critical elevations of the regulator (overflow weir, 

emergency outlet) are compared to projected future tide levels and future storm tide elevations, 

allowing users to quickly see which systems, regulators and tide gates are at the most risk.   

The tool is internal to PWD [LINK REMOVED – for PWD internal use only]. 

This tool uses the current set of sea level rise projections as set thresholds. However, users can add any 

elevation/threshold they choose and include an annotation, which is then added to the summary tables 

at the bottom of the webpage.  

Results from this analysis indicate that 78 out of the 197 regulators (39%) currently have dam elevations 

lower than the MHHW 2000 level (3.66ft NAVD88). If MHHW is projected to the 2100s using PWD’s 

Primary Planning scenario, the future water level will be 10.06 ft. NAVD88. Under this projected water 

level, PWD estimates that the number of regulating chambers with dam elevations below 10.06 ft. 

would increase to 113, or 57% of all available regulating chambers. Most of the impacted regulators are 

associated with outfalls that discharge to the Delaware and Schuylkill rivers and most of these regulating 

chambers have existing tide gates. While tide gates provide backflow prevention, they may also create 

capacity issues in the combined sewer collecting system during high tides. Pumping—which would 

increase PWD’s carbon footprint—may be necessary in the future to address capacity issues and 

maintain current levels of service. 

Using this tool, PWD performed an initial risk assessment to identify and rank the interceptors and 

regulator structures most vulnerable to inundation for current day and 2030s conditions. Critical 

elevations of the regulator structures were compared to projected future normal tide and storm tide 

levels, and further evaluated based on whether a tide gate and/or a flap gate on the Emergency 

Overflow Outlet were present.  

This tool was developed by the PWD H&H modeling team with input from CCAP.  

4.5 Coastal Design Flood Elevation (DFE)  
The coastal design flood elevation provided in this document is a new PWD design standard which 

provides a minimum elevation to which built assets in the coastal floodplain17 (as opposed to the 

 
17 What is considered a coastal floodplain versus a riverine floodplain is defined using FEMA’s mapping process for the special 

flood hazard areas combined with the future flood extents determined by the CCAP bathtub model. To determine if your 
project is in the coastal or the riverine floodplain, use the CCAP Inundation Mapping Tool [LINK REMOVED – for internal PWD 
use only].  



 

4-23 
 
 

riverine floodplain) must be elevated or protected. For assets in the riverine floodplain, different design 

guidance is provided in section 4-8 of this chapter. 

 

To determine if your project is in the coastal or the riverine floodplain, use the CCAP Inundation 

Mapping Tool [LINK REMOVED – for internal PWD use only] and follow the instructions outlined there 

and within this document.  

 

Existing assets that are being replaced or substantially upgraded and all new assets must be designed, 

constructed or protected (hardened, floodproofed, raised or relocated) to the design flood elevation 

(DFE). For example, a new pump that needs to be installed at the DFE could be elevated by placing it on 

a concrete slab of adequate height. For an existing asset that is being upgraded or replaced and is 

currently below the DFE, the asset could be floodproofed to the required elevation or a structural 

barrier, such as a seawall, could be installed to protect the asset from floodwaters.  

 

While the DFE is a new Department-wide design standard, there are special cases where it may not 

apply. For example, the DFE would not apply to stormwater infrastructure projects (green or gray) 

where the function requires a specific location and elevation or to an asset such as a wet well or 

submersible pump which is designed to be submerged/inundated. 

 

The PWD coastal design flood elevations are based on the following components:  

• Asset criticality  

• SLR Projections  

• Storm surge  

• A safety factor to account for:  

o Wind waves 

o Tidal amplification in the Delaware Bay 

o Uncertainty associated with climate projections 

o High tides above MHHW 

o Uncertainty in future local conditions (e.g land use change, bathymetry changes)  

In almost all cases, the DFE will be higher in elevation than current floodplain regulations which are 

based on FEMA Base Flood Elevations (BFEs) and FEMA Flood Insurance Rate Maps (FIRMs) and 

therefore, provide more flood protection than local floodplain regulations which do not take sea level 

rise into account. For any instances where the DFE is lower than current floodplain regulations, the 

higher elevation should be used for protecting assets.  

To apply this new standard to a specific project or asset, guidance is provided below and in the Design 

Flood Elevation AIR sheet [LINK REMOVED - for internal PWD use only]. 

For planned assets with an anticipated useful life that will only extend to 2050 or sooner, current local 

floodplain regulations are considered sufficiently protective. For critical assets with a useful lifespan that 

ends between 2050-2075, the mid-century DFE applies. Because uncertainty in sea level rise projections 

increases significantly after mid-century, users have two options for assets with a useful life beyond mid-

century (2075 and beyond): they can opt to protect the asset to an End-of-Century DFE, or they can use 
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the Mid-Century DFE (or a higher protective elevation that is below the End-of-Century DFE) and 

develop an Adaptive Management Plan (AMP). The AMP must be developed to ensure the asset is 

protected to the end-of-century or beyond. More information on determining which DFE to apply can be 

found in subsections a-d. More information on adaptive management practices can be found in Section 

3. 
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Table 4-6 PWD Design Flood Elevations for critical and non-critical assets. 

Design Flood Elevations 

Asset Type 

Near-term  
End of useful life does 

not extend beyond 2050 

Mid-century 

 End of useful life:  

2050-2075 

End-of-century 

End of useful life: 2075 + 

non-critical assets 
Current floodplain 
regulations apply 

12.0 ft. NAVD88,  
or the protective elevation established by  

local regulations, whichever is higher   

critical assets* 
Current floodplain 
regulations apply 

13.75 ft. NAVD88  

13.75 ft. NAVD88  
+ Adaptive Management Plan 

OR 

End-of-Century DFE18  
*Note: all PWD assets are by default assumed to be critical unless justification for non-critical status is documented 

and approved by the project manager or Core Review Committee (CRC), if applicable 

a. Does the DFE apply to your project?  
Whether or not the DFE applies to your project is determined by its flood vulnerability and risk. The flow 

chart in Figure 4-7 outlines the flood vulnerability and risk components (exposure, criticality, and useful 

lifespan) used to determine if and how the new DFE applies to your project. Please note that because of 

the interconnected nature of water, wastewater and stormwater infrastructure, and the fact that PWD 

provides critical services deemed essential, by default, assets are assumed to be critical. If you do not 

believe your project should be considered critical, it is your responsibility to successfully argue that case 

and get approval from the project manager or Core Review Committee (CRC) to use the non-critical DFE. 

The Design Flood Elevation AIR sheet [LINK REMOVED – for internal PWD use only] can help users 

choose the correct DFE and navigate the online inundation webmap tool. 

When determining the Design Flood Elevation for your project, if you need help working with vertical 

datums (e.g. converting between City datum, Plant datum, NGVD29 or NAVD88), please see the Vertical 

Control Datums AIR sheet (see Appendix A-1) and/or contact the CCAP for further assistance. 

 
18 Due to the uncertainty associated with end-of-century projections, the End-of-Century DFE is determined on a 
project-by-project basis in consultation with the CCAP.  
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Figure 4-7 Decision tree for the application of the Design Flood Elevation (DFE) to PWD projects.  
* By default, all PWD projects are assumed to be critical and the non-critical DFE can only be used with approval from a Core 
Review Committee. 

b. Choosing a DFE for assets with a useful lifespan beyond 2075 
As previously mentioned, for assets with a useful life beyond mid-century (2075 and beyond), users have 

two options: they can opt to protect the asset to an end-of-century DFE, or they can use the mid-century 

DFE and develop an AMP. This section provides information to help users determine whether their asset 

should conform to either End-of-Century DFE or Mid-Century DFE + AMP. CCAP is also available for 

consultation to help users make this decision. 
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End-of-Century DFE 

If a critical asset has a useful life beyond 2075 and it is feasible and cost-effective to raise or protect 

assets to the End-of-Century DFE, it is always the best available adaptation option. The End-of-Century 

DFE is higher than the mid-century DFE as it is based on sea level rise projections for the end-of-century 

or beyond. The End-of-Century DFE is determined on a project-by-project basis in consultation with 

the CCAP. The sea level rise projections and storm surge scenarios used to determine the End-of-

Century DFE are based on project-specific criteria and considerations (e.g. the asset’s sensitivity to 

flooding and its risk tolerance), making it unique to the project. In other words, the End-of-Century DFE 

for one project may not be the same—and may be lower—than the End-of-Century DFE determined for 

another project.  

Mid-Century DFE + Adaptive Management Plan 

In many cases, building or protecting an asset to end-of-century projections may not be possible due to 

costs or physical constraints and may not be appropriate given the uncertainty inherent in end-of-

century projections. Therefore, the Mid-Century DFE is provided as a minimum elevation that the asset 

must be physically built to or protected to and an Adaptive Management Plan (AMP) is required to 

ensure that there is a plan in place to protect to the end of its useful life. The minimum protective 

elevation chosen for the critical asset DFE (13.75 ft. NAVD88) is based on sea level rise projections for 

the mid-century (2060s) because uncertainty significantly increases in the projections towards the end 

of the century. If the end-of-century maximum DFE was the only option, there is a risk that assets could 

be over-designed and over-protected, wasting precious capital dollars. However, if the asset is not 

protected from flood risk based on its entire useful life, repairs and replacement from flood damage 

could also require significant resources. This is where adaptive management comes in. Employing 

adaptive management practices is a key to addressing uncertainty and increasing PWD’s resiliency to 

coastal flooding. Considering future conditions in the design today could have significant cost-savings in 

the long run. The idea is to make slight modifications to the designs that better allow for changes over 

time.  

c. Adaptive Management Plan (AMP) Requirement 
While it is encouraged that adaptive management strategies be considered for any project being 

designed and constructed in the current or future floodplain, it is a requirement that an Adaptive 

Management Plan (AMP) be developed for any assets being designed for an anticipated useful life to 

2075 or beyond that cannot be built to an End-of-Century DFE, a protection standard defined by CCAP. 

An AMP would typically be developed by the Planning and Research Unit and CRC members, if 

applicable, with support from CCAP. Recommendations from the AMP should be presented to the 

Design Unit for inclusion as part of the project’s Basis of Design.  
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The AMP is a way of documenting the adaptive management strategy that will be employed for a 

particular asset, ensuring that sufficient flexibility is built into the design to accommodate the potential 

for higher sea levels and storm surge after 2075. PWD may also 

consider completing AMPs for an overall facility or system in 

which a majority of the individual assets need to be protected to 

the end-of-century. This will be determined through evaluation 

of risk and assets at various levels of inundation within a facility. 

The AMP shows how the asset (or facility) will be adapted to 

protect to a higher elevation, if deemed necessary based on 

observed changes to the environment (specifically, sea levels). 

This might entail establishing thresholds and a monitoring 

protocol to determine when (and potentially what) adaptation 

strategies must be implemented to ensure asset or system 

resiliency. An illustration of the iterative adaptive management 

process based on the three main phases of planning, doing and 

learning can be found in Figure 4-8. 

 

d. AMP Criteria  
There is no single methodology that has become a standard for integrating climate risk information into 

adaptive engineering planning and design practices. Thus, there is a great deal of flexibility in how to 

approach developing an AMP. Although not an exhaustive list of methods and principles, the 

information presented in Section 3 can serve as a starting point. Instead of requiring a specific type of 

adaptive planning technique, a set of key elements that should form the basis of the AMP are provided 

below.  

• Estimates of the anticipated useful life of the asset, assets, or facility being designed 

• Identification of current critical flood elevations, if applicable (i.e. elevation(s) at which the 

asset is vulnerable to flooding from present-day sea levels and/or storm surge) and future 

critical flood elevations that are based on a range of plausible future sea level rise scenarios. 

• Uncertainty characterization using the estimated range of sea level rise corresponding to 

the anticipated useful life of an asset.  CCAP has gathered data and established methods 

which can be used to aid teams in understanding uncertainty in climate projections and 

implications for an AMP. 

• Estimated cost of asset failure after sea level rise inundation and/or storm damage 

• Identification of one or more adaptation measures to reduce risk in the short and/or long-

term depending on the timing of anticipated flood risk. Include associated estimated costs 

(capital, O&M) for all adaptation measures.  

• Development of a monitoring plan to track changing sea levels and storm surge 

probabilities. This could simply entail periodic review of NOAA observed data and 

coordination with CCAP to ensure the most updated SLR projections are being considered. 

• Identification of future critical thresholds, or tipping points, that would initiate the design 

and implementation of additional adaptation measures. The critical threshold should 

consider the timing of design and implementation to ensure that the flood mitigation 

Figure 4-8 The iterative adaptive management 
process. Credit: ESSA Technologies, Ltd. 
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measure would be in place before water levels reach the future critical flood elevation. The 

tipping point for action will be informed by the above-mentioned monitoring plan and take 

into account costs associated with flood protection measures vs. asset repair/replacement 

or relocation.   

An example AMP outline that provides additional context for how to incorporate the necessary key 

elements is included below for reference.  

1. Risk Assessment & Identification of Critical Flood Elevations  

Developing a comprehensive understanding of asset and system vulnerabilities and risks is critical to 

effective adaptive management planning.  Building off the information provided in the CCAP Exposure 

Analysis, the Changing Flood Frequency Tool and any relevant CCAP facility-based risk assessments, 

critical asset flood elevations based on current and future flood risk should be established. Risk is 

defined as the product of consequence and probability. In this context, consequences can be estimated 

using the cost of flood damage, including materials and lost services. The likelihood of these 

consequences can be assumed to be the probability of flooding (i.e. storm surge return intervals).  In 

terms of future flood risk, a range of plausible sea level rise scenarios should be considered. Critical 

asset flood elevations should generally correspond to elevations at which an asset or system fails due to 

loss of functionality or the presence of health and safety hazards. 

2. Identification of Adaptation or Protection Measure Alternatives 

This section will document the development of one or more measures to reduce and/or eliminate the 

risk of flooding with associated costs to build and maintain. The adaptation or protection measure(s), 

which may include short and/or long-term solutions depending on the timing of flood risk, should be 

related to the asset or system’s critical flood elevations. Adaptation measures can be designed as 

successive responses to rising sea levels or as a single measure to reach a predetermined level of 

protection. In some cases, committing only to short-term actions, with monitoring and tipping points 

that are established ahead of time to guide future adaptations (see AMP section 4 below), can reduce 

unnecessary expenditure and maintain flexibility considering the uncertainty of projections for end-of-

century storms and sea level rise.  

3. Alternatives Analysis & Recommended Adaptive Measure(s) 

The adaptive measure(s) being considered should be evaluated using a consistent set of criteria, 

including benefit-cost ratios, long-term adaptability and flexibility, and operations and maintenance 

requirements. A final recommendation should be made in consultation with the Design Unit and CCAP 

for the most appropriate adaptive measure(s) to include in the design of the asset, or alternatively in a 

facility-wide protection measure.  

4. Identification of Future Critical Thresholds (Tipping Points)  

Future critical thresholds, or tipping points, correspond to an elevation at which future flood risk 

approaches a pre-determined acceptable value and further adaptation action is warranted. If applicable 

for a given asset or system, tipping points should be established based on future flood vulnerability, risk 

tolerance, level of service goals (for example, protecting an asset up to the 100-year storm event in mid-

century), and the protection level provided by any previously implemented adaptation strategy. Tipping 

points for action will be informed by a monitoring plan that tracks changing sea levels and storm surge 

probabilities over time. Adaptive management strategies that are triggered once a tipping point is 
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reached will take into account costs associated with fully repairing/replacing an asset versus providing 

additional flood protection on top of any shorter-term adaptation strategy.   

 

4.6 Applying the Design Flood Elevation Standard: Choosing an 

Adaptation Strategy 
The section above provides information on how to determine if the coastal DFE applies to your 

project/design and which DFE applies. Once it is established that a coastal DFE is required, it is up to 

planning and/or design teams to choose an adaptation strategy or approach to meet the new DFE 

standard. Sometimes that strategy will only apply to the singular project or asset but other times, it may 

be more appropriate to develop an adaptation strategy or plan that applies to a larger building, facility 

or system.  

The most effective flood mitigation method is to relocate existing assets and locate new assets outside 

of the current and future floodplain. However, as this will often not be an option, elevating the asset to 

or above the DFE is the next most effective flood mitigation method. When possible, all critical assets—

whether existing or new—should be elevated. When relocation or elevation are not feasible or cost-

effective, floodproofing is an appropriate, though less effective alternative. More details on adaptation 

strategies for increasing flood resilience, including considerations for elevating or floodproofing new or 

existing assets to the DFE, can be found in the Flood Mitigation Strategies AIR sheet (see Appendix A-1).  

 

It is also important for planners and designers to consider dependencies and vulnerabilities at a 

system-wide scale. This may require a facility or system-wide risk assessment to inform the best 

adaptation strategy and help prioritize resiliency efforts. This will ensure that PWD resources aren’t 

squandered building “islands of resiliency” within an otherwise vulnerable system.    

 

It is also important for planners and designers to consider dependencies and vulnerabilities at a 

system-wide scale. This may require a facility or system-wide risk assessment to inform the best 

adaptation strategy and help prioritize resiliency efforts. This will ensure that PWD resources aren’t 

squandered building “islands of resiliency” within an otherwise vulnerable system.    
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More information about the flood design guidelines for Miami-Dade Water and Sewer Department can 

be found in the Water Utility Climate Alliance case study sheet.  

4.7 Areas of Future Consideration 
There are several areas related to sea level rise, storm surge and climate change that CCAP is planning to 

research and assess in the future. The research areas, as outlined below, have to do with risks and 

impacts from sea level rise and storm surge on subsurface infrastructure, the groundwater table, and 

the compounding impacts from sea level rise/storm surge combined with extreme precipitation events.  

• Subsurface Infrastructure Planning and Design – Much of this section focuses on above-

grade assets vulnerable to surface flooding. However, the risk from sea level rise and storm 

surge to our stormwater and combined sewer systems is an area that deserves considerable 

attention. The Regulator Dam Analysis Tool provides a starting point for this work, but CCAP 

intends to continue researching this topic and to work with the appropriate PWD staff to 

develop a plan to assess this unique and challenging vulnerability.  

https://www.wucaonline.org/assets/pdf/engineering-case-study-miami-dade.pdf
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• Groundwater: As sea levels rise, so will the groundwater in Philadelphia. This could have 

implications for GSI systems that rely on infiltration and must be above the groundwater 

table; the drainage system, which could be impacted by inflow and infiltration from rising 

groundwater and which could be degraded if brackish or salty water come in contact with 

pipes; and flood risk, which could be exacerbated by new areas of the cities flooding as 

rising groundwater breaches the surface or floods more basements and homes. 

• Compound flooding: To date, CCAP’s risk assessments and analyses have focused largely on 

individual climate impacts (e.g. precipitation changes, temperature changes, sea level rise), 

but in reality, it is the compound impact of these climate impacts that can cause the most 

damage. CCAP is interested in studying and assessing compound climate change impacts, 

specifically flooding impacts from precipitation increases and sea level rise/storm surge. 

Compound flooding impacts to surface flooding and to drainage systems could be studied 

using riverine flood models in combination with coastal flood models and H&H models that 

incorporate higher sea levels and changes to precipitation intensity, duration and frequency. 

CCAP is involved in this area of research and (as of 2020) is a partner in a NOAA-funded 

compound flood modeling project in the Eastwick neighborhood of Philadelphia.  

• Salinity/Salt Front: As mentioned previously, CCAP coordinates with the PWD water quality 

modelling team to better understand the issues related to salinity.  

 

4.8 A Note on Riverine Flood Resiliency 
The coastal DFE was developed to protect PWD assets and facilities along the tidal Delaware River. 

However, as demonstrated by post-tropical storm Ida in September 2021, PWD also has critical assets 

within the riverine floodplain that are highly vulnerable to flooding. Climate change will increase the 

intensity and frequency of precipitation, particularly during extreme storm events, which will exacerbate 

riverine flooding in Philadelphia and surrounding watersheds. CCAP is currently assessing climate-

related riverine flooding impacts on the Schuylkill River and other tributaries. As this work is still 

underway, it is recommended, as a stop-gap measure, that the FEMA 500-year flood elevation be used 

as a protective elevation for new assets and for protecting and floodproofing existing assets. The 500-

year flood elevations can be found in the flood profiles (at cross sections or based on stream distance) in 

the FEMA Philadelphia Flood Insurance Study (2015) (refer to Figure 4-9 for an example). 

To determine whether the riverine 500-year flood elevation applies to a project or facility, the 500-year 

floodplain should be used a screening layer. In locations where it is unclear whether the project is within 

the coastal or riverine floodplain, please consult CCAP or refer to the CCAP Inundation Mapping Tool 

[LINK REMOVED – for internal PWD use only] and follow the instructions outlined in the “Design Flood 

Elevation” tab.  

 

https://map1.msc.fema.gov/data/42/S/PDF/420757V000B.pdf?LOC=cd03fdddecd6af5b141a62aa5d1f1062
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Figure 4-9 Example of a FEMA flood profile within the Flood Insurance Study with flood elevations for the 10, 50, 100 and 500-year 
return periods. 
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5.1 Key Terms  

Key Term Acronym Definition 

Annual Exceedance 
Probability 

AEP 
The probability of a precipitation event of a particular magnitude 
or larger occurring in any given year. 

Climate Change Adaptation 
Program 

CCAP 
The program at the Philadelphia Water Department working on 
climate change adaptation. 

Climate Science Special 
Report 

CSSR 2017 

The report builds upon the existing body of climate science in 
order to summarize the current knowledge and provide 
scientific foundation for the Fourth National Climate Assessment 
(NCA4).  

Critical asset -- 

An asset whose absence or unavailability would significantly 
degrade the ability of a utility to carry out its mission or would 
have unacceptable financial or political consequences for the 
owner or the community 

Delta Change Factors DCFs 
Used in statistical downscaling, DCF is the ratio between model 
simulations of future and current climate and is used as a 
multiplicative factor to obtain future regional conditions.  

Fourth National Climate 
Assessment 

NCA4 

The National Climate Assessment (NCA) is a United States 
government interagency ongoing effort on climate change 
science conducted under the auspices of the Global Change 
Research Act of 1990. NCA4 was published in 2018.  

Hydrologic & Hydraulic 
Model 

H&H Model 

A software simulation of rainfall runoff flow to study the 
movement of water, including the volume and rate of flow as it 
moves through a watershed, basin, channel, or man-made 
structure.  

Intensity-Duration-
Frequency Curves 

IDF Curves 
Graphical depiction of precipitation frequency estimates in 
terms of intensity, duration and frequency. 

Level of Service/Level of 
Protection 

LOS 
Quantifiers of the types and amount of services customers 
receive based on quality levels, service consistency, types of 
services, and performance levels.  

Long-term projections -- Climate projections for the end of the 21st century and beyond.  

Mid-term projections -- Climate projections for mid-century, 2050 – 2070.  

Near-term projections  -- Climate projections for the period 2016 – 2035 (IPCC 2018). 

Philadelphia International 
Airport rain gauge 

PHL rain 
gauge 

The rain gauge located at the Philadelphia International Airport 
in Pennsylvania, U.S. Data accessed from NOAA.  

Representative 
Concentration Pathway 

RCP 

Introduced in the IPCC Fifth Assessment Report (AR5), scenarios 
that provide projections of atmospheric greenhouse gas 
concentrations while accounting for aerosol emissions 
concentrations and land use changes. 
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Return period -- 
i.e. return interval – Average time between cases of a particular 
precipitation magnitude for a specified duration and at a given 
location.  

Risk tolerance/level of risk -- 

In the context of this guidance document, refers to the level of 
risk the Department is willing to accept when considering 
climate change impacts. For an asset or infrastructure system 
risk tolerance may be related to understanding how level of 
service goals may be impacted. 

Storm Flood Relief projects 
SFR 

projects 

On-going since 2005, the Department’s assistance program to 
minimize the occurrence of flooding on streets and in basements 
due to rain events in parts of the City that have historically 
experienced flooding.  
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5.2 Introduction and How this Guidance Applies to PWD  
In a warming climate, there will be an increase in rainfall intensities because the atmosphere will be able 

to hold more moisture; for every 1°C of temperature increase, the atmosphere can hold 7% more 

water. Changes in precipitation will not be uniform across the world as some regions may experience an 

increase in precipitation intensity, volume and/or frequency while others may experience a decrease in 

rainfall. Rainfall patterns will also be changing; some regions of the world may start to see longer 

periods of drought-like conditions in between periods of very intense rainfall, for example (USGCRP 

2017). In the United States, Global Climate Model (GCM) projections vary on a regional scale with the 

largest increases in the frequency and intensity of extreme precipitation expected in the Northeast 

region, which includes Philadelphia. Increases will vary by season, with the winter and spring expected 

to see the largest increases (USGCRP 2018).  

Rainfall in the Philadelphia region is characterized by a large amount of natural variability, making it 

difficult to determine long-term trends or tease out a climate change signal. Nevertheless, Philadelphia 

may already be seeing increases in intense rainfall events. Figure 5-1 illustrates the return intervals of 

observed rainfall events at the Philadelphia International Airport gauge (PHL) for 1900-2019 in 30-year 

periods. This period of record is showing an increase in the number of extreme rainfall events over more 

recent decades.  

 

 

 

 

Figure 5-1 Number of events associated with various return periods for a 24-hour event duration. Events are displayed over 30-
year periods from 1900 to 2019. (Data source: PHL rain gauge) 
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According to Figure 5-1, there were no extreme rainfall events with a return period of 25 years or higher 

from 1900-1929, 1930-1959 and 1960-1989. However, in the last 30 years (1990-2019), Philadelphia has 

experienced one 25-year event, one 50-year event, and one 100-year event. It should be noted that the 

rainfall data analyzed for Figure 5-1 come from the PHL rain gauge only. Precipitation exhibits significant 

spatial variability throughout Philadelphia, as is evidenced when comparing PHL data to PWD rain gauge 

network data. There are 37 rain gauges in Philadelphia as part of the PWD network. While these gauges 

do not have a comparable period of record to PHL (most gauges were not operating until 1990), they do 

provide indication of recent rainfall variability. Figure 5-2 below shows the spatial variability of rainfall 

by comparing event return periods recorded at the PHL gauge with select PWD gauges spread 

throughout Philadelphia for the period 1990-2019. PWD gauges with the longest period of record (i.e. 

going back to 1990) were selected for Figure 5-2.  

 

 
Figure 5-2 Comparison of the number of events associated with various return intervals from 1990-2019 at the PHL rain gauge, 
Rain Gauge 1 (Southwest Philadelphia), Rain Gauge 10 (Northeast Philadelphia), Rain Gauge 4 (Northeast Philadelphia), Rain 
Gauge 5 (South Philadelphia), Rain Gauge 6 (West Philadelphia) and Rain Gauge 8 (North Philadelphia). 

Figure 5-3 shows a map of all 37 rain gauges located in and around Philadelphia. This monitoring 

network captured a recent example of the spatial variability of precipitation in Philadelphia during a 

storm event on June 11, 2018. At the 3-hr duration of the event, rain gauges in the Northeast part of the 

City recorded a 1000-year event while rain gauges in the Southwest part of the City recorded a 1-year 
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event. This observed spatial variability in rainfall may have many contributing factors. For individual 

storm event variability, the storm itself is likely the main contributing factor. For long-term averages, 

spatial variability may be due to inherent effects associated with gauge placement and functioning.   

 
Figure 5-3 Map of all the 37 Rain Gauges in PWD’s Network. 

Future increases in rainfall will have a significant impact on the urban environment and infrastructure 

across the Philadelphia area. In particular, high intensity rainfall may cause more frequent riverine 

flooding and infrastructure-based (or urban) flooding as the capacities of surface water bodies and 

drainage systems are exceeded. Thus, there is a need to consider precipitation projections to assess the 

impacts of changing storm size and intensity on the PWD collection system and associated 

infrastructure. It is important to note that all the precipitation projections and products provided in this 

section were generated using the long period of record at the PHL rain gauge. This long period of record 
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was critical to be able to estimate low probability events (i.e. events with longer return periods). While 

the PWD rain gauge network was not included in initial CCAP precipitation analyses, exploring spatial 

variability in local rainfall is an area for future consideration.  

As a first step, it is important to consider all the ways in which PWD currently uses precipitation data. 

Applications that require precipitation inputs at PWD including the following:  

1. Evaluating Collection System Performance  

 Hydrologic & hydraulic (H&H) models use precipitation time series to simulate system 

performance (combined & separate systems) 

 

2. Performing Planning Assessments 

 Flood management planning and flood risk analyses  

 Treatment facility assessments 

 Receiving water quality regulatory compliance (NPDES Permits) 

 

3. Designing Grey, Green and Nature-Based Infrastructure  

 Standard sewer system design  

 Green stormwater infrastructure (GSI) design 

 Flood mitigation measures  

 Ecological restoration/streambank stabilization  

 

Precipitation projections should be applied by PWD staff as well as consultants working on projects or 

plans that require precipitation inputs. Additionally, as stated in the User Guide section, PWD project 

managers should reference PWD’s policy requiring use of this Guidance document in any relevant 

Request for Proposals (RFPs).   

5.3 Understanding Future Precipitation Increases  
In the United States, some of the largest increases in the frequency and intensity of extreme 

precipitation are already being observed in the Northeast U.S., which includes the Philadelphia region 

(USGCRP 2018). Analysis of climate projections performed by the City of Philadelphia Office of 

Sustainability indicate that this trend will continue - the City is expected to see higher average total 

rainfall volumes and intensities than what has been observed in the past (ICF 2014).  

Increasing rainfall volume and intensity pose many potential risks to PWD, including further stress on 

the capacity of the City’s drainage system and more frequent and severe riverine flooding that could 

impact PWD facilities and operations.  

The goal of this part of the guidance is to facilitate the integration of precipitation 

projections in PWD’s planning and design processes. Through this process of 

mainstreaming climate information in existing practices, PWD can help ensure that 

current levels of service can be maintained, and regulatory requirements can be 

met, under future conditions of increasing rainfall. 

 

The goal of this part of the guidance is to facilitate the integration of precipitation 

projections in PWD’s planning and design processes. Through this process of 

mainstreaming climate information in existing practices, PWD can help ensure that 

current levels of service can be maintained, and regulatory requirements can be 

met, under future conditions of increasing rainfall. 

https://www.phila.gov/media/20160505145605/Useful-Climate-Science-for-Philadelphia.pdf
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These risks prompted CCAP to perform additional, in-depth analyses of precipitation projections for 

Philadelphia using statistically downscaled GCM output19 that is publicly available through the Bureau of 

Reclamation and a consortium of other scientific agencies (ICF 2014).  

GCM precipitation output, even once it is statistically downscaled, is in the format of daily totals, which 

is too low a temporal resolution for direct use in many planning, design and engineering applications, 

including urban stormwater modeling. Additionally, CCAP’s initial analysis revealed that GCM 

precipitation output for Philadelphia does not accurately represent local precipitation patterns, including 

storm intensities and durations. To address these limitations, CCAP developed an innovative approach, 

which has been published in the ASCE Journal of Water Resources Planning and Management20, to transform 

GCM output into actionable science (Maimone et al. 2019). For PWD stormwater and wastewater 

planning, actionable science refers to plausible future hourly and sub-hourly precipitation time series 

that can be applied to hydrologic and hydraulic (H&H) modeling and IDF curve development.   

In addition to inaccurately representing local precipitation patterns, the GCMs also do not simulate 

extreme events very well. Consequently, projections for future extreme rainfall, including those 

presented in this section, are likely underestimated due to model limitations.  There is no established 

and consistent method to handle the models’ inability to model extreme precipitation, so CCAP tried to 

address this issue by making provisional adjustments. CCAP will continue to research and look to update 

these adjustments when new and reliable methods are published. Please refer to Appendix C for tables, 

figures and supplemental materials.  

Future high-resolution time series that were generated using CCAP’s method indicate that for a high 

emissions scenario, Philadelphia can expect that:   

- Both precipitation intensities and total volumes are expected to increase  

- Precipitation averages and extremes will both increase                                                                                      

- Projected increases in precipitation will differ not only by season but also by storm size.  

- The frequency of storm events (i.e. the number of wet hours and days per year) will not 

increase, implying that increases in rainfall will be due to higher intensities.  

 

More specifically, the following results were obtained when comparing observed hourly rainfall from the 

PHL gauge (1997-2017) with climate adjusted future PHL hourly time series for the periods 2050-2070 

and 2080-2100, using projections from a high emissions scenario (Representative Concentration 

Pathway (RCP) 8.5):  

- Max event size is projected to increase on average by about 3.7% in 2050-2070 and 

9.5% in 2080-2100 while average event depth is projected to increase by about 9.5% in 

2050-2070 and 12.7% in 2080-2100 

 
19 Statistical downscaling of GCM output involves the use of statistics-based techniques to… ‘determine 
relationships between large-scale climate patterns resolved by GCMs and observed local climate responses. These 
relationships are applied to GCM results to transform climate model outputs into statistically refined products, 
often considered to be more appropriate for use as input to regional or local climate impacts studies.’ (NOAA GFDL 
2020)   
20 If you cannot access this article through ASCE, please contact the CCAP. 

https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29WR.1943-5452.0001071
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- For the 2050-2070 period, large increases in seasonal total precipitation are expected 

for Fall, Winter and Spring, with future seasonal averages of 11.8inches (+10.5%), 10.5 

inches (+17.3%) and 11.5 inches (+7.7%), respectively. Though summer precipitation is 

expected to increase less compared to other seasons, it shows the largest variability 

across seasons due to an increase in extreme events. This variability can be seen in 

Figure 5-4 below.  

- For the 2080-2100 period, large increases in seasonal total precipitation are expected 

for Fall, Winter and Spring, with future seasonal averages of 11.66inches (+9.6%), 10.98 

inches (+22.2%) and 12.33 inches (+15.2%), respectively. Though summer precipitation 

is expected to increase less compared to other seasons, it shows the largest variability 

across seasons due to an increase in extreme events. This variability can be seen in 

Figure 5-4 below. 

- The 90th percentile storm event is expected to increase, on average, by about 10.1% in 

2050-2070 and 13.7% in 2080-2100, while the 10th percentile storm event is expected to 

increase, on average, by 2.9% in 2050-2070 and 4.5% in 2080-2100.  

 

Figure 5-4 below shows the seasonal precipitation for current, mid-century, and end-of-century time 

periods. 

  

 

Figure 5-4 Seasonal precipitation for observed PHL gauge data (1997-2017) and climate-adjusted future time periods for mid 
(2050-2070) and end-of-century (2080-2100). The lower and upper values in the box plot correspond to the first and third 
quartiles (the 25th and 75th percentiles). The red dots represent outlier values, the black lines represent the median, and the 
dashed yellow lines represent the mean. 

Table 5-1 below provides additional results obtained from comparing the baseline PHL gauge data 

(1997-2017) with climate-adjusted future time series for the periods 2050-2070 and 2080-2100.  
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Table 5-1. Statistical parameters for the PHL 1997-2017 observed time series compared to the PHL 2050-2070 and 2080-2100 
projected (i.e. climate-adjusted) time series. 

Time Period 

Average 
Annual 
Total 

(in./yr.) 

Max. 
Annual 
Total 

(in./yr.) 

Min. 
Annual 
Total 

(in./yr.) 

Mean 
Event 
Depth 

(in./event) 

Max. Event 
Depth       

(in./event) 

Max 
Intensity 
(in./hr.) 

Mean 
Intensity 
(in./hr.) 

1997-2017 43.01 64.33 30.41 0.41 8.27 1.36 0.06 

2050-2070 47.10 70.22 33.22 0.45 8.58 1.55 0.07 

2080-2100 48.49 72.28 34.50 0.46 9.06 1.52 0.07 

% Change 2050 9.5% 9.2% 9.2% 9.5% 3.7% 14.0% 7.6% 

% Change 2080 12.7% 12.4% 13.4% 12.7% 9.5% 11.7% 9.7% 

 

All the precipitation projections presented in this section of the guidance are based on an ensemble of 

Global Climate Models (GCMs) and represent results for a high emission scenario only (RCP8.5). It is best 

practice to use a model ensemble with multiple GCMs since no single GCM can be said to be the most 

accurate and there is a wide range of possible future outcomes depending on the GCM being 

considered. As of this version of the guidance, the GCM ensemble used by CCAP is comprised of 9 

models from the IPCC’s Coupled Model Intercomparison Project 5 (CMIP5) – the same set of GCMs that 

were used in the Office of Sustainability climate information report for Philadelphia (ICF 2014).  

Generally, it is also best practice to use GCM output from more than one emissions scenario given 

future uncertainties. However, CCAP determined that for the purposes of this guidance, it is only 

necessary to provide projections corresponding to RCP8.5, a high emissions scenario. The reasons for 

this decision are based on the characteristics of precipitation in the Philadelphia region as well as 

assumptions regarding PWD’s risk tolerance. More specifically: 

- Precipitation in the Philadelphia region is characterized by a high level of natural 

variability. CCAP determined that for precipitation, natural variability is the dominant 

source of uncertainty until at least mid-century and remains significant through the end-

of-the century. When compared to natural variability, emissions scenarios have a 

relatively low impact on future precipitation, making it less critical to consider multiple 

scenarios than with other climate parameters, such as air temperature, that are highly 

influenced by emissions scenarios.    

- Recent observations indicate that the world is tracking along a high emissions 

scenario. Unless drastic measures are taken in the near-term to reduce global 

greenhouse gas (GHG) emissions, it can be assumed that emissions will continue along a 

relatively high trajectory. 

- PWD provides critical services through the operation and maintenance of critical 

infrastructure, so a low tolerance for risk is appropriate. Some of PWD’s assets and 

infrastructure are highly vulnerable to increasing rainfall, furthering the justification for 

using projections from a high emissions scenario. Additionally, since PWD infrastructure 

has a long useful service life, high emissions scenario projections should be considered 

through the end-of-the century. CCAP’s general approach given the criticality of the 

services provided, has been to “plan for the worst and hope for the best.” 
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5.4 CCAP Precipitation Products  
The information and tools developed by CCAP aim to facilitate the use of rainfall projections in 

evaluating and adapting to climate risks, helping to ensure PWD maintains current levels of service and 

continues to meet regulatory requirements. To this end, it was necessary for CCAP to generate products 

and information that can directly inform planning and design processes at PWD. The precipitation 

products CCAP developed are:  

✓ High resolution (hourly, sub-hourly) future time series 

✓ Future IDF curves  

More information on each precipitation product can be found below. 

a. High Resolution Time Series  
A basic requirement of urban stormwater modeling applications, specifically, hydrologic and hydraulic 

(H&H) modeling, is high resolution precipitation inputs. CCAP has developed hourly and sub-hourly time 

series and can provide these for use by PWD staff. These 20-year time series for mid-century (2050-

2070) and end-of-century (2080-2100) conditions under a high emissions scenario are currently 

available, but time series for other emissions scenarios and future timeframes can be generated upon 

request.  

  

b. Future IDF and DDF Curves 
Intensity-duration-frequency, or IDF curves, and Depth-duration-frequency, or DDF curves, are a 

fundamental tool used in event-based infrastructure design. They can also be used to provide 

information on extreme storm events for flood risk management planning purposes. IDF and DDF curves 

characterize the magnitude of rainfall corresponding to different duration events (typically ranging from 

minutes to hours) for various return periods. Frequency estimates can be expressed as rainfall intensity 

(inches/hour) or rainfall totals (inches over the duration of an event). As with the time series products, 

CCAP has generated IDF and DDF curves for mid- and end-of-century conditions under a high emissions 

scenario.  

 

IDF and DDF curves for 1-hour, 3-hour, and 24-hour events that were created using observed time series 

for the baseline period (1900-2017) and climate-adjusted time series for 20-year periods at mid-century 

(2050-2070) and end-of-century (2080-2100) are shown in Figure 5-5 and Figure 5-6, respectively. 
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Figure 5-5 Intensity-Duration-Frequency (IDF) curves created by fitting GEV distribution (Gumbel) on AMS for a 1-hour, 3-hour, 
and 24-hour duration storm events generated from observed PHL data (1900-2017) and climate adjusted future conditions for 
2050-2070 and 2080-2100 periods under RCP8.5 
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Figure 5-6 Depth-Duration-Frequency (DDF) curves created by fitting GEV Type distribution (Gumbel) on AMS for a 1-hour, 3-hour, 
and 24-hour duration storm events generated from observed PHL data (1900-2017) and climate adjusted future conditions for 
2050-2070 and 2080-2100 periods under RCP8.5. 

More information can also be found from an online publication from the ASCE Journal of Water 

Resources Planning and Management.  

 

5.5 Stochastic Rainfall Generator  
In addition to these two precipitation products, CCAP also developed a simple yet powerful stochastic 

rainfall generator that utilizes the high-resolution time series to explore potential variability in current and 

future precipitation patterns.  As GCM output and statistical downscaling methods do not effectively 

capture precipitation variability, this tool allows for an exploration of variability in future time series for 

planning and design purposes. For example, the stochastic rainfall generator can be used to inform 

scenario-based risk assessments to evaluate a range of plausible current and/or future conditions. Using 

a range (low, medium, high) of stochastically generated future time series, ranges of future IDF curves 

can be created to inform the planning and design of PWD drainage systems or flood risk management 

analyses. The generator also has the capability to develop long (100+ year) hourly and sub-hourly time 

https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29WR.1943-5452.0001071
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29WR.1943-5452.0001071
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series that can be fitted to extreme value distributions to estimate the amount of precipitation 

associated with low-probability future storms.   

PWD staff who are interested in exploring future precipitation 

variability may reach out to CCAP.  CCAP can provide guidance 

and assist PWD teams with running the rainfall generator and 

interpreting output.   

 

 

5.6 Applying Precipitation Projections to 

PWD Initiatives  
As outlined in the introduction to this guidance, when applying 

climate change projections to any infrastructure project, there 

are several factors that must be considered, including: 

• the anticipated useful service life of the project; 

• the exposure to specific climate change impact(s), in this 

case increasing precipitation, that will affect the ability of 

the project to meet its objectives; 

• the vulnerability of the project to climate change 

impact(s), considering both adaptive capacity21 and 

sensitivity22 to plausible climate change scenarios; and, 

• the criticality of the project to PWD’s core services and 

overall mission and objectives; and,  

• the general view that PWD, in relying on critical 

infrastructure to provide core services, has a low risk 

tolerance23 when it comes to climate risks.  

 
21 Adaptive capacity is defined as the ability of systems, institutions, humans and other organisms to adjust to 
potential damage, to take advantage of opportunities, or to respond to consequences (IPCC 2018). An asset or 
system with a high adaptive capacity will be able to practically adapt over time and maintain current functions 
and/or levels of service as the climate changes.  
22 Sensitivity, sometimes called elasticity, is the degree to which an asset or system is affected by or responds to a 
climate impact/hazard (i.e. it is a way of characterizing how tolerant to or susceptible to harm the asset or system 
is to climate change).  
23 Risk tolerance, in the context of this guidance document, refers to the level of risk the Department is willing to 
accept when considering climate change impacts. For an asset or infrastructure system risk tolerance may be 
related to understanding how level of service goals may be impacted.  

Customization of Products  
CCAP can provide customized products 

based on the information presented in 

this guidance document.  For example, 

CCAP can generate: 

• Projections of precipitation and 

temperature for any future 

timeframe, up through 2100. 

• Projections for a different future 

emissions scenario. (Given PWD’s low 

risk tolerance and high vulnerability 

to increasing precipitation, it is 

recommended to use projections for 

a high emission scenario.)  

• Analysis of precipitation variability for 

average rainfall (time series) as well 

as extreme rainfall (storm events) 

under current and future conditions 

using the stochastic rainfall 

generator. 

• Analysis of precipitation associated 

with low probability storms in the 

future through tailored extreme value 

analyses and application of the 

stochastic rainfall generator.  

• Products to meet the needs of 

existing PWD planning and design 

practices.  
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Providing detailed information on planning and risk assessment approaches is not within the scope of 

this version of the guidance document. Section 3 of this document contains relevant information on 

adaptive planning approaches. Please note, however, that precipitation projections must be considered 

in the planning and design of new assets, or the renewal and replacement of existing assets, that are 

vulnerable to increasing rainfall. There is currently no prescriptive method on how PWD should apply 

precipitation projections, but a few tangible examples of how CCAP precipitation products can inform 

PWD initiatives are outlined below. Graphics are included for the precipitation products that are most 

relevant to each example.  

a. Maintaining or Improving Levels of Service in the Collection System 

 

Urban stormwater and wastewater utilities strive to maintain a level of service throughout the collection 

system.  In order to maintain or improve current levels of service in future conditions, precipitation 

projections need to be considered. A standard practice for assessing collection system performance is to 

apply a design storm that is characterized by intensity, duration and frequency. CCAP’s high resolution 

precipitation products allow future IDF curves to be generated for any duration and return interval.  

For example, if a system is being designed to meet a 5-year level of service under current conditions, a 

5-year IDF curve could be used to determine the design intensity. Figure 5-7 below illustrates a 5-year 

IDF curve based on data at the PHL rain gauge from 1900-2017 for different durations and future time 

periods. In comparing these three curves, intensities are increasing for all durations into the future. For 

example, for a 5-year, 1-hour duration event, the intensity increases from 1.86 inches/hour to 2.14 

inches/hour in mid-century and 2.26 inches/hour at the end of the century under a high emissions 

scenario. Figure 5-8 also compares the intensities for a 5-year storm under observed and future 

conditions. 
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Figure 5-7 Intensity-Duration-Frequency (IDF) curves for a 5-yr recurrence interval created by fitting GEV distribution (Gumbel) on 
AMS for different duration storm events generated from observed PHL data (1900-2017) and climate adjusted future conditions 
for 2050-2070 and 2080-2100 periods under RCP8.5 
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Figure 5-8 Comparison of the change in intensity of a 5-yr storm for different durations over observed (1900-2017) and future 
climate adjusted periods (2050-2070 and 2080-2100) 

The implication of increasing precipitation intensities is that maintaining levels of service will require 

either increasing the capacity of the collection system or supplementing current capacities with source 

control solutions like Green Stormwater Infrastructure (GSI). New York City’s recently updated Climate 

Resiliency Design Guidelines states the need to supplement its existing sewer system using above-

ground approaches to meet level of service goals (NYC 2019). 

      

Additional information on aligning stormwater management strategies with level of service goals using 

case study examples from NYC, Copenhagen and Phoenix can be found in the Cloudburst Management 

Examples AIR Sheet (see Appendix A-1). As with the Copenhagen case study, which was featured 

through a Water Utility Climate Alliance (WUCA) project, meeting level of service goals not only applies 

to standard sewer system design, but also flood risk management projects that, in some instances, seek 

https://www.wucaonline.org/assets/pdf/engineering-case-study-copenhagen.pdf
https://www.wucaonline.org/assets/pdf/engineering-case-study-copenhagen.pdf
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to alleviate flooding impacts from more extreme storm events. The same CCAP precipitation products, 

including future time series and future IDF curves, can be applied to flood risk management analyses.  

 

While both flood risk management and sewer planning typically involve the use of IDF curves, there are 

additional products specific to PWD’s current planning and design practices that are also available for 

use. To this end, Appendix C contains climate-adjusted precipitation products that, in addition to IDF 

curves, include tables outlining future frequency estimates for sub-hourly and hourly rain event 

durations for various return periods at the Philadelphia International Airport (PHL) rain gauge. A step-by-

step example of how climate-adjusted precipitation products can be applied to PWD’s current sewer 

design method can be found in the Future Design Storms AIR Sheet (see Appendix A-1). 

Regardless of the exact method used, scenarios representing current as well as future conditions should 

be used to evaluate the performance of project alternatives and/ or design interventions related to 

sewer planning and flood risk management applications.  

b. Meeting Receiving Water Quality Requirements    
Under the Clean Water Act (CWA), PWD is obligated to reduce pollutant loads to receiving waters from 

Water Pollution Control Plants (WPCPs) and the separate and combined sewer systems. While current 

water quality-based regulations do not explicitly require climate change to be considered, climate 

impacts, including increasing rainfall, have the potential to make it harder for PWD to meet existing 

regulatory requirements. It is therefore imperative that PWD consider climate change in the planning 

and design of projects and programs for which regulatory compliance is a primary driver.  

 

 

 

 

 

 

 

 

 

 

 

    

 

   

Water Utility Climate Alliance (WUCA) 

 The Water Utility Climate Alliance (WUCA) was formed in 

2007 to provide leadership and collaboration on climate 

change issues affecting the country's water agencies. The 

organization comprises 12 of the nation's largest water and 

wastewater providers. WUCA members supply drinking 

water for more than 50 million people throughout the 

United States. PWD joined WUCA in 2018 and has been an 

active member of the alliance through participation in 

monthly calls, staff meetings and General Manager 

summits, as well as training workshops. PWD also 

participates in multiple WUCA committees, such as the 

Leading Practices Committee, the Sea Level Rise Committee 

and the Stormwater/Wastewater Committee.   



 

5-20 
 
 

National Pollutant Discharge Elimination System (NPDES) Permits 

  
PWD has both a Municipal Wastewater NPDES permit that encompasses our Water Pollution Control 

Plant (WPCP) effluent and combined sewer overflow (CSO) requirements, as well as a NPDES 

Stormwater Permit for discharges from our Municipal Separate Storm Sewer System (MS4). Pollutant 

loads that enter receiving waters from the collection system are directly dependent on precipitation 

patterns. In combined sewers, the pollutant load is dependent on the intensity and duration of rainfall 

events, which may adversely affect the wastewater treatment process and impact the frequency and 

volume of combined sewer overflows (CSOs). In separate sewers, all stormwater is routed directly to 

receiving waters and any increase in precipitation will increase pollutant loads.   

For separate sewers, precipitation increases need to be considered to evaluate PWD’s future ability to 

meet NPDES permit requirements. For combined sewers, continuous simulation using high resolution 

precipitation data and PWD’s H&H models is needed to understand system performance, as is described 

in the Long-Term Control Plan Update (LTCPU) section below. See Appendix C for these projections.  

Long Term Control Plan Update (LTCPU) 

    

Per the Environmental Protection Agency’s (EPA’s) National CSO Program, PWD developed a Long-Term 

Control Plan Update that is based on the Department’s Green City, Clean Waters (GCCW) program. 

GCCW is focused on the design and implementation of green stormwater infrastructure (GSI) that will 

manage stormwater at the source, before it enters the collection system, thereby reducing CSOs and 

enabling PWD to achieve NPDES permit compliance and meet CWA requirements. To evaluate the 

performance of our combined sewer system and GSI infrastructure, continuous simulation using H&H 

models is needed. Continuous simulations of urban drainage systems require hourly or sub-hourly 

precipitation time series. The method CCAP developed to generate high resolution future time series 

can provide the necessary inputs for H&H simulations that assess system performance, and potential 

changes to overflows, under future climatic conditions. In addition, the stochastic rainfall generator can 

be used to evaluate variability in these future time series. 

Total Maximum Daily Load (TMDL) 

 

The designation of Total Maximum Daily Loads (TMDLs) in receiving water bodies is another regulatory 

mechanism used to restore impaired water bodies and ensure CWA goals can be met. TMDLs define a 
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maximum amount of a pollutant that can enter a specific receiving water body while still enabling water 

quality standards to be met. In certain instances, a TMDL will be assigned to a parameter that is 

influenced by precipitation patterns, as is the case with the Wissahickon siltation TMDL.  For this TMDL, 

streambank erosion, which is directly affected by extreme precipitation events, is a major source of 

suspended solids. The PWD ecological restoration team uses stream restoration measures to reduce 

streambank and streambed erosion. To ensure the long-term resilience of these restoration efforts, 

increases in precipitation must be considered.  

c. Green Stormwater Infrastructure (GSI) Design 

 

In Philadelphia Green Stormwater Infrastructure (GSI) design is highly constricted by space constraints 

due to the dense urban environment and underground utilities. Currently design guidelines target the 

capture of a 1.5” storm as the most cost-effective measure to achieve water quality compliance goals.  

The CCAP future IDF curves could be used to assess the changes to the 9-hour design storm recently 

developed by Villanova for the GSI Implementation Unit as well as the projected change in the Typical 

Year that is the basis for the 1.5” storm . For GSI crediting, the CCAP could provide high-resolution future 

precipitation time series.  

d. Flood Emergency Preparedness at PWD   

  

Philadelphia experiences different types of flooding due to precipitation including riverine and urban (or 

infrastructure-based) flooding. Urban flooding occurs when the sewer system capacity is exceeded and 

is directly related to the level of service guidance provided above. This type of flooding typically results 

from short-duration, intense events, otherwise known as cloudbursts.  

Riverine flooding is a direct consequence of increasing flow volumes typically from longer-duration or 

high-volume rainfall events that impact large portions of a watershed. While it is understood that GCMs 

cannot simulate extreme rainfall events accurately, CCAP analyses indicate that large rainfall events may 

increase in volume by almost 20%. Current research using new techniques and higher resolution models 

indicates that these increases may be upwards of 55% in the Northeast U.S. (USGCRP 2018).  Increasing 

flooding risks from large rainfall events should continue to be addressed both at PWD, by evaluating 

current and future risks to infrastructure, facilities and employee safety, and on a citywide scale through 

the Flood Risk Management Task Force.  
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5.7 Areas of Future Consideration 
There are several areas of research and analysis related to precipitation data, projections and impacts 

that CCAP may pursue in the future. Any new information generated through these efforts has the 

potential to inform the precipitation products presented in this guidance section. The research areas, as 

outlined below, have to do with extreme storm (or precipitation) events, the spatial variability of rainfall 

in Philadelphia, impacts from compound flooding and regulatory compliance risks.  

 

• Extreme Storm Events – GCMs are not intended to simulate the complex extreme precipitation 

and storm processes that occur on hyper-localized scales. As demonstrated in CCAP’s 

precipitation analysis (GCM Output Analysis Memo), this limitation results in GCMs 

underestimating intensities associated with extreme precipitation events. Addressing this 

limitation is an ongoing area of research in the climate science community and advances may 

present an opportunity to inform the products presented in this guidance. 

• Spatial Variability of Rainfall – Rainfall in Philadelphia is not only highly variable over time, but 

also over space, or geographic extent. Initial analyses suggest that the PHL rain gauge is not 

seeing as high an increase in precipitation as PWD’s overall 37-gauge network (Nemtuda, 

Anbessie 2019).  This network of gauges could be further analyzed to better understand recent 

rainfall trends. Additionally, GCM projections could be applied to gauges in the PWD network as 

opposed to just the PHL gauge.  

• Riverine Flooding – PWD has critical assets within the riverine floodplain that are highly 

vulnerable to current and future flooding. As climate change increases the intensity and 

frequency of precipitation, particularly during extreme storm events, riverine flooding in 

Philadelphia and surrounding watersheds will be exacerbated. CCAP is in the process of 

analyzing increasing riverine flood risks. As this work is not yet completed, please see section 4.8 

for suggested interim flood resiliency guidance for assets in the riverine floodplain. 

• Compound Flooding – To date, CCAP’s risk assessments and analyses have focused largely on 

individual climate impacts (e.g. precipitation changes, temperature changes, sea level rise), but 

in reality, it is the compound impact of these climate impacts that can cause the most damage. 

CCAP is interested in studying and assessing compound climate change impacts, specifically 

flooding impacts from precipitation increases and sea level rise/storm surge. Compound 

flooding impacts to surface flooding and to drainage systems could be studied using riverine 

flood models in combination with coastal flood models and H&H models that incorporate higher 

sea levels and changes to precipitation intensity, duration and frequency. CCAP is involved in 

this area of research and (as of 2020) is a partner in a NOAA-funded compound flood modeling 

project in the Eastwick neighborhood of Philadelphia.  

• Regulatory Compliance Risks – GCM projections have the potential to inform planning analyses 

related to compliance risks, including potential changes to flood frequency return periods, 

pollutant loads to receiving waters, expected flows at Water Pollution Control Plants (WPCPs) 

and the frequency of combined sewer overflows (CSOs). 
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6.1 Key Terms 

Key Term Acronym Definition 

Average Annual 
Temperature 

-- 
Average of the daily minimum and daily maximum temperature for 
each year over a current or future time period 

Average Monthly 
Temperature 

-- 
Average of the daily minimum and daily maximum temperature for 
each month over a current or future time period 

Current Period -- Jan. 1, 1995 through Dec. 31, 2014 

Mid-century Period -- Jan. 1, 2050 through Dec. 31, 2069 

End-of-century Period -- Jan. 1, 2080 through Dec. 31, 2099 

Extreme Heat -- 

The World Meteorological Organization defines a heat wave as five 
or more consecutive days of prolonged heat in which the daily 
maximum temperature is higher than the average maximum 
temperature by 5°C (9°F) or more. Other measures generally are 
related to temperature in excess of 95°F. 

Heat Wave 
 

-- 

FIve or more consecutive days of prolonged heat in which the daily 
maximum temperature is higher than the seasonal or monthly 
average maximum temperature by 5°C (9°F) or more. (World 
Meteorological Organization) 
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6.2 The Importance and Impacts of Air Temperature to PWD  
Long term global and local temperature data are the most consistent and easily tracked indicators of 

climate change. Temperature projections are also the primary and most accurate of the Global Climate 

Model (GCM) outputs, and recent increasing observed trends align with GCM output for the 

Philadelphia area between 1950 and 2018. According to the NOAA 2018 Global Climate Summary, the 

combined land and ocean temperature has increased at an average rate of 0.07°C (0.13°F) per decade 

since 1880, however, the average rate of increase since 1981 (0.17°C / 0.31°F) is more than twice as 

great (NOAA 2018). In recent years, there has also been a noticeable increase in record breaking 

temperatures related to climate change.   

For the Philadelphia Water Department (PWD), a summary of observed temperature trends and Global 

Climate Model (GCM) projections is useful as the basis for assessing and preparing for any potential 

impacts relevant to PWD’s water, wastewater and stormwater system planning, design and operations.  

Global and US average temperatures have been increasing for over a century, with much of the increase 

occurring over the past 30 years. The northeastern US has shown particularly high increases relative to 

global temperature changes and Philadelphia data are no exception to this trend. The ICF 2014 report 

Useful Climate Information for Philadelphia: Past and Future (ICF 2014) summarized current average 

temperatures for winter and summer based on GCM output from an ensemble of 9 separate GCMs for 

the period 1961 through 2000 (Note: The CMIP climate data processing tool used in the ICF 2014 report 

does not provide average spring or fall temperatures). Table 6-1 below summarizes the average 

temperatures for winter and summer in Philadelphia for the period 1961-2000.  
 

Table 6-1 Annual average, summer and winter temperatures (°F) in Philadelphia for the period 1961-2000. 

 Annual Winter (DJF) Summer (JJA) 

Average Temp (°F) 
1961-2000 

54.4 41.9 84.5 

 

The report Growing Stronger: Towards a Climate Ready Philadelphia (ICF, 2015) presented a trend 

analysis of annual average temperature suggesting a roughly 2.5°F increase over the period 1948 

through 2014.  

The goal of the next section is to provide projections of temperature increases for use in PWD’s 

planning, design, and operation of drinking water, wastewater systems. Temperature projections should 

also be considered in PWDs Source Water Protection Program, watershed analyses and ecological 

restoration efforts. To conclude this section, some of the ways in which increasing temperature could 

impact PWD core services and personnel safety are considered.  

 

a. Drinking Water 
Temperature can affect every aspect of the treatment and delivery of potable water. As air temperature 

increases, so will the temperature of PWD’s sources of drinking water – the Delaware and Schuylkill 

https://phila.sharepoint.com/:b:/s/pwdowsccap/ERKMPikb651Ap0yAcHt7Dg4B4F0jFwzrC-D2zw48VBIQ-A?e=wxbezc
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rivers. The Safe Drinking Water Foundation24, as well as other references noted below, provide the 

following information on drinking water treatment and temperature. 

 

• Enhanced Chemical and Physical Processes - When chemical treatment is involved, generally 

the rates of chemical reactions increase with increasing water temperature because the 

temperature dependence of most chemical reactions stems from the activation energy 

associated with them. In addition, the relative concentrations of reactants and products in 

chemical equilibria can also change with temperature. 

o The efficiency of one of the key water treatment steps, coagulation, is greatly 

dependent on temperature. As temperature increases, the viscosity of water decreases, 

and the rate of sedimentation increases making the system more efficient.  

o Working with Escherichia coli (E. coli), Butterfield et al. (1943) observed a five-fold 

increase in the bactericidal effectiveness of chlorine between 2°C to 5°C (36°F and 41°F) 

and 20°C to 25°C (68°F and 77°F). In a study for the U.S. Army, Ames and Whitney-Smith 

(1944) found a nine-fold increase in effectiveness between 8°C and 40°C (46°F and 

104°F). Although chlorine disinfection efficacy is aided by increased temperature, it 

breaks down more quickly in the distribution system. Thus, in the summer months, PWD 

often needs to use more chlorine to maintain the required chlorine residual. 

• Disinfection By-Product Formation - It has been found that water temperature is perhaps the 

single most important factor influencing seasonal variation in disinfection byproduct (DBP), 

specifically trihalomethane (THM) concentrations in finished water. Stevens et al. (1976) 

demonstrated that the rate of formation of chloroform, one of the four types of THMs, in raw 

water treated with a chlorine dose of 10 mg/L increased threefold between 3°C and 25°C (37oF 

and 77oF).  

• Conveyance Pipe Corrosion - Mullen et al. (1974) showed the effect of temperature on the 

corrosion of cast iron in water produced and distributed by the Middlesex Water Company of 

New Jersey. This study clearly demonstrated that the corrosion of water conveyance pipes 

increased as a function of temperature, with a good correlation between the average monthly 

raw water temperature and the measured corrosion rate. In the absence of corrosion inhibitors, 

the corrosion rate increased four-fold over the temperature range of 3°C to 26°C. The use of 

sodium hydroxide to adjust the pH reduced this increase to a factor of two over the same 

temperature range. 

• Lead Service Line Leaching – Many water systems exhibit higher lead levels in the tap water in 

the summer than in the winter. Although temperature is a key factor in explaining seasonality in 

lead release, it certainly may not be the only factor or the most significant factor. Additionally, in 

some cases, higher temperatures do not invariably increase lead in water. In one study, even 

within the same potable water system served by a single, centralized treatment plant, soluble 

lead release from pure-lead service lines showed a strong correlation with temperature in only 4 

of 8 homes studied, whereas the other homes had no correlation. (Masters et al., 2016) 

 
24 SDWF Water Temperature Fact Sheet: https://www.safewater.org/fact-sheets-1/2018/8/15/water-temperature-
fact-sheet 

https://www.safewater.org/fact-sheets-1/2018/8/15/water-temperature-fact-sheet
https://www.safewater.org/fact-sheets-1/2018/8/15/water-temperature-fact-sheet
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• The aesthetic objective for water temperature is 59°F (15°C) because most consumers complain 

about tap water taste and odor issues at about 66°F (19°C) or higher. The intensity of taste is 

greatest for water at room temperature and is significantly reduced at lower temperatures. It is 

also possible that micro fungi can grow inside the internal plumbing systems of buildings, 

leading to complaints of musty, earthy, or moldy tastes and odors if the temperature rises above 

approximately 61°F (16°C). (Safe Drinking Water Foundation) 

 

b. Source Water and Regulatory Compliance Planning  
PWD performs planning related to source water quality and receiving water quality. These planning 

assessments should include temperature changes related to climate change in future planning 

applications. For example: 

• Climate change impacts affect the multiple planning and analysis activities of PWD’s Source 

Water Protection program. (More information on PWD’s Source Water Assessments and 

Protection plans can be found here.) One potential planning application is the tracking of 

changing raw water quality at water supply intakes. Both algae growth and taste and odor 

issues are related to warmer water temperatures in the Delaware and Schuylkill Rivers.  

• Temperature increases combined with drought tend to mean that people use more water, 

and evaporation in the source watershed increases, reducing water availability downstream. 

Generally, PWD has adequate supplies even during droughts, but this issue should be 

explored with regard to the Delaware River and Schuylkill River intakes. 

• Another potential application is to assess the impact of increased river and stream 

temperature on receiving water quality regulatory compliance (NPDES Permits) primarily 

related to temperature impacts to dissolved oxygen levels. 

 

c. Wastewater Treatment 
Temperature is a critical parameter to monitor for biological wastewater treatment systems.  Seasonal 

variations in temperature can influence the makeup of microbial communities and shifts in temperature 

due to climate change may require changes to wastewater treatment operation.  Each microbial species 

is characterized by a minimum, optimum, and maximum temperature that will support growth. 

Mesophiles are microorganisms which comprise most of the species commonly found in wastewater 

treatment processes. They grow within the range of 10 to 45°C (50 to 115°F), with an optimum of 

approximately 30 to 35°C (85 to 95°F). (Water Environment Federation, 1994). At the upper end of this 

spectrum and beyond, bacteria slow down and eventually cease to function at all.   

Shahzad et al. (2015) discuss solids retention time (SRT), which is a critical component of the activated 

sludge process, and its variation with the ambient temperature for a full-scale municipal activated 

sludge plant. SRT (in days) is the average time the activated-sludge solids are in the system and is an 

important design and operating parameter for the activated-sludge process. The plant’s observed 

effluent quality and thereby its overall removal efficiency was evaluated in terms of measuring standard 

biochemical parameters. The results indicate that significant improvement in effluent quality can be 

obtained by varying SRT depending on temperature variation.  

https://www.phila.gov/water/sustainability/protectingwaterways/Pages/default.aspx
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d. Maintaining Safe Working Conditions 
Higher temperatures or longer, more frequent periods of heat may result in greater occupational heat 

stress, potentially leading to more cases of heat-related illnesses (e.g., heat stroke, heat exhaustion), 

and fatigue. Exposure to increased temperature can also result in reduced cognitive function and 

increased risk of injury or lapses in safety. With a warming climate and more frequent extreme weather 

events predicted, heat exposure and heat stress are becoming a prominent employee safety issue, yet 

there are few regulatory standards in place to protect workers from climate change-related hazards 

(Kiefer et al. (2016)). The U.S. Occupational Safety and Health Administration (OSHA) doesn’t require 

employers to maintain specific temperatures in the workplace and there is no standard for working in 

hot environments. Nonetheless, under OSHA, employers have a duty to protect workers from 

recognized serious hazards in the workplace, including heat-related hazards. OSHA provides some 

guidance on using a heat index to determine when extra precautions are needed at a worksite to 

protect workers from environmental contributions to heat-related illness25. These are shown in Table 

6-2. The next section will highlight that, with climate change, temperatures representing high risk levels 

are projected to occur in the future.  Climate change is likely to increase both temperature and relative 

humidity. The Heat index calculator table is shown in Table 6-3, provided by NOAA26. 

 
Table 6-2 OSHA Heat Index and Risk Levels 

Heat Index Risk Level Protective Measure 

Less than 91°F Lower (Caution) Basic heat safety and planning 

91° to 103°F Moderate Implement precautions and heighten awareness 

103° to 115°F High Additional precautions to protect workers 

Greater than 115°F Very High to Extreme Triggers even more aggressive protective measures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
25 OSHA Heat Index and Risk Levels: https://www.osha.gov/heat/heat-app 
26 NOAA Heat Index: https://www.weather.gov/safety/heat-index 

https://www.osha.gov/heat/heat-app
https://www.weather.gov/safety/heat-index
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Table 6-3 NOAA National Weather Service (NWS) Heat Index calculations based on temperature and relative humidity 

 
 

6.3 Understanding Future Temperature Increases  
Statistically downscaled global climate model (GCM) temperature output is available for Philadelphia. Of 

the three primary climate change impacts of concern (temperature, precipitation, sea level rise), 

temperature projections are considered to be the most accurate.  

Temperatures have been increasing for over a century and the data have shown that these increases 

have accelerated over the past 30 years. Looking towards the future, data are replaced by output from 

ensembles of Global Climate Models (GCMs). PWD’s air temperature analysis uses the two future 

emissions scenarios available for statistically downscaled (Localized Constructed Analogs (LOCA)) 

projections: RCP 4.5 and RCP 8.5. This is because unlike precipitation, temperature projections are highly 

sensitive to emissions scenarios, which makes it critical to use multiple scenarios to evaluate the effects 

of increasing temperature to PWD’s services. Daily temperature data from the Philadelphia International 

Airport Gauge (PHL), which has a long period of record available, are used to compare GCM output to 

recent observed data. Three 20-year time periods were selected to show the potential increases in 

temperature over time using mean and extreme daily temperatures:  

• Current Period: Jan. 1, 1995 through Dec. 31, 2014 (LOCA output and PHL data) 

• Mid-century: Jan. 1, 2050 through Dec. 31, 2069 (LOCA output) 

• End-of-century: Jan. 1, 2080 through Dec. 31, 2099 (LOCA output) 

 

a. Projections of Annual Average and Monthly Average Temperatures 
Annual average temperature projections provide a means to illustrate the general trend in temperature 

increases. Annual averages are presented for PHL and output from an ensemble of 9 GCMs, giving a 

mean, minimum, and maximum annual average. In addition, the trend in annual average temperature is 

provided, comparing the Philadelphia gauge data with GCM output, with the trend line continued into 

the rest of the century. Finally, monthly average temperatures are provided for current and future time 

periods to provide insight into seasonal differences. Table 6-4 through Table 6-5 and Figure 6-1 provide 
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this information for RCP4.5, and Table 6-6 through Table 6-7 and Figure 6-2 provide the same 

information for RCP8.5.  The column representing temperature increase is the difference between GCM 

current model output and end-of century projections. 

Table 6-4 Annual Average Temperature Projections (°F) using PHL data and LOCA output (RCP4.5) for three time periods. LOCA 
projections are based on the 9 GCM Ensemble. 

 
Observed 

PHL 
1995-2015 

GCM 
Current 

1995-2015 

Mid-
century  

2050-2069 

End-of- 
century 

2080-2099 

Temperature 
Increase by End 
of Century (°F) 

Annual Average Mean 56.41 55.61 58.46 59.06 3.45 

Annual Average Minimum 53.73 54.86 57.95 58.51 3.65 

Annual Average Maximum 58.89 56.91 59.11 59.64 2.73 

 

 

Figure 6-1 Annual Average Temperature trend based on LOCA output (RCP4.5) for 1950 through 2099 and actual trend based on 
observed Philadelphia Airport Gauge (PHL) data for 1950 through 2018. 
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Table 6-5 Monthly average air temperature projections using PHL and LOCA output (RCP4.5) for three time periods. 

Month 

Observed 

PHL 

1995-2015 

GCM 

Current 

1995-2015 

Mid-century 

2050-2069 

End century 

2080-2099 

Temperature 

Increase by End of 

Century (°F) 

1 33.80 33.06 36.05 36.43 3.37 

2 35.85 35.62 38.54 38.80 3.18 

3 44.16 43.37 46.11 46.73 3.36 

4 54.63 53.42 55.69 56.62 3.20 

5 64.29 63.31 66.15 67.12 3.81 

6 73.62 72.80 75.71 76.16 3.36 

7 78.56 77.71 80.93 81.50 3.79 

8 77.03 75.89 79.24 79.90 4.01 

9 69.96 68.83 72.29 72.61 3.78 

10 58.23 57.96 60.65 61.38 3.42 

11 47.37 47.93 50.00 50.69 2.77 

12 38.28 37.38 40.15 40.81 3.44 

 

Table 6-6 Annual Average Temperature Projections (°F) using PHL data and LOCA output (RCP8.5) for three time periods. LOCA 
projections are based on the 9 GCM Ensemble. 

 
Observed 

PHL 
1995-2015 

GCM 
Current 

1995-2015 

Mid-
century  

2050-2069 

End-of- 
century 

2080-2099 

Temperature 
Increase by End 
of Century (°F) 

Annual Average Mean 56.41 55.70 60.18 63.25 7.54 

Annual Average Minimum 53.73 54.86 59.17 62.22 7.36 

Annual Average Maximum 58.89 56.73 61.38 64.65 7.92 
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Figure 6-2 Annual Average Temperature trend based on LOCA output (RCP8.5) for 1950 through 2099 and actual trend based on 
observed Philadelphia Airport Gauge (PHL) data for 1950 through 2018. 

Table 6-7 Monthly average temperature projections using PHL and LOCA output (RCP8.5) for three time periods. 

Month 

Observed 

PHL 

1995-2015 

GCM 

Current 

1995-2015 

Mid-century 

2050-2069 

End century 

2080-2099 

Temperature 

Increase by End of 

Century (°F) 

1 33.80 33.19 37.36 40.19 7.00 

2 35.85 35.75 40.19 42.85 7.10 

3 44.16 43.85 46.91 49.51 5.67 

4 54.63 53.57 57.92 60.69 7.12 

5 64.29 63.43 67.82 71.62 8.19 

6 73.62 72.75 77.87 80.88 8.13 

7 78.56 77.74 83.09 86.40 8.65 

8 77.03 76.12 81.33 85.00 8.88 

9 69.96 68.87 74.00 77.53 8.66 

10 58.23 58.05 62.39 65.89 7.84 

11 47.37 47.90 51.69 54.35 6.45 

12 38.28 37.23 41.63 44.03 6.80 
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b. Projections of Extreme Summer Temperatures 
When considering temperature changes, extreme summer heat, which is often made worse by the heat 

island effect in cities, is of great importance for human health. “Heat Wave” is a flexible and relative 

term with no official definition. The World Meteorological Organization defines a heat wave as five or 

more consecutive days of prolonged heat in which the daily maximum temperature is higher than the 

average maximum temperature by 5°C (9°F) or more. But the average maximum temperature is not 

defined.  

The National Weather Service has created a de facto basic heat wave definition through the 

development of criteria for the issuance of heat watches and warnings. These criteria involve 

nationwide standards but allow deviations for individual stations based on local conditions (NWS 1994). 

This results in the loosely defined NWS definition of a heat wave as “a period of abnormally and 

uncomfortably hot and unusually humid weather. Typically, a heat wave lasts two or more days.”27  

Robinson (2001) worked with heat stress factors to define a heat wave as a period of at least 48 hours 

during which neither the overnight low nor the daytime high falls below the NWS heat stress thresholds 

(80° and 105°F, respectively). 

Three or more consecutive days of 90oF or higher is the practical definition used by the City of 

Philadelphia to describe a heat wave.   

With no firm definition of a heat wave, Table 6-8 and Table 6-9 provide several measures of extreme 

heat relevant to Philadelphia weather, all using the daily Tmax values from the Philadelphia Airport gauge 

as well as the 9 GCMs. The two tables represent projections related to RCP 4.5 and RCP 8.5. 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
27 National Weather Service (NWS) heat wave definition, as found in: 
https://forecast.weather.gov/glossary.php?letter=h  

https://forecast.weather.gov/glossary.php?letter=h
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Table 6-8 Extreme summer heat values for the current period, mid-century, and end-of-century using Tmax values from the PHL 
gauge and the 9 GCM Ensemble under RCP4.5. 

  

Observed 

PHL 

1995-2015 

GCM Current 

1995-2015 

Mid-century 

2050-2069 

End century 

2080-2099 

Temperature 

Increase by End of 

Century (°F) 

Hottest Daily Temperature 

of Period 
103 104.09 107.21 108.00 3.91 

Number of Days over 20-

year period Above 95 

131 

(1.8%) 

113 

(1.5%) 

323 

(4.4%) 

385 

(5.3%) 
273 

Number of Days over 20-

year period Above 100 
10 11 68 91 80 

Number of Days over 20-

year period Above 105 
0 0 5 10 9 

Number of Days over 20-

year period Above 110 
0 0 0 0 0 

Summer Heat Waves  

Highest 5-day Average 

Summer High 
98.4 99.76 103.50 104.91 5.14 

Highest 7-day Average 

Summer High 
97.14 98.20 102.03 103.62 5.41 
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Table 6-9 Extreme summer heat values for the current period, mid-century, and end-of-century using Tmax values from the PHL 
gauge and the 9 GCM Ensemble under RCP8.5. 

  

Observed 

PHL 

1995-2015 

GCM Current 

1995-2015 

Mid-century 

2050-2069 

End century 

2080-2099 

Temperature 

Increase by End of 

Century (°F) 

Hottest Daily Temperature 

of Period 
103 103.89 111.31 113.75 9.86 

Number of Days over 20-

year period Above 95 

131 

(1.8%) 

122 

(1.7%) 

570 

(7.8%) 

1050 

(14.4%) 
928 

Number of Days over 20-

year period Above 100 
10 13 148 412 399 

Number of Days over 20-

year period Above 105 
0 1 21 112 111 

Number of Days over 20-

year period Above 110 
0 0 2 22 22 

Summer Heat Waves  

Highest 5-day Average 

Summer High 
98.4 100.56 107.50 110.11 9.55 

Highest 7-day Average 

Summer High 
97.14 99.33 105.73 108.84 9.51 

 

6.4 CCAP Temperature Products  
The purpose of these guidelines is to help ensure that PWD maintains current levels of service and 

continues to meet regulatory requirements under future conditions of increasing temperatures. The 

tables in section 3 provide the basic temperature information on recent trends and projections, both in 

terms of averages as well as extreme values. In addition, CCAP can provide daily temperature time series 

for the period 1950 through 2099 for various emissions scenarios. Additional studies have been 

conducted to assess extreme cold impacts on drinking water intake infrastructure as well as the impact 

of increasing air temperature on source water temperature.   
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a. Applying Temperature Projections to PWD Initiatives  
The following potential applications and tools can be considered. 

• Preparation of worker safety guidelines during heat waves using the extreme heat 

projections. 

• Water treatment chemical application rates and supply costs under future temperature 

conditions using the air-water temperature analysis (not yet complete). 

• Estimates of changes in raw water quality due to algae blooms related to increased stream 

temperature. 

• Estimates of THM levels in finished water under increased water temperatures. 

• Impacts of increasing water temperatures on dissolved oxygen levels in streams and rivers 

as they relate to water quality standard compliance. 

• Assessment of changes to future drought conditions using precipitation and temperature 

projection time series. 

• Impacts of increasing temperatures on plant selection in Green Stormwater Infrastructure 

(GSI) systems.  

6.5 Future Areas of Consideration 
While increasing precipitation and sea level rise were identified as priority climate impacts for CCAP to 

evaluate given their many potential, high consequence impacts to PWD core services, there are several 

air temperature-related impacts that warrant further analysis, including those identified in the CCAP 

Vulnerability Survey and outlined below.  Future versions of this guidance may include more specific 

recommendations or requirements related to planning, designing and operating systems that are 

vulnerable to high heat. In addition, employee health and safety should remain a paramount concern as 

temperatures rise. 

- Water supply impacts (quantity): Warming air temperatures could increase the rate of 

evaporation in PWD source watersheds, potentially exacerbating low flow conditions 

during drought periods.  

- Water supply impacts (quality): Higher air and water temperatures may decrease 

dissolved oxygen (DO) concentrations PWD source and receiving waters. Additionally, 

increasing levels of pollutants (sediments, nutrients, pathogens, bacteria, etc.) that can 

result from intense precipitation or low flow conditions can couple with higher water 

temperatures to produce algal blooms and other negative water quality conditions.  

- Drinking water treatment process: Increases in water temperature could affect 

chemical dosing. For example, a higher water temperature could necessitate a higher 

chlorine dose to compensate for increased degradation rates. In addition to higher 

chemical costs and possible T&O complaints from customers receiving more chlorinated 

water, there may also be regulatory and water quality implications, such as increased 

disinfection byproduct (DBP) levels. 

- Electrical equipment reliability: Extreme high temperatures and heat waves can stress 

or damage electrical equipment and cause power outages, both on site and in the 

greater Philadelphia region, threatening structures and processes that rely on electricity. 
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While increasing temperatures are projected under climate change, CCAP acknowledges that extreme 

cold temperatures are also a concern for PWD Operations. To address this, CCAP is performing research 

on the potential for extreme cold conditions in our region in the future. Analyses are also being 

performed to better characterize extreme cold conditions under which substantial operational 

challenges occur, most notably icing at the Baxter Drinking Water Treatment Plant Intake. Results of 

these research efforts and analyses will be shared with relevant PWD staff.  
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7 The Broader Context 
 

While this document is focused on a very critical aspect of ensuring PWD’s long-term resilience – 

mainstreaming the use of climate change information in the planning and design of our infrastructure 

systems – the much broader context of climate resiliency work includes additional strategies, solutions 

and considerations that can at times be hard to quantify and do not always relate to physical 

infrastructure. Below are some of the topics and issues related to the broader climate resiliency context. 

It will be important for PWD to consider these topics in parallel with implementation of PWD’s Climate-

Resilient Planning & Design Guidance.  

 

• PWD and Citywide Policy Changes – As climate change exacerbates infrastructure and resource 

management challenges we already face, broader policy changes will likely be needed to 

maintain levels of service and consistently increase resilience across city systems and sectors. 

• Citywide and Regional Coordination: Beyond considering resilience at an asset, system or 

facility/treatment plant scale, it is also important that, when needed, PWD’s adaptation 

strategies are coordinated with other City departments and regional planning bodies such as the 

Delaware Valley Regional Planning Commission (DVRPC). For example, if PWD decides that 

hardening the shoreline is the best option for protecting the SW WPCP from coastal inundation 

risks, planning and design of the hardening measures should be coordinated with the 

Philadelphia International Airport, which is directly adjacent to the plant and also highly 

vulnerable to coastal flooding. Through such coordination, there is an opportunity to leverage 

resources and amplify efforts. As PWD adaptation strategies are developed, CCAP will look to 

coordinate with other city agencies and regional planning bodies, including the Office of 

Sustainability, the Philadelphia Department of Public Health, the Philadelphia International 

Airport, the Delaware Valley Regional Planning Commission and the Delaware River Basin 

Commission. Additionally, CCAP and other teams within PWD specifically address flood risk and 

related coordination needs through the Citywide Flood Risk Management Task Force. 

• Climate Change Impacts and Equity – CCAP is aware that climate change disproportionately 

impacts certain Philadelphia residents and neighborhoods. Climate change is a threat multiplier 

and will exacerbate existing inequalities. Much of CCAP’s work aims to help PWD maintain 

current levels of service throughout the City, ensuring that critical services are reliably available 

to all Philadelphians. However, there is more work to be done in this space and CCAP is 

interested in continuing to explore this topic and environmental justice issues with the 

Philadelphia Office of Sustainability. 

• Visuals, communication tools and staff education: Communicating about climate change and 

mainstreaming climate information can be challenging. Without an understanding of climate 

change and how it will impact our lives, people may not be willing to change work protocols or 

invest in adaptation efforts. PWD, through CCAP and other Public Affairs and communications-

based teams, should consider ways to further engage and educate PWD staff, staff from other 

city departments, regional partners, students, staff from other utilities across the nation, and 

the general public.  



 

7-2 
 
 

• Adaptation Strategy vs. GHG Accounting: Certain adaptation strategies that help us cope with a 

changing climate may ultimately be maladaptive and exacerbate climate change by increasing 

our greenhouse gas (GHG) footprint. For example, if additional pumping becomes necessary for 

flood mitigation or for maintaining levels of services, it will add to PWD and the City’s GHG 

footprint. CCAP is interested in this issue and will consider ways to avoid or at least reduce GHG 

increases resulting from adaptation strategies.
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Appendix A-1 Additional Information and Resources (AIR) Sheets

Location(s) Title  Description 

Tidal Trepidation 
(sea level rise) 

Tidal Datums AIR Sheet 

This AIR Sheet provides definitions, background and 
context to help PWD staff work with tidal datums, 
including graphs that depict tidal datums for each of 
the PWD plants located along the tidal Delaware 
River.  

Tidal Trepidation 
(sea level rise) 

Vertical Control Datums AIR Sheet 

This AIR sheet provides an overview of vertical 
control datums and additional information and tools 
to help users at PWD convert between vertical 
control datums. 

Tidal Trepidation 
(SLR & storm surge) 

Flood Mitigation Strategies AIR Sheet 

This AIR sheet provides information about flood 
mitigation options and adaptation strategies for 
increasing flood resilience, such as relocation and 
elevating or floodproofing new or existing assets to 
the Design Flood Elevation.  

Storm Ahead 
(precipitation) 

Cloudburst Management Examples AIR Sheet 

This AIR Sheet provides cloudburst management 
examples from Copenhagen, New York, and Phoenix 
– cities that have implemented a variety of strategies 
to alleviate flooding impacts and other risks that 
result from cloudburst events. 

Storm Ahead 
(precipitation) 

Future Design Storms (Alternating Block 
Method) AIR Sheet 

This AIR Sheet demonstrates the change in the 2-hr, 
100-yr design storm from observed (1900-2017) to 
future (2080-2100) periods using the Alternating 
Block Method. 



 

 

 

 

Tidal Datums AIR Sheet 
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What are tidal datums? 
Recorded along coastlines, estuaries, and tidal rivers, tidal datums refer to an average height of the water level at a 
particular phase of the tidal cycle. Tidal datums are useful for many applications such as boat navigation and fishing and 
they are critical to coastal development and floodplain management. Understanding tidal datums and their reference to 
a geodetic control (See AIR Sheet – Vertical Control Datums) is important as they can impact PWD’s drainage system, plant 
outfalls and intakes and the extent of flooding in the coastal zone along the tidal Delaware and Schuylkill Rivers. At PWD 
tidal datums can be important inputs in engineering studies, project plans and designs and flood risk assessments.  

In the U.S., official tidal datums are determined by NOAA’s National Ocean Service using a network of tide stations. 
Because tidal datums shift over time due to environmental changes (e.g. sea level rise or vertical land movement), NOAA 
publishes tidal datums referenced to a specific period called the National Tidal Datum Epoch (NTDE). Because of differing 
hydrographic characteristics across regions, tidal datums should only be used as a reference to measure local water levels. 
PWD uses tidal datum values from several tide stations in the region. NOAA’s Philadelphia tide station 8545240 has the 
longest period of record1, providing information on tides in Philadelphia since 1900.  

Please refer to the Figure 1 for commonly used tidal datums and the accompanying table for tidal datum descriptions.  

 
Figure 1. Cross section of tidal datums with horizontal reference. Mean Range of Tide (MN) is the difference in  
height between MHW and MLW. Great Diurnal Range (GT) is the difference in height between MHHW and MLLW. 

  

 
1 When the record is combined with that from decommissioned tide station #8545530 which was formerly located at Pier 11, roughly 
one mile upstream.   
 

Tidal datum  Acronym  Definition 

Highest astronomical Tide HAT The elevation of the highest predicted astronomical tide expected 
to occur at a specific tide station over the NTDE. 

Mean higher-high water MHHW The average of the higher high water height of each tidal day 
observed over the NTDE. 

Mean high water MHW The average of all the high water heights observed over the NTDE. 

Mean sea level MSL The arithmetic mean of hourly heights observed over the NTDE. 

Mean low water MLW The average of all the low water heights observed over the NTDE. 

Mean lower-low water MLLW The average of the lower low water height of each tidal day 
observed over the NTDE. 
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What is the National Tidal Datum Epoch (NTDE)?  
Established by NOAA/NOS, the National Tidal Datum Epoch is the official period 
of 19 years over which water level observations are averaged to determine tidal 
datums. The 19-year time segment is to account for the natural variation in the 
tide cycle due to long-term seasonal, meteorological, hydrologic, and 
oceanographic fluctuations. One of the main influences that drives changes in 
the tides globally is a small adjustment of the moon’s orbit over an ~18.61-year 
cycle, called the regression of lunar nodes. The NTDE is reviewed for revision 
at least every 20 to 25 years to account for local changes in tidal datums. The 
present NTDE is 1983 through 2001 and is undergoing revision to be replaced 
by a new iteration. The update will be based on observed water levels from 
the years 2002-2020 and is proposed to release in 2025.  

Sea level rise projections: NTDE and CCAP approach  
NOAA’s tidal datums are referenced to the current NTDE: 1983-2001, 
centered on the year 1992. NOAA’s sea level rise projections, however, have 
a baseline year of 2000, and must be referenced to a different epoch: 1991-
2009, centered on the year 2000. When applying sea level rise scenarios, it is 
necessary to add them on top of the correct water elevations referenced to 
the same baseline year. Since NOAA’s SLR projections have a baseline year of 
2000, it is necessary to adjust Philadelphia tidal datums to the same baseline. To align with the baseline year of 2000, a 
conversion factor is required to account for the difference between the two tidal datums from different epochs. First, 
observed water levels from the local tide gauge are averaged over the period 1991-2009 (centered on year 2000) and then 
compared to the current NTDE tidal datums. The difference in mean sea level is then applied to all tidal datums to establish 
a complete set that corresponds to the same baseline year of 2000.  
 
Following the method above, CCAP determined a conversion factor of +0.07’ to account for any changes in sea levels that 
occurred between the current NTDE and year 2000.  
 
Table 1. Table with tidal datums referenced to the NTDE and the baseline year for  
sea level rise projections using a conversion factor.  

Philadelphia Station 8545240 
Tidal Datums (NAVD88, feet) 

Tidal Datum  NTDE 
(1983-2001) 

Conversion 
Factor 

SLR Baseline 
Year: 2000 
(1991-2009) 

HAT 4.83 0.07 4.90 
MHHW 3.59 0.07 3.66 
MHW 3.19 0.07 3.26 
MSL 0.39 0.07 0.46 
MLW -2.91 0.07 -2.84 

MLLW -3.1 0.07 -3.03 

Figure 2. The lunar nodal cycle, produced by 
the varying declination of the Moon over a 
period of 18.61 years, drives changes in 
tidal amplitude globally. 

https://tidesandcurrents.noaa.gov/datum-updates/ntde/
https://www.youtube.com/watch?v=lR6Jp42nQDk
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Tidal datums in Philadelphia  
There are three active tide gauges in the Philadelphia area: 
Philadelphia (NOAA Station 8545240), Bridesburg (NOAA 
Station 8546252), and Burlington-Bristol (NOAA Station 
8539094). Figure 3 shows the locations of these tide gauges 
in the Philadelphia region. The Tacony-Palmyra tide gauge 
(NOAA Station 8538886) was decommissioned in 2013. 
While observed water levels are most accurate at tide gauge 
locations, staff can use NOAA’s VDatum webtool model to 
estimate tide levels for any location along the Delaware 
River (user input latitude and longitude information). A 
general user guide on the VDatum webtool for tidal datums 
is attached to this document for reference (page 4).  
 
Along with the VDatum user guide, a summary of the tidal 
datums (LMSL, MLLW, and MHHW) at PWD’s tidally 
influenced water pollution control plants (WPCP) can be 
found on page 5. Tidal datums are referenced to NAVD 88 
and Average City Datum. Using VDatum, the tidal datums are 
estimated at WPCP outfalls and then adjusted to the baseline 
year 2000.  
 
Historic trends of observed water levels in the Philadelphia region indicate a significant increase in tidal range in the past 
century. Tidal amplification is the increase in tidal range as a response to changes in basin and coastline morphometry due 
to both spatial and temporal factors. The spatial component of variation in tides is largely due to the constriction of the 
channel and thus a decrease in frictional effects in the basin interior –the upstream reaches of an estuary are generally 
narrower in width and water levels are higher compared to downstream conditions. Whereas the spatial factors 
contributing to tidal amplification are inherent to the estuary system, the temporal component of a changing tidal range 
can be attributed to anthropogenic influences over time. Shoreline construction, land filling, and dredging that occurred 
during the 1920s through the 1970s have largely impacted tidal flows and water levels in the Delaware Estuary. In 
particular, the Philadelphia gauge has recorded a significant change in the tidal range over the past century as land 
upheaval and shoreline alterations accompanied widespread urbanization efforts during that time. The increase in the 
tidal range can also be exacerbated by sea level rise with the superposition of tides and storm surge onto a higher baseline 
of water levels. Sensitive to downstream conditions, tides in the Delaware estuary with fixed boundaries may increase 
with sea level rise due to increased convergence but may be reduced if overland flooding occurs.  

Useful Links 
Tidal datums for Philadelphia Station 8545240 (NOAA)  
National Oceanography Centre Video on Regression of Lunar Nodes  
NOAA VDatum Webtool 
 
 
 

Figure 3 Locations of three tide gauges in the Philadelphia area. 
Information provided by NOAA. 

https://tidesandcurrents.noaa.gov/datums.html?id=8545240
https://www.youtube.com/watch?app=desktop&v=lR6Jp42nQDk
https://vdatum.noaa.gov/runapp_agreement.php
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User Guide on NOAA’s VDatum Webtool for Tidal Datums 
NOAA provides published tidal datums for locations with established tide gauges, but tidal datums can be estimated for 
any location in the Delaware Estuary using NOAA’s free vertical datum transformation tool, VDatum. The tool uses 
latitude and longitude to define a location and provides tidal datums for the NTDE. This free software translates 
geospatial data between 36 different vertical reference systems, but only points lying within water areas will support a 
conversion involving tidal datums. Transformations between NAVD88 and tidal datums are performed by interpolation 
of a sea surface topography grid computed by either a hydrodynamic model or by spatial interpolation. NOAA’s provides 
further documentation and background for VDatum on their webpage. Below is a general guide on using the online 
VDatum tool to estimate tidal datums for a given location.  

 
1. Launch NOAA’s online VDatum tool: https://vdatum.noaa.gov/vdatumweb/ 

 
2. Enter Regional and Horizontal Information. The Default settings for Horizontal Information are NAD83(2011) for 

the Reference Frame with a ‘Geographic (Longitude, Latitude)’ coordinate system. User can define the system 
based on known Input information.  
 

3. Under Vertical Information, define the Source and Target Reference Frame and Unit. The Default settings for 
Reference Frame and Unit are NAVD 88 and meter, respectively.  
 
For tidal datum results: 
Source > Reference Frame: Select the desired tidal datum output from the dropdown menu (MHHW, LMSL, 
etc.). In the example above, MHHW is selected.  
Target > Reference Frame: Select the desired vertical datum of which the tidal datum output will be referenced 
to.  In the example above, NAVD 88 is selected. 
 
Adjust the Unit to the desired measurement system. In the example above, ‘foot (US Survey) (US_ft)’ is selected.   
 

4. Input and Output: Enter the position (latitude and longitude) and select ‘Convert’. The tidal datum will be shown 
in the Height cell under Output.

Above: VDatum webtool interface with coordinate inputs of Philadelphia tide gauge (NOAA Station 8545240 

https://vdatum.noaa.gov/docs/publication.html
https://vdatum.noaa.gov/vdatumweb/
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 1 NOAA VERTCON tool: http://www.ngs.noaa.gov/TOOLS/Vertcon/vertcon.html 

OVERVIEW 
A datum is a standard reference position or level that measurements are taken from. There are horizontal datums and 
vertical datums. As the first national vertical control datum, the National Geodetic Vertical Datum of 1929 (NGVD29) 
has been used by surveyors and engineers for most of the 20th century. The most recent update is the North American 
Vertical Datum of 1988 (NAVD88). In 2022, NAVD88 will be replaced by a new and more accurate vertical control datum.  
 
The City of Philadelphia adopted their own local City Datum, known as Philadelphia Vertical Datum (PVD). Currently, 
City Datum is maintained by the Streets Department Survey Bureau and is the official datum for all municipal 
infrastructure. PWD uses City Datum for linear assets but has its own datum--Plant Datum—for its drinking water 
treatment plants and water pollution control plants. Plant Datum was created to avoid the use of negative elevations in 
design (e.g. considering tidal datums). 

CONVERSIONS 
CCAP provides all coastal flood information using NAVD88 as it is the nationally vetted vertical control datum. It is also 
important that NAVD88 is used for floodplain management because it is a standard that is consistent from place to 
place—i.e. what is 4 ft. NAVD88 in Philadelphia will be the same as 4ft. NAVD88 in Camden. Having this vertical continuity 
is key to understanding where flood waters will go as they rise and reach farther inland.  
  

However, as noted above, PWD and other city agencies do not always work with 
NAVD88 and therefore, conversions are needed. It should also be noted that 
some FEMA flood insurance maps (including Philadelphia’s) use the outdated 
national vertical control datum NGVD29, requiring yet another conversion. 
When using City Datum or converting to or from City Datum, elevations should 
be examined closely because vertical benchmarks vary within the City (i.e. there 
is no one standard conversion factor between City Datum and other datums). 
Using the correct conversion is important since using the wrong value could 
make a project more vulnerable to flooding. 
 
While there is no single accurate conversion between the vertical datums in 
Philadelphia, the CCAP worked with PWD staff to confirm average conversion 
factors as a general guide. The table to the left provides conversion factor ranges 
and a suggested value for use in PWD Projects. The following page provides this 
information in a ‘Conversion Table Guide’ and a figure on the left is useful for 
understanding the conversions using Plant Datum as a reference point.   

Conversion Factor Ranges and Suggested Values for Planning and Design 

City Datum 
and NAVD88 

Conversion factors range between 4.15 and 4.85 feet. 
4.68’ is the suggested conversion factor used in PWD’s wastewater master 
plan.  
[City Datum = NAVD88-4.68’] 

City Datum 
and NGVD29 

Conversion factors range between 5.6 and 5.8 feet.  
5.76’ is the suggested conversion factor to use for projects at PWD and 
matches city code. 
[City Datum = NGVD29-5.76’] 

City Datum 
and Plant 

Datum 
Conversion is always 100 feet 
[Plant Datum = City Datum + 100’] 

NGVD29 and 
NAVD88 

Conversion varies spatially.  
Conversions calculated using NOAA VERTCON1 at geographic coordinates of 
NOAA Tide Station #8545240. 
[NAVD88 = NGVD29-1.08’] 

 

*Conversions for vertical 
datums can vary spatially  
Due to different vertical standards for 
each survey district in Philadelphia, 
the conversion factor between the 
City Datum to NAVD88 or NGVD29 
will vary by location within the city. 
When a high level of accuracy is 
necessary, elevations in City Datum 
should be confirmed by the PWD 
Survey Unit. The Survey Unit regularly 
makes vertical elevation corrections in 
linear asset construction projects for 
consistency. 

http://www.ngs.noaa.gov/TOOLS/Vertcon/vertcon.html


 

   

 

  INPUT DATUM 

Plant Datum NGVD29 NAVD88 City Datum 

O
U

TP
U

T 
D

A
TU

M
 Plant Datum 0.00 +94.24 +95.32 +100 

NGVD29 -94.24 0.00 +1.08 +5.76 

NAVD88 -95.32 -1.08 0.00 +4.68 

City Datum -100 -5.76 -4.68 0.00 

Figure guide:  
This Figure may not be intuitive and at first appear to be upside down. 

Elevations in this figure are relative to Plant Datum, which is the 
reference point or the zero plane. To convert to any datum above 
it, a positive conversion factor must be added.   

• Plant Datum  
o = NGVD29 + 94.24 
o = NAVD88 + 95.32 
o = City Datum +100 

 

Conversion Table Guide:  
This table and the instructions below can be used to convert between the four 
main vertical control datums used at PWD.  
 
Row (x) represents the input datums that are to be converted. Column (y) 
represent the output datums that you want to covert to. 

1. Find your input datum in row X 
2. Find the output datum in column Y  
3. Find the intersection between those two cells and ADD the 
conversion factor listed in that cell—be careful to use the correct 
algebraic sign—to determine what your final output datum value is. 

 
Example Application 
FEMA flood insurance rate map shows a base flood elevation for the area of 
concern at 10 ft. NGVD29. I need to convert this value to Plant Datum for a 
proposed project. Based on the table and instructions above, Plant Datum = 
my value in NGVD29 + 94.24. Therefore, 10 ft. NGVD29 is equivalent to 
104.24 ft. Plant Datum.  
 

 
Additional Resources:  

• Excel Datum Conversion Tool  

• Slide deck with additional datum information 
 

 
 

Elevations Relative to Plant Datum Vertical Datums Conversion Table 

X y 

https://phila.sharepoint.com/:x:/s/pwdowsccap/EaCo1G1iBEtHhXk5EXyQ4Q4BnV_Gw8mL2epmYjQDIgdbJw?e=9hQaHe
https://phila.sharepoint.com/:f:/s/pwdowsccap/EkvuorhUuiBNng8j5a4-63wB5OqEDYt5NQRz5H7iRO1e6Q?e=sBLykB
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Common Flood Mitigation Adaptation Strategies   
The most effective flood mitigation method is to relocate existing assets and locate new assets outside 
of the current and future floodplain.  However, as mentioned in the Climate-Resilient Planning and 
Design Guidance document, this will often not be an option. Elevating the asset to or above the design 
flood elevation (DFE) is the next most effective flood mitigation method.  When possible, all critical 
assets—whether existing or new—should be elevated.  When relocation or elevation are not feasible or 
cost-effective, floodproofing is the appropriate, though least effective, alternative.  Thus, the order of 
preference for adaptation actions is: 1) Relocate asset, 2) Elevate asset, and 3) Floodproofing asset. 

a. Relocating assets  
Locating or relocating the asset outside of the current or future floodplain is fairly 
straightforward, therefore, the focus of this AIR sheet is on the flood mitigation options of 
elevating and floodproofing. 

b. Elevating assets 
Elevating an asset to or above the DFE should always be explored as a possible flood mitigation 
option if relocation is not possible. Elevating an asset, in addition to providing protection from 
coastal inundation, can also protect the asset from additional forms of flooding, such as 
infrastructure-based flooding (e.g. a water main break) or flooding caused by groundwater 
changes (e.g. due to sea level rise).  

New assets 
All new projects should first consider elevating assets to or above the DFE, especially 
those with electrical or mechanical components or those that contain hazardous 
materials.  Comparing the cost of elevating versus not elevating a new asset should be 
included in the alternatives analysis phase.  If a new asset is anticipated to have a long 
useful life that extends beyond the year 2075, an AMP is needed to protect the asset 
from higher inundation risk expected in the future.  This may include construction to a 
higher elevation to account for end-of-century sea level rise projections and 
uncertainty, or the flexibility to adapt design and construction later to guard against 
inundation.  

Existing assets 
Any critical asset, especially those with electrical or mechanical components, that is 
already in operation and within the current or future floodplain should be elevated if 
possible. However, retroactively modifying an asset to raise its elevation may be cost-
prohibitive or impossible. The best time to consider elevating an existing asset is when it 
is a candidate for repair or replacement or when the flood risk is deemed unacceptable. 
Likely there are many PWD assets that fall into this category and a systematic way to 
prioritize which assets are at the most risk is necessary.  Ideally this will be done with an 
asset-by-asset risk assessment for the entire system or facility, such as a Water Pollution 
Control Plant.1   

 
1 The Climate Change Adaptation Program (CCAP) is coordinating with other PWD programs and staff to conduct 
comprehensive, asset-by-asset risk assessments at PWD facilities that are vulnerable to inundation from sea level 
rise and storm surge. As part of this effort, CCAP has developed an Asset Risk Assessment Worksheet that staff can 
utilize as a guide to identify and prioritize assets which are at the most risk.  



Climate Change Adaptation Program - Additional Information and Resources 
AIR SHEET - Flood Mitigation Strategies 

 
 

January 2021  

Assessing risks at different scales of impact must be considered in the planning process 
as well.  For instance, each Water Pollution Control Plant will have a different level of 
risk to future climate changes due to its location.  An initial, high-level assessment 
prioritizes which facilities to focus floodproofing efforts.  Within each facility, various 
assets will be at more risk than others and can be individually prioritized for retrofitting.  
The first choice in protecting assets is to raise existing assets, but when this is not 
possible, other measures such as floodproofing should be considered, along with plans 
for implementation.   

c. Floodproofing 
If relocating or elevating the critical asset is impossible or cost prohibitive, floodproofing should 
be implemented.  Here we use the term “floodproofing” as a catch-all term for multiple flexible 
strategies to protect an asset against flood inundation, such as sealing building openings, 
installing a flood gate, or sandbagging.  When choosing floodproofing strategies to meet the 
DFE, it is important to understand dependencies and consider flood pathways.  Some common 
flood pathways—flow and entry points where surface ground flow could enter buildings or 
reach assets—are provided in Figure 1.  Some flood pathways, such as doorways, windows, 
vents and grates can be easy to identify, but understanding the often-complex system of 
underground tunnels, pipes, HVAC ducts and electrical conduits can be more difficult and may 
require looking at plan sets.  It is also important to note that in many cases, floodproofing 
measures fail due to unknown flood pathways, material/mechanical failures, or 
operator/installation error.  For example, a flood gate could be installed to protect doorways 
but if it is not activated in time, flooding may still occur. 

 
Figure 1. Common flood pathway examples from the New York City Wastewater Resiliency Plan (2013).  
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Generally, when protecting critical assets, FEMA recommends employing dry floodproofing2 
methods, as opposed to wet floodproofing3 methods.  Dry floodproofing involves completely 
sealing the building or asset below the DFE, cutting off flood pathways to prevent the entry of 
coastal floodwaters.  Dry floodproofing will generally include sealing doors, windows, entryways 
and exterior walls and installing protective gaskets or coverings at openings. Dry floodproofing 
methods may be permanent and costly, such as a floodgate, or temporary and less expensive, 
such as sandbagging. 

In addition to dry floodproofing, various tools can help with flood mitigation when relocation or 
elevation are not options, such as installing sump pumps for any water that does find its way 
inside and protecting and tethering any equipment outside of buildings that could be buoyant 
and float away.  Examples of floodproofing adaptation strategies chosen for New York City’s 
Wastewater Resiliency Plan (NYC DEP, 2013) are provided in Figure 2.  

When developing plans that involve floodproofing, it is necessary to understand the resources 
required to implement a particular measure when flooding is forecasted.  These resources 
should be considered in context with the capital cost of construction for a comprehensive 
assessment of floodproofing options.  For instance, although sandbagging may be less expensive 
than permanently raising an asset, there are additional resources required to forecast 
inundation events and to deploy personnel to fill and stack sandbags.  In addition, if a temporary 
structure is not deployed in time – or deployed incorrectly – it may leave an asset vulnerable to 
inundation.  When developing plans for temporary floodproofing measures, the full cost of 
physical materials and operational resources should be included in the action plan. 

 
2 Dry floodproofing prevents the entry of floodwaters (FEMA, 2013). 
3 Wet floodproofing allows floodwaters to enter the enclosed areas that are designed to temporarily hold water 
(FEMA, 2013).  
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Figure 2. Examples of floodproofing adaptation strategies adapted from the NYC Wastewater Resiliency Plan (2013).  
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Overview 
Philadelphia faces increasing risks from the impacts of global climate change. According to CCAP 
analysis, Philadelphia is projected to have a warmer and wetter future with an increase in the 
number and intensity of extreme storm events. Recent intense storms in Philadelphia, some with 
return periods of 500 and 1,000 years, demonstrate that the city’s residents, public and private 
property, and infrastructure already face risks from extreme precipitation. Reducing these risks 
may require the use of innovative adaptation methods that go beyond traditional stormwater 
management solutions.  
 
These heavy rainfall events (also known as “cloudbursts”) usually occur within a short period of 
time and can inundate urban areas, threaten human health and safety and potentially cause 
severe damage, making the need for innovative cloudburst management solutions urgent for our 
region. Cities in the U.S. like New York and Phoenix, as well as cities abroad like Copenhagen, 
have developed and implemented cloudburst management projects and plans that use a variety 
of strategies to alleviate flooding impacts that result from cloudburst events.  
 
Conventional pipe systems and traditional drainage solutions that convey or store stormwater 
underground are not always viable or adequate solutions for extreme weather events. They tend to be costly to build, cause massive 
disruption during construction and are difficult to site as other utilities and city infrastructure occupy space underground. Cities around 
the world are developing best practices to manage cloudburst events using combinations of gray and green infrastructure called “Blue-
Green” solutions. Cloudburst management plans often employ networks of large nature-based projects in addition to above-ground 
storage and conveyance solutions (e.g. cloudburst streets or retention areas in squares or parks) that manage stormwater at the 
source, significantly reducing the strain on already overburdened stormwater drainage systems.  
 
Below are examples of cloudburst management plans from Copenhagen, New York and Phoenix. These case studies were summarized 
by the Urban Resilience to Extremes Sustainability Research Network (UREx SRN), a group of researchers who supports efforts to make 
cities more resilient by promoting flexible, adaptable, socially equitable, and ecologically based infrastructure in the face of extreme 
events and climate uncertainty. The images presented below were taken from a presentation given to the Water Utility Climate 

CCAP precipitation 
products, including 
future time series and 
future Intensity Duration 
Frequency (IDF) curves, 
can be applied to 
assessments that seek to 
identify strategies to 
reduce risks to 
infrastructure, property, 
and health and safety 
that result from 
cloudburst events. 
 

https://www.sciencedirect.com/science/article/pii/S0169204618309770
https://www.sciencedirect.com/science/article/pii/S0169204618309770
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Alliance (WUCA) Stormwater and Wastewater Committee by Bernice Rosenzweig (May 2020) as part of her work for UREx SRN on 
cloudburst management. 
 

Cloudburst Planning in Copenhagen, Denmark 
As part of Copenhagen’s Climate Action Plan, the City developed a Cloudburst Management Plan that focuses on solutions that combine large-
scale green and grey stormwater infrastructure that manage stormwater above ground while utilizing underground tunnels where needed. The 
City of Copenhagen used projected rainfall intensities for a 100-year event in 2100 to determine the level of service for their cloudburst 
management infrastructure design.  
 
 Source: Bernice Rosenzweig (May 2020) 

https://en.klimatilpasning.dk/media/665626/cph_-_cloudburst_management_plan.pdf
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Cloudburst Planning in Southeast Queens, New York 
The New York City DEP developed innovative cloudburst management solutions by conducting the Cloudburst Resiliency Planning Study, focusing 
on a pilot area in Southeast Queens (St. Albans) to provide insight on ways to mitigate inland flooding and accommodate future increases in rainfall 
intensity resulting from climate change. The pilot involved integration of underground drainage systems with surface drainage systems (onsite 
retention and cloudburst roads) to enhance stormwater management. The St. Albans pilot includes a design of Blue-Green Infrastructure to handle 
a 100-year storm in 2115 that replaces the need for a pumping station. 

  
 
 

  

Source: Bernice Rosenzweig (May 2020) 

https://www1.nyc.gov/assets/dep/downloads/pdf/climate-resiliency/nyc-cloudburst-study.pdf
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Cloudburst Planning in Phoenix, Arizona 
The City of Phoenix integrates the management of short-duration intense rainfall events into regional flood management planning. In response to 
a severe flash flooding event in 1972, the City of Phoenix adopted an ordinance that requires the onsite retention of stormwater from the 10-year 
storm for new subdivisions and also updated its street design guidelines to include the use of an ‘inverted crown’ in flood-prone areas to facilitate 
the conveyance of stormwater. In response to additional flooding events between 1978 and 1980, the City of Phoenix implemented updated 
design standards that require onsite stormwater retention of the 2-hour, 100-year storm.  

 

Source: Bernice Rosenzweig (May 2020) 



 

 

 

 

Future Design Storms (Alternating Block Method) AIR Sheet 
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Overview 
The Philadelphia Water Department (PWD) uses design storms, which are 
characterized by hyetographs (distributions of rainfall intensity or depth over time), 
for planning and designing sewers and flood risk management infrastructure. The size 
of the design storm that is used corresponds to the level of service being provided and 
reflects a perceived acceptable level of risk for infrastructure damage or failure. As 
climate change continues to increase the frequency and intensity of storms, it is 
imperative that PWD understand the changes to current design storms, so that 
existing levels of service can be maintained under future conditions of more extreme 
rainfall.  
 
Below is an example that demonstrates the change in the 2-hr, 100-year design storm 
from observed (1900-2017) to future (2080-2100) periods, using the Alternating Block 
Method. The plots show that by the end of the century, the volume and intensity of a 
2-hr, 100-yr storm will increase. The same method can be applied to other design 
storms to determine the projected changes for different time periods using the depth 
and intensities provided by CCAP in Appendix C of the Climate Resilient Planning and 
Design Guidance document. 
 

 
 
A design storm is synthesized from 
segments of extreme rainfall taken from 
many actual storm events in the period of 
record. Due to the effects of climate 
change, the historical record will not 
accurately reflect the frequency and 
intensities of future storms. 
Consequently, wastewater and 
stormwater planners and engineers need 
to utilize future precipitation projections 
to analyze changes in existing design 
storms so that level of service goals can 
continue to be met.  
 
CCAP’s high resolution future 
precipitation time series and precipitation 
frequency estimates can be applied to 
analyze future changes to design storms. 
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Appendix B-1 Sea Level Rise Annual Interpolation Table (Low and 

Primary Planning Sea Level Rise Scenarios) 
Annual interpolation of NOAA SLR Scenarios 

Year 

PWD Low  

Scenario (ft.)  

PWD Primary Planning 

Scenario (ft.) 

NOAA Int-Low NOAA Int-High 

2000 0.00 0.00 

2001 0.02 0.04 

2002 0.04 0.07 

2003 0.06 0.11 

2004 0.08 0.14 

2005 0.10 0.17 

2006 0.12 0.20 

2007 0.14 0.24 

2008 0.16 0.27 

2009 0.18 0.31 

2010 0.20 0.34 

2011 0.22 0.38 

2012 0.24 0.42 

2013 0.26 0.45 

2014 0.28 0.49 

2015 0.30 0.53 

2016 0.32 0.57 

2017 0.34 0.61 

2018 0.36 0.65 

2019 0.38 0.69 

2020 0.40 0.73 

2021 0.42 0.77 

2022 0.44 0.81 

2023 0.46 0.85 

2024 0.48 0.90 

2025 0.50 0.94 

2026 0.52 0.98 

2027 0.54 1.03 

2028 0.56 1.07 

2029 0.58 1.12 
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2030 0.61 1.17 

2031 0.63 1.21 

2032 0.65 1.26 

2033 0.67 1.31 

2034 0.69 1.36 

2035 0.71 1.41 

2036 0.73 1.46 

2037 0.75 1.51 

2038 0.77 1.56 

2039 0.79 1.62 

2040 0.81 1.67 

2041 0.84 1.72 

2042 0.86 1.78 

2043 0.88 1.83 

2044 0.90 1.89 

2045 0.92 1.95 

2046 0.94 2.01 

2047 0.96 2.06 

2048 0.98 2.12 

2049 1.00 2.18 

2050 1.02 2.24 

2051 1.04 2.31 

2052 1.06 2.37 

2053 1.08 2.43 

2054 1.11 2.49 

2055 1.13 2.56 

2056 1.15 2.62 

2057 1.17 2.69 

2058 1.19 2.76 

2059 1.21 2.83 

2060 1.23 2.89 

2061 1.25 2.96 

2062 1.27 3.03 

2063 1.29 3.11 

2064 1.31 3.18 

2065 1.33 3.25 

2066 1.35 3.32 

2067 1.37 3.40 

2068 1.39 3.48 
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2069 1.41 3.55 

2070 1.43 3.63 

2071 1.45 3.71 

2072 1.46 3.79 

2073 1.48 3.87 

2074 1.50 3.95 

2075 1.52 4.03 

2076 1.54 4.11 

2077 1.56 4.20 

2078 1.58 4.28 

2079 1.60 4.37 

2080 1.61 4.46 

2081 1.63 4.54 

2082 1.65 4.63 

2083 1.67 4.72 

2084 1.69 4.81 

2085 1.70 4.90 

2086 1.72 5.00 

2087 1.74 5.09 

2088 1.76 5.19 

2089 1.77 5.28 

2090 1.79 5.38 

2091 1.81 5.48 

2092 1.82 5.58 

2093 1.84 5.68 

2094 1.86 5.78 

2095 1.87 5.88 

2096 1.89 5.98 

2097 1.90 6.09 

2098 1.92 6.19 

2099 1.94 6.30 

2100 1.95 6.41 

2101 1.97 6.52 

2102 1.98 6.63 

2103 2.00 6.74 

2104 2.01 6.85 

2105 2.02 6.97 

2106 2.04 7.08 

2107 2.05 7.20 
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2108 2.07 7.31 

2109 2.08 7.43 

2110 2.09 7.55 

2111 2.11 7.67 

2112 2.12 7.79 

2113 2.13 7.92 

2114 2.14 8.04 

2115 2.16 8.17 

2116 2.17 8.29 

2117 2.18 8.42 

2118 2.19 8.55 

2119 2.20 8.68 

2120 2.21 8.81 

2121 2.22 8.94 

2122 2.24 9.08 

2123 2.25 9.21 

2124 2.26 9.35 

2125 2.27 9.49 

2126 2.27 9.63 

2127 2.28 9.77 

2128 2.29 9.91 

2129 2.30 10.05 

2130 2.31 10.20 

2131 2.32 10.34 

2132 2.33 10.49 

2133 2.33 10.64 

2134 2.34 10.79 

2135 2.35 10.94 

2136 2.36 11.09 

2137 2.36 11.25 

2138 2.37 11.40 

2139 2.37 11.56 

2140 2.38 11.72 

2141 2.38 11.88 

2142 2.39 12.04 

2143 2.39 12.20 

2144 2.40 12.36 

2145 2.40 12.53 

2146 2.41 12.70 
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2147 2.41 12.86 

2148 2.41 13.03 

2149 2.42 13.20 

2150 2.42 13.38 

   



 

9 
 
 

Appendix B-2 Future Tide & Storm Tide Levels  
LOW SLR Scenario  

Future Tide and Storm Tide Levels for Philadelphia (NOAA Intermediate-Low SLR Scenario) 
All values in ft. NAVD88 

 

 
Baseline 

(year 2000) 

Near-term 
(2030s)  

Mid-century 
(2060s) 

End-of-century 
(2100) 

 

+ 0.62 ft. SLR + 1.21 ft. SLR + 1.94 ft. SLR  

MLLW (mean lower-low water) -3.03 -2.41 -1.82 -1.09 
Permanent 

inundation - 
occurs within the 
regular predicted  

tide cycle 

MLW (mean low water) -2.84 -2.22 -1.63 -0.9 

MSL (mean sea level) 0.46 1.08 1.67 2.4 

MHW (mean high water) 3.26 3.88 4.47 5.2 

MHHW (mean higher-high water) 3.66 4.28 4.87 5.6 

HAT (highest astronomical Tide) 4.9 5.52 6.11 6.84 

Storm tide levels below place storms surge on top of Mean Higher High Water  
50% annual chance storm (+2.21 ft.) 5.87 6.49 7.08 7.81 Temporary 

inundation – 
occurs during 

extreme storm 
events (50%-1% 
annual chance) 

20 % annual chance storm (+2.64 ft.) 6.30 6.92 7.51 8.24 
10% annual chance storm (+2.99 ft.) 6.65 7.27 7.86 8.59 

4% annual chance storm (+3.39 ft.) 7.05 7.67 8.26 8.99 

2% annual chance storm (+3.66 ft.) 7.32 7.94 8.53 9.26 

1% annual chance storm (+3.9 ft) 7.56 8.18 8.77 9.50 

 

PWD Primary Planning SLR Scenario  

Future Tide and Storm Tide Levels for Philadelphia  
Primary Planning Sea Level Rise Scenario, all values in ft. NAVD88 

 

 
Baseline 

(year 2000) 

Near-term 
(2030s)  

Mid-
century 
(2060s) 

End-of-century 
(2100) 

 

+1.18 ft. SLR +2.89 ft. SLR +6.4 ft. SLR  

MLLW (mean lower-low water) -3.03 -1.85 -0.14 3.37 

Permanent 
inundation - 

occurs within the 
regular predicted 

tide cycle 

MLW (mean low water) -2.84 -1.66 0.05 3.56 

MSL (mean sea level) 0.46 1.64 3.35 6.86 

MHW (mean high water) 3.26 4.44 6.15 9.66 

MHHW (mean higher-high water) 3.66 4.84 6.55 10.06 

HAT (highest astronomical Tide) 4.9 6.08 7.79 11.3 

Storm tide levels below place storms surge on top of Mean Higher-High Water   

50% annual chance storm (+2.21 ft.) 5.87 7.05 8.76 12.27 
Temporary 

inundation – 
occurs during 

extreme storm 
events (50%-1% 
annual chance) 

20% annual chance storm (+2.64 ft.) 6.3 7.48 9.19 12.70 

10% annual chance storm (+2.99 ft.) 6.65 7.83 9.54 13.05 

4% annual chance storm (+3.39 ft.) 7.05 8.23 9.94 13.45 

2% annual chance storm (+3.66 ft.) 7.32 8.50 10.21 13.72 

1% annual chance storm (+3.9 ft) 7.56 8.74 10.45 13.96 
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Appendix B-3 Design Flood Elevation Flowchart 

 

 

 

* By default, all PWD projects are assumed to be critical and the non-critical DFE can only be used with 

approval from a Core Review Committee.
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Appendix C-1 Observed and Future Intensity-Duration-

Frequency Tables 
 

PHL Observed Precipitation Intensity Estimates (in/hr)                                
(1900-2017) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 5.18 6.04 6.68 7.45 8.00 8.52 

10-min 4.14 4.84 5.34 5.94 6.37 6.77 

15-min 3.47 4.08 4.50 5.02 5.37 5.71 

30-min 2.40 2.90 3.26 3.71 4.05 4.37 

60-min 1.50 1.86 2.12 2.47 2.74 3.01 

120-min 0.89 1.11 1.27 1.49 1.65 1.81 

3-hr 0.64 0.82 0.95 1.12 1.26 1.39 

6-hr 0.39 0.49 0.57 0.67 0.75 0.83 

9-hr 0.29 0.37 0.42 0.50 0.55 0.61 

12-hr 0.23 0.30 0.34 0.40 0.45 0.50 

24-hr 0.14 0.17 0.20 0.23 0.26 0.28 

48-hr 0.08 0.09 0.11 0.13 0.14 0.15 

 

 

PHL Projected Precipitation Intensity Estimates (in/hr)                                
(2050-2070) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 5.13 6.98 8.18 9.62 10.63 11.59 

10-min 4.10 5.59 6.54 7.67 8.47 9.21 

15-min 3.44 4.71 5.52 6.48 7.15 7.76 

30-min 2.38 3.35 4.00 4.80 5.38 5.94 

60-min 1.49 2.14 2.60 3.19 3.65 4.09 

120-min 0.87 1.19 1.42 1.72 1.94 2.17 

3-hr 0.71 0.90 1.05 1.24 1.39 1.53 

6-hr 0.43 0.55 0.63 0.74 0.83 0.91 

9-hr 0.33 0.41 0.47 0.55 0.61 0.68 

12-hr 0.26 0.33 0.38 0.45 0.50 0.55 

24-hr 0.16 0.19 0.22 0.26 0.29 0.32 

48-hr 0.09 0.11 0.12 0.14 0.16 0.17 
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PHL Projected Precipitation Intensity Estimates (in/hr)                                
(2080-2100) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 5.39 7.34 8.61 10.14 11.20 12.22 

10-min 4.31 5.88 6.89 8.08 8.92 9.71 

15-min 3.61 4.96 5.81 6.82 7.53 8.18 

30-min 2.49 3.52 4.21 5.05 5.67 6.26 

60-min 1.57 2.26 2.74 3.37 3.84 4.31 

120-min 0.91 1.26 1.51 1.83 2.07 2.31 

3-hr 0.74 0.95 1.11 1.31 1.47 1.62 

6-hr 0.45 0.58 0.67 0.79 0.88 0.98 

9-hr 0.34 0.43 0.50 0.59 0.66 0.72 

12-hr 0.28 0.35 0.41 0.48 0.54 0.60 

24-hr 0.16 0.21 0.24 0.28 0.31 0.34 

48-hr 0.09 0.11 0.13 0.15 0.17 0.19 
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Appendix C-2 Observed and Future Depth-Duration-Frequency 

Tables 
PHL Observed Precipitation Depth Estimates (in)                             

    (1900-2017) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 0.43 0.50 0.56 0.62 0.67 0.71 

10-min 0.69 0.81 0.89 0.99 1.06 1.13 

15-min 0.87 1.02 1.13 1.25 1.34 1.43 

30-min 1.20 1.45 1.63 1.86 2.02 2.18 

60-min 1.50 1.86 2.12 2.47 2.74 3.01 

120-min 1.78 2.22 2.54 2.97 3.30 3.63 

3-hr 1.92 2.46 2.86 3.37 3.77 4.17 

6-hr 2.34 2.97 3.43 4.04 4.51 4.97 

9-hr 2.62 3.31 3.81 4.48 4.99 5.50 

12-hr 2.80 3.56 4.12 4.85 5.41 5.97 

24-hr 3.30 4.13 4.75 5.56 6.19 6.81 

48-hr 3.66 4.54 5.19 6.05 6.71 7.37 

 

PHL Projected Precipitation Depth Estimates (in)                                
(2050-2070) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 0.43 0.58 0.68 0.80 0.89 0.97 

10-min 0.68 0.93 1.09 1.28 1.41 1.54 

15-min 0.86 1.18 1.38 1.62 1.79 1.94 

30-min 1.19 1.67 2.00 2.40 2.69 2.97 

60-min 1.49 2.14 2.60 3.19 3.65 4.09 

120-min 1.74 2.38 2.84 3.43 3.89 4.34 

3-hr 2.12 2.71 3.15 3.72 4.16 4.59 

6-hr 2.59 3.28 3.79 4.46 4.98 5.49 

9-hr 2.93 3.68 4.23 4.96 5.52 6.08 

12-hr 3.16 3.99 4.61 5.41 6.03 6.65 

24-hr 3.73 4.64 5.32 6.22 6.91 7.59 

48-hr 4.13 5.12 5.86 6.84 7.59 8.33 
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PHL Projected Precipitation Depth Estimates (in)                                
(2080-2100) 

  2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 

5-min 0.45 0.61 0.72 0.84 0.93 1.02 

10-min 0.72 0.98 1.15 1.35 1.49 1.62 

15-min 0.90 1.24 1.45 1.71 1.88 2.05 

30-min 1.25 1.76 2.10 2.53 2.84 3.13 

60-min 1.57 2.26 2.74 3.37 3.84 4.31 

120-min 1.82 2.52 3.01 3.65 4.14 4.63 

3-hr 2.22 2.86 3.32 3.94 4.41 4.87 

6-hr 2.71 3.47 4.02 4.74 5.30 5.85 

9-hr 3.08 3.90 4.50 5.30 5.91 6.52 

12-hr 3.32 4.24 4.92 5.80 6.48 7.15 

24-hr 3.93 4.94 5.69 6.68 7.43 8.19 

48-hr 4.34 5.45 6.27 7.34 8.17 8.99 
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Appendix C-3 Observed and Future Rainfall Constants  
 

[REMOVED – for internal PWD use only] 
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Appendix C-4 Observed and Future Intensity-Duration-Frequency Plots  
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Appendix C-5 Observed and Future Depth-Duration-Frequency Plots 
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