CHAPTER 5

LID as a Climate
Change Adaptation Tool

L

ow Impact Development approaches are one type of adaptation tool that
can be used to mitigate increases of runoff from changes in the intensity of
extreme storm events. Projected changes in climate through this century and

their impacts should be considered when planning for development and increased
impervious surfaces in a watershed. LID stormwater management can add storage to
the built landscape and maintains robustness of natural systems and contributes to
the resiliency of the built infrastructure. LID approaches can play a key role to reduce
the scale of impact of this projected increase in runoff.

INTRODUCTION
There is near consensus that climate

The state of the earth’s climate has been a topic of
extreme debate. However, there is near consensus that

change is expected to continue

climate change is expected to continue through the

through the 21st century, and that

21st century, and that the magnitude of warming will
disproportionately impact rainfall rates closer towards the
poles, as opposed to the equatorial latitudes. For many

the magnitude of warming will

regions of North America, projections are for an increase in

disproportionately impact rainfall

the depth, frequency and duration of precipitation events.

rates closer towards the poles, as

Concurrently, there are projections indicating sea level

opposed to the equatorial latitudes.

rise. Both of these projected changes can translate into
significant environmental impacts to natural and human
built systems (NRC, 2001).

One reason for the debate about this issue is the misperception that climate
change refers solely to human induced change. Rather, climate change is defined
as: “…changes in long-term trends in the average climate, such as changes in average
temperatures”. The Intergovernmental Panel on Climate Change (IPCC) defines
climate change as ”…any change in climate over time, whether due to natural variability
or as a result of human activity” (Pew Center on Global Climate Change). Climate
change scenarios run by peer reviewed scientific research suggests that if current
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water resource management policies

changes in precipitation being currently

remain unchanged, the risk of flooding,

projected by scientists.

infrastructure collapse, and damaging

Stormwater infrastructure is usually

erosion will increase greatly over time

designed to safely pass the flows

(Miller and Yates, 2006; Simpson, 2006;

generated from a design watershed

Backlund et al., 2008; Falco et al., 2009;

area for a 10-, 25-, 50- or 100-year

Brekke et al., 2009). Many municipalities

storm event depending on the degree

are currently facing decisions about the

of importance of the site and the

construction or reconstruction of water

local regulations. The return interval

resource infrastructure that will have

for a given storm, within a specific

a profound impact on the size, scope,

geographical location, has an associated

cost of drainage, and relative risk years

depth of rainfall. Specific storm sizes

into the future. Many communities are

have a given possibility of occurrence

looking for information as to how to

in any one year, and are determined

allocate funds and how to implement

statistically based on regional historic

guidance for incorporating climate

precipitation records. Since any choice

change projections into their planning.

of a storm to drive water infrastructure

Hydrologic response from land

decisions is based on probability, such

use and climate change can vary

a choice means designers are accepting

from year to year and are often

a given amount of risk of failure with

hard to differentiate. While land use

respect to the design capacity. The

Many municipalities are
currently facing decisions
about the construction or
reconstruction of water
resource infrastructure that
will have a profound impact
on the size, scope, cost of
drainage, and relative risk
years into the future.
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change patterns are

probability of having a storm event

progressing towards

equaling or exceeding the design

higher percentages

storm in a 24-hour period is known as

of impervious cover,

a return period (T) and is associated

historic climate change

with theories of acceptable risk. For

patterns have shown

example, driveway culvert installation

variation from decadal

may require designers and contractors to

to thousands of years.

consider rainfall amount associated with

However, the future

a design storm with a 10-year return

changes being projected

period. Often such requirements are

by scientists through

incorporated in subdivision regulations

the 21st century

at the municipal level. In this instance,

have implications

the probability of a storm event equaling

to community water

or exceeding the 10-year design storm

resource planning today.

in a 24-hour period in any given year is

For most water resource

1/T or 10 percent. If the infrastructure

planning, infrastructure development

was associated with an arterial road and

has a fixed design life. The concern is

a culverted stream crossing with a large

whether the capacity of this design will

population center downstream, the risk

be adequate to assimilate the rapid

associated with that same 10-year storm
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would not be acceptable and a larger

on modeling for return

design storm would be required such as

periods of 2-, 5-, 10-,

NOAA Rainfall Frequency

a 50- or 100-year event.

25-, and 50-years,

Atlases have not been

NOAA Rainfall Frequency Atlases

respectively, when recent

have not been updated for the

rainfall data was used

updated for the northeastern

northeastern United States since 1963,

over older data sets

thus infrastructure design today relies on

(Guo, 2006). According

United States since 1963,

precipitation records that do not account

to Stack et al. (2005),

thus infrastructure design

for the last half century of rainfall

who studied rainfall

patterns. However, Cornell University

data for southwest New-

today relies on precipitation

has begun to include rainfall data for

Hampshire, and based

records that do not account

this time period and has concluded

on conservative climate

that many of the design storms are

change projections, the

for the last half century of

significantly under estimating the actual

10- and 25-year storms

volume of rainfall (Wilks, 1993).

of the late 20th century

rainfall patterns.

Comparing the precipitation data

(1970-2000) will become 25- and 100-

from the first and second half of the last

year storms, respectively, by mid-21st

century in the Chicago area, Angel and

century (2075).

Huff (1997) concluded that the rainfall

Predictions of change in the design

intensities for the storm durations

storm depths for the mid-21st century

of interest would require statistically

as well as changes observed from

significant changes to infrastructure

precipitation data over the half century

design. Increases of 28, 36, 43, 50,

from presently available literature are

and 60 percent were observed based

summarized in Figure 5-1.
FIGURE 5-1
Changes in design
storm depths
predicted from
different models of
climate change
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resource assets that should be preserved

making level, local decisions should

in order to mitigate potential future

incorporate design capacities that

impacts. Additionally, infrastructure

can accommodate future rainfall

vulnerability studies and planning

projections, doing otherwise leaves

assessments of both institutional and

a community unprepared. Scheraga

technical options should be prepared

(2003) noted that climate change

Major cities such as New York City,

adaptation need not wait for “perfect”

Chicago, and Seattle are assessing

science. Community leaders are adept

where their water supply, sewer, and

at decision-making under conditions of

waste water systems are vulnerable,

uncertainty; indeed this is a defining

while smaller cities, including Keene,

characteristic of leadership.

NH and Alexandria, VA, have
developed plans that reflect short and

CLIMATE CHANGE
ADAPTATION, RESILIENCY
AND VULNERABILITY

long term goals (Georgetown Climate

Adaptation is defined as any action

water quality as a result of sea level rise.

or strategy that reduces vulnerability

Communities that choose not to plan

to the impacts of climate change.

for and institute adaptation strategies

Resilience is defined as the ability

potentially accept a higher risk for their

of a system to absorb and rebound

citizens into the future.

from weather extremes and climate

DEFINITION
Resilience
The ability of a system to
absorb and rebound from
weather extremes and
climate variability and
continue to function.

initiatives are also expanding to address
potential impacts to water supply and

The initial step to any community

variability and continue

adaptation plan is to identify the

to function. This applies

natural features that may provide

to natural systems as

resiliency for specific projected impacts.

well as institutional

For example, increasing runoff has

structures (ASCE 2007;

secondary and tertiary impacts to

Moser et al., 2007). The

natural habitats, water quality, and

main goal of adaptation

built infrastructure. An assessment

strategies is to improve

of the watershed properties that

local community

contribute to mitigating runoff should

resilience, or the ability

be identified and preserved. This may

of a community to

include recommendations that range

bounce back quickly

from limiting development on steep

from climate impacts. For society,

slopes, to preserving wetland systems, to

the projected changes to climate will

conserving areas with permeable soils

directly affect water supply and water

and forested cover.

quality and will require community
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Center, 2010). State and community

In addition to assessing the resiliency

preparation. Such preparation requires

of natural systems, communities should

an assessment of the critical natural

determine infrastructure vulnerabilities.
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This requires community leaders

lower natural snow bases, a decreased

and citizens to work with scientists to

ability to create snow, as well as a

understand the scale of the potential

reduction in operating days (NSAA

impacts. For example, this could

2010). The projection

include a determination of the capacity

for a changing climate

of a combined sewer system to handle

indicates that maple,

increasing flows due to a higher

beech, and birch forest

number of rainfall events (Johnson

types will be shifted

2008). In other instances, the variability

further north. This will

of the climate may require communities

have a major impact to

to reassess the capacity of their

areas in New England

reservoirs to withstand longer periods

where Maple sugar

of drought or to determine the ability of

products contribute

their agricultural networks to support

to local and state

specific crops due to decreased water

economies (Frumhoff

tables (USGS, 2009).

et al., 2008). Trout,

Vulnerability also translates into

Communities that choose
not to plan for and
|institute adaptation
strategies potentially
|accept a higher risk for
their citizens into the future.

salmon and other cold water fishes are

economic viability. Due to potential

especially vulnerable to climate change,

changes in climate on the timing and

and the ecotourism and food industries

lengths of seasons, specific economic

dependent on these species may see

activities may be vulnerable. For

a decrease in revenue coupled with

example, 71 ski areas in 21 states

increased costs over time (Williams,

have voiced concern to congress in

2007).

regards to climate change-related
impacts to their operations including

T O O L

The projected impacts to natural
systems, human infrastructure, and

FIGURE 5-2
Mill Pond Road
after dam failure at
Nottingham Lake,
Nottingham, NH,
4/18/2007. Hanging
in the picture is
the guard rail and
support posts for the
washed-out road.

F O R G I N G

T H E

L I N K

5-5

L I D

A S

A

C L I M A T E

C H A N G E

A D A P T A T I O N

T O O L

economic viability necessitates the

Municipalities, with their focus on

need for a concurrent process of

health, safety, and welfare, can consider

stakeholder education, networking,

three main response options when

and coordination of efforts from the

approaching changes in climate and

science, business, and community-level

the resultant impacts to the community.

sectors to address adaptation planning

These include:

and implementation. This adaptation

1. Protect resources/systems from changes

planning must be in parallel with
efforts to reduce emissions. The former
effort is responding to impacts from
past behavior, the latter is to mitigate
how extreme those impacts will be into
To assist communities with the
challenges of climate change, the

• Strong political leadership
• Institutional organization and
coordination
• Active stakeholder involvement,

Environmental

1. Study and assess climate information

Initiatives (ICLEI):

and resilience—collect local climate

Local Governments

and weather data to determine if the

for Sustainability

community is capable of adjusting to

developed the Cities

changes in climate

outlines a framework
for creating local
climate protection
plans. As part of

climate change information
• Decision making tools,

for municipalities to achieve in order to
planning process. These include:

a curriculum that

• Appropriate and relevant

report identifies milestones necessary

Council of Local

groups

• Citizen engagement

dation or protection is not feasible.

establish a successful climate adaptation

for Climate Protection,

programs

3. Abandon or retreat when accommo-

International

including cross-cutting advisory
• Education and outreach

changes

The ICLEI Climate Resilient Communities

the future.

Successful adaptation requires:

2. Accommodate/adapt to expected

this effort, the U.S.
Department of
Commerce, NOAA

2. Establish a community vision for
future climate adaptation strategies.
3. Develop and implement an action
plan—one that describes the actions
and policies to be carried out including the timing, financing, and
responsible parties
4. Monitor the efforts and re-evaluate
the plan

including consideration of

supported the

barriers and challenges to

development of the

Several communities have begun the

adaptation approaches

Climate Resilient

process to create climate resiliency

Communities as a

plans; focusing on the impacts to water

network to help local

resources and community response.

governments develop

The cities of Milwaukee, WI., Chicago

capacity to identify and

IL., and New York City, NY., focused

reduce vulnerabilities

many of their efforts on stormwater

from the threats of

infrastructure and invested in options

climate change.

that included increased Green

• Funding for implementation of
adaptation planning and actions
• Research into future impacts
• A continuous adaptive
management approach
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FIGURE 5-3
Primary, Secondary,

Increased
Erosion
Increased
Rainfall

Increased
H2O
Nutrient
Levels

Increased
Runoff
and
Flooding

their Combined Sewer Overflow (CSO),
and inlet control to reduce the volume
of water entering the CSO.

Impacts Due to
Aquatic
Organism
Die-Off

Increased
Nutrient
Mobility

Infrastructure, additional storage for

and Tertiary

Algae
Blooms

Climate Change

Decreased
H2O
Oxygen

Increasing Runoff, Erosion and
Decreasing Water Quality
Runoff is an obvious immediate impact
from an increase in rainfall and winter

CLIMATE CHANGE IMPACTS
UPON WATER RESOURCES

precipitation. Based on
regions of the country,

A changing climate will

A changing climate will alter the

there will be larger

alter the timing, duration,

timing, duration, and frequency of

flows overland, as well

extreme events. These changes will

as higher stream and

and frequency of extreme

be of concern to municipal planners

river flows during storm

events. These changes will

and local officials due to the resulting

events. This increased

impacts to infrastructure and ecological

runoff will have

be of concern to municipal

health, as well as the associated

secondary and tertiary

planners and local officials

financial costs to the community.

impacts on both natural

For example, as shown in Figure
5-3, increasing rainfall due to climate
change will result in increased runoff.

projections for certain

systems and man-made

due to the resulting impacts

infrastructure.

to infrastructure and

As watersheds are

This, in turn, will lead to secondary

developed, there is a

ecological health, as well

impacts including increased erosion

corresponding increase

as the associated financial

potential and a higher mobility

in impervious surfaces

of nutrients, such as nitrogen and

and a decrease in the

phosphorus, into water bodies. Tertiary

ability of precipitation

impacts may include an increase in

to infiltrate into soils.

nutrients, leading to algae blooms,

Increased impervious surface results

reduced dissolved oxygen levels, and the

in an increase in runoff, larger stream

possible loss of sensitive aquatic species.

flows, and a greater potential for
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Culvert Catchments Vulnerability to Change in Landuse and Increased Precipitation
Lake Sunapee, NH Watershed, 2011

culverts from increased
runoff due to land use
and climate change
(Simpson 2011)

CULVERT CAPACITY
Undersized
Transitional
Adequate

Current
Conditions

Build-Out With
Current Rainfall

more frequent and higher flood waters

affect downstream aquatic organisms

associated with intense storms.

and wetland habitat. Undersized

Figure 5-4 shows potential impacts to

culverts also contribute to road and

culvert and road crossings from increased

associated infrastructure damage

runoff from impervious surfaces and

during large precipitation events

climate change. Red areas indicate catch-

because of the inability to convey

ments where culverts are inadequately

increased volumes of water. In some

sized to handle projected increases in

cases, this may result in life threatening

runoff. The figure on the left indicates

flash flooding events (Simpson, 2008).

those catchments that drain into culverts

Another secondary impact from

for current conditions of land use and cur-

increasing runoff from climate change

rent rainfall amounts, in this case for the

is a greater amount of sediment from

25yr-24hr storm event. The middle figure

erosion. Where rainfall is projected to

indicates vulnerable catchments draining

increase, the corresponding increase in

into culverts when the watershed is built

erosion will be greater, and even in areas

out to 75% of its capacity with current

with projected decreases in precipitation,

rainfall amounts. The figure on the right

there will be a greater susceptibility to

indicates which catchments become vul-

erosion due to increased storm intensity

nerable with both a 75% build-out and

(Pelzhen et al., 2001; Yang et al., 2003;

projected mid-century rainfall amounts

Nearing et al., 2004). Increased runoff

for the 25yr-24hr storm event.

causes stream instabilities, most notably

Undersized culverts at road crossings
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Build-Out With
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incision and bank failures. This then

can be impacted by an increase in

causes property loss, loss of aquatic

erosion and sedimentation, which can

habitat, loss of aquatic passage, and
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impairments to infrastructure. Most of

the frequency and duration of rainfall

these will need to be addressed when

events is prompting updates in absence

they happen, often with public funds,

of information from the National

making the case for resiliency all the

Weather Service.

more important.

As the potential for erosion

The Southeastern

The primary affect of increased

Wisconsin Regional

soil erosion includes direct impacts

Planning Commission

upon natural habitats and associated

recently updated design

sensitive species as a result of higher

storm data (depth,

levels of scouring and sedimentation.

duration, and frequency)

There is a strong correlation between

after only 10 years of

the movement of sediment and the

a previous update in

mobility of nutrients and pollutants.

recognition in part of

The transport of nutrients and other

the need to incorporate

pollutants into surface and ground water

extreme rainfall events.

can have ecological and human health.

The update provides

As the potential for erosion increases,

increases, so will nutrient
and pollutant transport to
the waters of the United
States. Coping with the
resulting physical, chemical
and biological damages
are anticipated to bring
substantial financial costs to

information that in

so will nutrient and pollutant transport

general increases design

to the waters of the United States. Coping

storm depths for use

with the resulting physical, chemical

in stormwater and

and biological damages are anticipated

floodplain management and in the

to bring substantial financial costs to

design of water infrastructure.

communities. One estimate, attributed to

T O O L

communities.

The City of Alexandria, Virginia

sediment impact, included financial costs

has completed a study as part of

of $16 billion to the country as a whole

their Storm Sewer Infrastructure

for addressing issues such as property

Planning Program. Alexandria has

damage, fish deaths, and degradation of

experienced increasingly frequent

drinking water sources. Sediment-related

flooding attributable in part to old

impacts will only increase with higher

infrastructure, and extreme rainfall

levels of precipitation into the future

events reflective of a changing climate.

(Osterkamp et al., 1998).

The city has commissioned a study to
develop a flood control program which

LAND USE AND CLIMATE
CHANGE RUNOFF HYDROLOGY

includes updated design storm data,

The design and planning community

a combination of planning and Gray

is becoming aware of the need to

and Green Infrastructure.

update design criteria information for

evaluation of climate change risk, and
identification of solutions that includes

An example of a Green Infrastructure

municipal infrastructure. Changing

project and climate change resiliency is

storm depths, longer periods of record,

Boulder Hills. This site is a low impact

and improved statistical evaluation of

development (LID) adult condominium
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community in Pelham, New Hampshire

porous asphalt, while the fire lanes,

which incorporates widespread

which consist of crushed stone, serve as

infiltration measures including the state’s

infiltration systems for rooftop runoff.

first porous asphalt road and rooftop

Prior to this LID design, a conventional

infiltration. With widespread sandy soils,

site drainage plan was first proposed.

the 14-acre site is ideal for infiltration

These two designs (Figure 5-5) were

and includes 5 buildings, a community

compared side to side in order to perform

well, and a private septic system,

an engineering costing study as well as

with a portion of the site containing

model runoff hydrology. The modeled

wetlands in a 100-year flood zone. The

runoff hydrology is presented below to

roadway, all driveways, and sidewalks

compare the impacts upon stormwater

in the development are composed of

runoff for both post-development and for

FIGURE 5-5
Comparison of Two

LID Design

Site Drainage Designs,
LID Design (top) and
Conventional (bottom)
for Boulder Hills,
Pelham, NH
(SFC, 2009)

Conventional
Design
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increased storm depths under potential

performed for the pre-development,

climate change scenarios.

conventional, and LID designs. The

With Boulder Hills, LID planning

hydrologic models are typical of

and structural controls were used to

standard civil engineering site design,

minimize increases in runoff volumes

and were used as part of the project

due to development. However, this

design and permit. The authors are

approach can also be used to manage

cognizant of the limitations of event

increased storms size due to climate

based models, which are not intended

change. The same strategies that are

to be reflective of the highest level

used to provide infiltration and storage

of accuracy that is possible with

for land use changes can be used

continuous simulation, but rather, are

to mitigate impacts from changing

indicative of engineering tools common

storm depths. The usage of Green

to the permitting and design process.

Infrastructure to add distributed storage

The results in Figure 5-6 demonstrate

and infiltration throughout a project

both volume of runoff (blue) and

has a cumulative effect on a watershed

volume infiltrated (orange). For the

and can be used as an adaptation

Boulder Hills site design, the recharge

tool for building resiliency to extreme

volumes for pre-development and the

events. As will be illustrated here,

LID design are very similar, whereas

increased resiliency can be achieved

the conventional design demonstrates

affordably by a combination of

a tremendous increase in storm runoff

planning and structural controls.

volumes. For the water quality volume
(in most regions equivalent to the

Modeling

1-inch, 24 hour rainfall event), many

A conventional, event-based

LID designs yield no additional runoff

engineering hydrology analysis was

replicating pre-development conditions.

Design Storm Scenarios

FIGURE 5-6

6”

Water Quality Event

2-YEAR

25-YEAR

Benefits of LID as an

100-YEAR

adaptation measure.
4”

RUNOFF DEPTH

LID

CONVENTIONAL

PRE-DEVELOPMENT

LID

CONVENTIONAL

LID

CONVENTIONAL

LID

PRE-DEVELOPMENT

-4”

PRE-DEVELOPMENT

-2”

CONVENTIONAL

0”

PRE-DEVELOPMENT

2”

INFILTRATION DEPTH

Runoff and Recharge Depth (inches)

T O O L

Comparing runoff and
recharge depths for
Pre-Development,
Post-Development
and Low Impact
Development,
Boulder Hills,
Pelham, NH

-6
* Design storms updated from Northeast Regional Climate Center Extreme Precipitation, 2011.
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Values of design storm
depths for present
conditions and those
predicted for the
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Design storm (year)

2

10

100

Climate Change Depth Increase (%)

17

28

45

Current depth in cm (in)

7.53 (3.01)

10.86 (4.35)

15.75 (6.3)

Increased depth in cm (in)

8.8 (3.52)

13.93 (5.57) 22.85 (9.14)

climate change scenario.

This is significant because in the New

to collect, concentrate, and convey runoff

Hampshire region, 92 percent of the

off site. LID systems are commonly

storms are less than 1-inch from which

designed to retain, treat, and infiltrate the

no runoff would be generated. For

first inch of rainfall runoff while higher

larger storms, runoff is observed, and

storm depths are by-passed. However,

it is notable that the volume retained

the use of porous pavement systems adds

with the LID condition is actually

substantial storage capacity because

greater than pre-development. This

they are usually designed to serve for

impact is most notable with increasing

transportation function (load capacity

storm depth, and in part, is due to

and resistance to frost depth in cold

added infiltration and storage built

climate zones) as well as for stormwater

into the LID landscape as well as the

management. In most cases, the sub-

tremendous lag time that occurs using

base designed for these structural criteria

porous pavements. These effects will be

allows for retention of as much as 10

proportional to the storage provided.

inches of direct rainfall for the pavement

For example, using systems with less

surface. This represents additional

storage (i.e. rain gardens) would result

resiliency and explains why the peak

in proportionally less storage.

flow rates and runoff volumes for the

Through the use of structural
and nonstructural LID practices, the

conditions. Similar improvements could

hydrologic characteristics of the Boulder

also be expected to a varying degree for

Hills site were improved over that of a

higher density sites with similar system

conventionally designed site by providing

and site characteristics.

for additional storage in the LID systems,
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LID site are lower than pre-development

The modeling results shown here

increasing infiltration, reducing runoff

have not been calibrated, as the site

peaks, and delaying the runoff peak.

is not monitored. The site appears to

The longer residence time of water in the

function at least as well as modeled.

stormwater systems allows groundwater

With the exception of a small swale

recharge over a longer period, which

on the perimeter of the site, no runoff

in turn results in higher total volumes

from the site has been observed since

recharged per storm event. This is in

its installation in the fall of 2009. This

contrast to conventional stormwater

includes storm events exceeding 3

management practices, which are meant

inches over a 24 hour period.
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CASE STUDIES
CLIMATE CHANGE ADAPTATION &
WATER RESOURCES MANAGEMENT
The following examples are two New England communities faced
with addressing the challenges of changes in climate: Keene, NH
and the Oyster River basin in New Hampshire’s Great Bay watershed.

KEENE, NH
Piloting the ICLEI Local Governments for Sustainability,
Climate Resilient Communities Program
FIGURE 5-7
Keene , NH
Photo by
Michael Hussey

The Town of Keene, NH is a community

Campaign in April of 2000 to develop a

of approximately 23,000 residents

Local Action Climate Plan and was the

in the southwestern portion of the

first of five U.S. cities to participate in

state and is home to both Keene State

the ICLEI Climate Resilient Community

College and Antioch University New

(CRC) Program. The Plan is intended

England. Keene has a total land area of

to address changes in climate that will

approximately 38 square miles and is

continue to affect the community, and

in the Connecticut River valley between

to identify the necessary steps that

the Green Mountains of Vermont and

are needed to mitigate and adapt to

White Mountains.

those changes. ICLEI’s CRC Program

The Town of Keene signed on to pilot
the ICLEI Cities for Climate Protection

partnership with Keene provided
valuable technical assistance to the
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was very important in the development
of these categories and in determining

ICLEI - Local Governments for Sustainability is an

relative importance.

international association of local governments as well as
national and regional local government organizations who
have made a commitment to sustainable development.

The town followed with an assessment
to determine the vulnerability of each
category to changes in climate, and
defined a set of goals, targets, and
actions relevant to each. To establish

ICLEI provides technical consulting, training, and

ranked priorities for actions and begin

information services to build capacity, share knowledge,
and support local government in the implementation
of sustainable development at the local level. The basic
premise is that locally designed initiatives can provide an
effective and cost-efficient way to achieve local, national,
and global sustainability objectives.

the formal goal setting process, the town
and stakeholders placed each target
against a series of criteria to determine
relative value. Upon completion, the
ranking permitted the development
of the actual plan, which identified
the actions and policies needed to
establish the town as a climate resilient
community. The final stages of the
process included the implementation
of the plan (with identified roles and

community to conduct the process

responsibilities) and the monitoring of

necessary to develop their plan.

progress of implementation.

The Town of Keene felt it was their
responsibility to address community

range of categories for the community

health, safety, and welfare issues

to address over time to become a

associated with changes in climate

climate resilient community. The plan

and identified their plan to include

included the categories of: the Built, the

areas that would affect short and long-

Natural, and the Social Environments

term energy security, food security, air

with detailed targets respective to each.

quality, public health, employment,

The category relevant for the purpose of

and economic welfare. The town

this case study was the considerations

accomplished the first step of the

to the Built Environment in the

resiliency plan by initiating the plan

areas of Buildings, Transportation

development effort.

Infrastructure, and Stormwater

The Town of Keene followed the CRC

5-14

Overall, the plan addressed a wide

and Wastewater Infrastructure. The

plan development process by conducting

recommendations (specifically identified

a vulnerability and risk analysis of the

below) include language supporting

existing community resources. This

the implementation of increased

included identifying community resource

stormwater capacity, LID, Green

assets of the built social and natural

Infrastructure, smart growth principles,

environments. Community participation

and LEED standards.
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SECTOR 1: THE BUILT ENVIRONMENT
OPPORTUNITY: Building and Development
GOAL: Reduce the likelihood of structural damage resulting from predicted increases in
severe weather events.
TARGET: Identify a 200-year floodplain and prevent future development in these
areas.
GOAL: Make all new development in Keene “green” (i.e. sustainable)
TARGET: Incorporate sustainable stormwater design and management techniques
to lessen the ecological footprint of new development, and take into account the
potential for greater storm loads, by 2012.
GOAL: Lower the ecological footprint of existing buildings.
TARGET: Update City code to include green building standards for all major
renovations, in a fashion consistent with Goal A outlined above, by 2012.
Update the City’s Infrastructure Standards to ensure public safety in the event of major
flooding or severe storm events.
GOAL: Reduce sprawl and promote infill development/redevelopment.
TARGET: Identify areas within the City that have infill or redevelopment potential
and are outside an area of potential significant impact to flooding. Aim to have 50
percent of these areas developed by 2027. Adopt smart growth principles in the
comprehensive master plan to support this goal, which provide for growth boundaries
to avoid new or continued development in areas that are deemed high risk through a
vulnerability assessment.
TARGET: Revise conservation subdivision regulations to create incentive for the
developer to provide greater densities and community services in this type of
development, while achieving open space conservation. Devise incentives to foster infill
development in areas within the City that have been identified as being at low risk for
flooding.

OPPORTUNITY: Transportation Infrastructure
GOAL: Design and reconstruct roadways to handle changes in temperature and
precipitation as a result of a change in climate.
TARGET: Change design requirements for new or refurbished roadways to include
different pitches combined with stormwater design and/or use of more permeable
surfaces to effectively remove water from the roadway.
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OPPORTUNITY: Stormwater Systems
GOAL: Safely and efficiently remove stormwater from the built environment.
TARGET: Work with the Regional Planning Commission to create a

DEFINITION
A Green Street is a street rightof-way that, through a variety
of design and operational
treatments, gives priority to
pedestrian circulation and open

regional management plan for future stormwater runoff levels. Aim
to develop and have all municipalities endorse or adopt the plan by
2015.
Research, create, and begin the implementation of a green streets
and a sustainable infrastructure program in Keene, similar to those
developed by the City of Portland, Oregon and the City of Seattle,
Washington by 2012.
Adequately assess the need for new culvert capacity in the City;
identify where capacity and infrastructure upgrades are needed; and

space over other transportation

begin a replacement program.

uses. The treatments may include

Include the reassessment of stormwater infrastructure into the City’s

sidewalk widening, landscaping,

Comprehensive Master Plan and Capital Improvement Program to

traffic calming, and other

Reservoir, Ashuelot River, Surry Mountain, and Otter Brook dams).

pedestrian-oriented features. The
purpose of a Green Street is to
enhance and expand public open
space, and to reinforce desired

replace failing or antiquated infrastructure (inclusive of Three Mile

Approach Army Corps of Engineers for reassessment, using climate
change scenarios, of the capacity of existing dams and recommend
changes to ensure the ability of these systems to withstand increases
in precipitation by 2009.
Devise and implement a process for coordination of stormwater,

land use and transportation

utility, and streetscape improvements to occur in sync with the City’s

patterns on appropriate City

capital improvement schedule for road repairs by 2009.

street rights-of-way.

Identify stormwater treatment and management standards
to minimize discharge from private property and from public
improvement projects.
GOAL: Decrease stormwater runoff and flash flooding.
TARGET: Foster innovative storm water design requirements (on and off site) and
include these in site plan requirements.
Adopt a Net Zero Runoff site plan requirement.
Identify areas where increased infrastructure capacity is needed to hold/divert water
and include replacement or upgrade in Capital Improvement Program.

5-16
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OYSTER RIVER BASIN
An Analysis of the Cost Impact to Water Conveyance Infrastructure
Elevation Profile of Watershed

Map Document: (C:\F iles\Climate_Techniques \Oyster_R iver_Climate_Analys is\P roduction_MXDs \DE M_Map.mxd) CT 9/6/2009 -- 9:32:57 P M

FIGURE 5-8
Relief of Oyster
B arrington

Nottingham

River Basin

Dover
Madbury

Lee

Newington

Durham

Key Stats:
Elevation High: 383 ft
Elevation Low: 4 ft

The Oyster River Watershed is a 19,857-

At this rate, the population will be 40

acre watershed and is a significant source

percent greater by 2046, the beginning

of freshwater for the Great Bay estuary on

of the thirty-year climate-changed

the New Hampshire coast. The watershed

period modeled in this study, and 70

is within coastal New Hampshire, and

percent greater by 2075, the end of the

includes portions of six townships,

thirty-year climate-changed period.

although only four have significant land
area within the watershed.

Durham has the largest population
among towns in the watershed. The

In 2000, the population density was

Durham 2000 Master Plan projects

304 persons per square mile (United

that full build-out will occur by 2028

States Census Bureau, 2010). Population

(Town of Durham, 2000). The negative

growth, at 8.6 percent, has been

impact of recent growth on hydrology is

vigorous, for the eight years ending

indicated by the change in percentage of

2008, equaling 10.8 percent per decade.

impervious surface from 1990 to 2005.

This exceeds the growth rate through

This increase signifies significant impacts

the 1990s of 0.8 percent per decade.

for the installed drainage system,
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University worked with the towns within

FIGURE 5-9

the watershed to develop a climate

Oyster River Watershed,

change scenario, which included costing

New Hampshire

estimates for improving the conveyance
system to compensate for the changes
in hydrology. Two dams on the Oyster
River have insignificant storage capacity
and little impact on river hydrology.
However, the lower dam creates a
boundary between freshwater and tidal
portions of the river.

PROJECT DESIGN
The study utilized a geographic information system (GIS)-based watershed modeling approach to examine the hydrological impact on existing culvert infrastructure of several climate change and land
elevating the importance of quantifying

use scenarios. Field data was collected on

these impacts and investigating the

culvert capacity, vegetation cover, slope,

potential for techniques such as LID to

soils, permeability, roads, and land use.

mitigate increased runoff.

The project applied standard hydrologi-

Antioch University of New England
initiated a study in order to provide

Natural Resources Conservation Service

an analysis of the changes in climate

(NRCS) NRCS Curve Number and TR-55

and related impacts to stormwater

methods, to estimate runoff volumes and

conveyance infrastructure. In

peak flows under current and projected

collaboration with the UNH Stormwater

future precipitation and land-use patterns

Center the project examined land use

(Stack et al., 2010).

impacts and the use of Low Impact

The project consisted of five separate

Actual and Projected
Imperviousness in
Oyster Basin
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IMPERVIOUS SURFACE COVER

Development as an adaptation tool. The
FIGURE 5-10

cal assessment methods, including the

analyses: runoff/peak-flow under current
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conditions; recent and climate-changed

costly method for managing increased

design storm; culvert reverse-engineering

runoff from climate change, a second

and required future capacity; 100

build-out scenario applied a set of

percent build-out under current and

realizable LID techniques to determine

LID influenced zoning standards; and

the capacity of runoff management

replacement cost analysis.

methods for reducing adaptation costs

Two full build-out analyses were

(Blankensby et al., 2003).

developed to form the basis for the

Replacement and marginal costs

scenarios, both of which were based

were developed using standard con-

on current zoning ordinances. The first

struction cost estimating procedures and

scenario assumed future development

unit cost rates. Individual culverts were

consistent with existing construction

ranked according to vulnerability and

practices that minimally limit runoff

potential hazard to the community, in

and impervious surfaces. The second

order to provide leaders with a priori-

scenario factored in a built-out

tized schedule for guiding the planning

condition based on the application of

of LID ordinances and culvert upgrades.

a realistic set of LID methods to the

PRECIPITATION

existing zoning ordinances.
Changes to runoff rates were

The adequacy of the existing drainage

estimated from a build-out analysis of

system is a function of several hydro-

the study area to the current minimum

logical variables, including the precipita-

zoned lot size, and from a build-out

tion intensity-duration-frequency

based on the application of a realistic

(IDF) relationship. This relationship is

set of LID methods. To estimate drainage

specified by New Hampshire Department

system functioning, these results were

of Public Works and Highways

measured against the present capacity

regulations (NHDPWH, 1996) and

of the existing system of culverts. For

states the design storm must meet the 4

culverts identified as undersized, a

percent probability (once-in-25-year) of

simple modeled approach that used

rainfall to be received within 24 hours.

standard civil engineering principles

Table 5-2 indicates the design

was conducted to achieve the estimated

rain-fall depths used in the runoff

runoff rate and construction costs.

model for current conditions (baseline)

Because up-sizing of drainage

as well as projections for climate

systems has been shown as the most

change (A1b–Balanced Growth and

2 5 -YEAR , 2 4 -HO U R PRECI PI TATI O N (I N.)
TP-40
+95% c.i.
“most likely”
-95% c.i.

5.1

1971-2000
(Baseline)

2046-2075
(A1b)

2046-2075
(A1fi)

7.46

9.53

12.22

5.37

6.86

8.35

3.85

F O R G I N G

4.92
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TABLE 5-2
Rainfall Design
Depths from Climate
Change for Oyster
River Infrastructure
Vulnerability Assessment
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A1Fi–Fossil Fuel Intensive Growth) in

the model culvert capacity. For each

the Northeast.

catchment in the watershed and each

For the study site, 25-year, 24-hour

precipitation and land-use scenario, the

precipitation for recent and climate-

culvert model estimated the minimum

changed scenarios (A1b & A1Fi) were

required cross-sectional area needed to

modeled. As seen in the previous table,

safely pass estimated QP. The required

the Baseline is the actual recorded

cross-section was compared with the

data from 1970 to 2000 illustrating

actual cross-section of the culvert

an increase in precipitation, and

currently in place in order to determine

also demonstrates the A1b and A1fi

the adequacy of the current culvert.

projected changes to both volume of
rainfall and rate of increase.

BUILD-OUT PROJECTION
Population growth is evident on the

CULVERT DATA

landscape as demonstrated by the

Culverts are designed to convey flows

increase in development of commercial

of water through (usually) manmade

and residential real estate. The future

obstructions, such as roadways or railway

development condition is determined by

embankments. Typically, a culvert is

zoning plans and regulations enacted

designed to convey the maximum or

at the municipal level. By referencing

peak flow (QP) from a specified design

the existing zoning map, a community

storm, established by New Hampshire

build out scenario may be developed.

standards as the once-in-25-year, 24hour precipitation amount.

To better understand the impact of
population growth on hydrology, a

An inventory of culverts in the Oyster

modeling effort was performed using

River was conducted to determine

a complete build-out of the Oyster

F O R G I N G

L I N K

FIGURE 5-11
Culverts Analyzed
Within the Oyster River
Basin; red symbols
indicate vulnerability
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River watershed to current zoning

(e.g. unpaved driveways), lawns, as

standards. This scenario permitted the

well as forests. Landscape and building

development of an estimate for the

features identified by these analyses

adequacy of the existing culvert system

were mapped to standard land cover

to accommodate projected impacts

categories and combined with soil

from population growth. Additionally,

hydrologic classification. The output

it allowed the creation of a baseline

was the curve number calculation,

standard development to which LID

which drove the calculation of runoff

methods for new development could be

for particular rainfall depths.

applied.
Utilizing a combination of GIS and
aerial photo interpretation, current

LOW IMPACT DEVELOPMENT
ANALYSIS

building practices were determined

In order to study the capacity of runoff

to establish the typical development

reduction methods for mitigating

conventions within the various zoning

impacts of climate change and

density districts. These photos had

population growth, results from the

enough resolution to identify key

standard build-out were modified by

features associated with each land-

applying LID principles.

cover attribute, including the footprint

In essence, the incorporation of LID

of primary and secondary structures on

at the parcel level for each zoning

a site, impervious surfaces (e.g. patios,

district within the study area effectively

driveway, etc), semi-impervious surfaces

changes the curve number that dictates

CURRENT CN Values within the Oyster River Watershed

FIGURE 5-12

Map Document: (C:\Files\Climate_Techniques\Oyster_River_Climate_Analysis\Production_MXDs\CurveNumbers.mxd) CT 11/8/2009 -- 10:41:49 AM
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CURVE NUMBERS BY SOIL GROUP

TABLE 5-3
Estimated Runoff
Coefficients
with LID

Zoning District

Lot Size (sq ft 000)

A

B

C

D

Commercial/Business

62

74

83

88

Industrial

62

74

83

87

Residential Acres:
1/8

5.4

61

74

82

85

1/4

10.9

50

68

78

82

1/3

14.5

48

66

77

82

1/2

21.8

44

63

75

80

1

43.6

43

62

74

80

2

87.1

42

61

74

80

5

212.8

42

61

74

80

how much runoff occurs for different
precipitation amounts.

For the different sized parcels
specified by zoning districts, a set of LID

The goal was to assume a set of LID

practices was created that achieved this

techniques with a realistic expectation

standard. The impact of these practices

of adoption within the economic and

on the curve number (CN) value for

political constraints of the community.

each catchment was computed and

In most cases, a set of LID regulations

served as an input to the precipitation-

likely to be enacted by towns in the

runoff model.

study site will be constrained by resource
limitations and political realities.

The reduction in runoff and resulting
QP were compared for scenarios

LID CN Values within the Oyster River Watershed

FIGURE 5-13
Adjustment for
a Built-out
Watershed with LID

Map Document: (C:\Files\Climate_Techniques\Oyster_River_Climate_Analysis\Production_MXDs\CurveNumbers.mxd) CT 11/8/2009 -- 10:41:49 AM
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U

N

D

E

R

S

I

Z

E

D

C

U

L V

E

R

T

S

BUILDOUT

SCENARIO

Standard

w/LID

Difference

% Difference

Baseline, AMC II

4

0

4

100%

A1b, AMC II

4

2

2

50%

A1fi, AMC II

7

5

2

29%

A1b, AMC III

10

7

3

30%

A1fi, AMC III

15

12

3

20%

Baseline, AMC II

8

6

2

25%

A1b, AMC II

16

12

4

25%

A1fi, AMC II

19

18

1

5%

A1b, AMC III

20

19

1

5%

A1fi, AMC III

25

23

2

8%

Scenario
LATE SPRING

TABLE 5 -4
Impact of LID
on Culvert Capacity
under Built-Out
Conditions

FALL

of build-out with and without the

CLIMATE CHANGE

application of LID techniques. The

Table 5-15 summarizes the impact of

difference between the number of

realizable LID methods on the rates of

undersized culverts with and without

undersized culverts for the various climate

LID was used as an indicator of the

change precipitation scenarios as well

value of LID methods.

as for normal and wet antecedent

Map Document: (C:\Files\Climate_Techniques\Oyster_River_Climate_Analysis\Production_MXDs\Buildout_Comparison_Results.mxd) CT 11/14/2009 -- 4:14:56 PM

FALL A1Fi Comparison of the Buildout Scenarios, 25yr Return Period

FIGURE 5-15
Culvert Capacity under
Different Land-use
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MAP KEY
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moisture conditions. When soils are

indicative, and for planning purposes

saturated (or frozen), as given by Type

only. For more accurate estimates

III antecedent moisture conditions

sufficient to support capital budgeting it

(AMC III), the efficacy of

would be essential to conduct a formal

LID is reduced. However,

engineering design process for each

even for the most

culvert. To maximize the accuracy of

drainage systems is

pessimistic precipitation

results, costs were estimated only for

considered to be the

projections, the Fall A1fi

tasks and components with a high

(Fossil Fuel Intensive

degree of predictability. Therefore,

most expensive means of

scenario)/AMC-II,

total estimated replacement costs

accommodating increased

A1b (Balanced growth

per culvert likely understate actual

scenario)/AMC-III, and

replacement costs. Excluded were costs

peak flow resulting from

A1fi/AMCIII conditions

for engineering design, excavation of

climate change. More

still had a 5 to 8 percent

the stream course, bank stabilization

reduction in projected

that may be incurred from culvert

economical adaptation

undersized culverts as a

enlargement, and headwall demolition

strategies reduce peak flow

result of LID practices.

and replacement.

With the more moderate

Upgrading existing

The additional cost resulting from

through application of

precipitation increases,

upgrading a culvert to a larger size

LID, Best Management

the potential benefit of

rather than replacing it with one of

LID methods is greater,

equal size is referred to as marginal cost.

ranging from 25 to 100

For the pessimistic A1fi scenario with

percent.

build-out, marginal costs averaged an

Practices, Sustainable Urban
Drainage methods, or
Smart Growth lot designs.

COST ANALYSIS

individual culverts, the factors that most

Based upon the

influence marginal cost are the extent

analysis that identified

of increase in culvert cross-section, the

undersized culverts for the various

height-to-road-surface, and the culvert

climate change and build-out

length.

scenarios, the goal of this analysis

When the data in Table 5-5 are

was to determine the cost of removing

aggregated by a land-use scenario

the existing culvert and replacing it

(Table 5-6), the cost differential between

with one that is adequately-sized. The

build-out and build-out with LID is

quantities of materials required for each

apparent. The additional runoff from

upgrade were calculated based on field

build-out increases the per-culvert

data that established existing culvert

marginal cost by 22 percent. The

type, cross-sectional area, length,

additional runoff from build-out with

elevation below the road, and road and

LID also increases the per-culvert

shoulder dimensions.

marginal cost, but only by 14 percent.

For the purposes of this study, the

5-24

additional 49 percent per culvert. For

LID methods reduce the marginal cost

costing results are intended to be

per culvert by 8 percent, or one third.
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TABLE 5-5 Summary of Cost Analysis across Precipitation, Land-use and Antecedent Soil Conditions
Moisture
Condition

Precipitation
Scenario

AMC II

Baseline

A1b

A1fi

AMC III

A1b

A1fi

Land Use

Land-Use
Scenario

Precipitation
(in)

Undersized
Culverts

Replacement
Cost

Upgrade
Cost

Marginal
Cost

%
Difference

Cost
per Culvert

Current

5.4

4

16,824

24,582

7,758

46%

1,940

Build-Out

5.4

8

56,542

88,264

31,722

56%

3,965

LID

5.4

6

28,894

50,446

21,553

75%

3,592

Current

6.9

9

75,621

101,184

25,562

34%

2,840

Build-Out

6.9

16

145,786

204,293

58,507

40%

3,657

LID

6.9

12

110,832

152,590

41,757

38%

3,480

Current

8.3

17

147,118

203,726

56,608

38%

3,330

Build-Out

8.3

19

171,521

234,356

62,835

37%

3,307

LID

8.3

18

160,695

222,267

61,572

38%

3,421

Current

6.9

18

151,344

208,859

57,516

38%

3,195

Build-Out

6.9

20

175,746

239,488

63,742

36%

3,187

LID

6.9

19

164,921

227,400

62,479

38%

3,288

Current

8.3

22

191,817

273,192

81,375

42%

3,699

Build-Out

8.3

25

224,761

321,339

96,578

43%

3,863

LID

8.3

23

200,912

269,803

68,891

34%

2,995

+95% c.i.:

48%

3,565

Mean:

42%

3,317

-95% c.i.:

37%

3,070

Marginal Cost Per Culvert

% increase Over “Current” Land Use

Current

2,952

—

Build-Out

3,596

22%

LID

3,372

14%

SUMMARY

TABLE 5-6
Per-Culvert Marginal
Costs by Land-use
Scenario, with Recent
Precipitation Amount

Fuel Intensive) scenario will be 64

For the study site, climate change is

percent greater than the 25-year TP-40

estimated to have a profound impact

event. For comparison, the TP-40 100-

on the precipitation intensity-duration-

year precipitation event for a 24-hour

frequency relationship, resulting in

duration was 24 percent greater than

undersized culverts, increased flooding,

the 25-year event.

increased hazard to life and property,

This study found that existing

and an increase in maintenance costs.

culverts in the study site vary widely in

The study estimates that the “most

their adequacy for a given precipitation

likely” 25-year event for the mid-

event, with 5 percent of culverts

21st century A1b (Balanced Growth)

currently undersized based on the TP-40

scenario will be 35 percent greater

design storm to which they presumably

than the 25-year TP-40 event, while

should have been constructed. When

the “most likely” 25-year A1fi (Fossil

build-out is considered, an additional

F O R G I N G

T H E

L I N K

5-25

L I D A S A C L I M AT E C H A N G E A D A P TAT I O N T O O L : C A S E S T U D I E S
7 percent are already undersized for the

undersized due to build-out by 25 to 100

“most likely” 25-year, 24-hour event

percent. For more extreme precipitation

experienced during the 1971-2000

increases, or “wet” antecedent

interval. Thirty-five (35) percent of

conditions, achievable LID methods

culverts are undersized under full build-

reduce the number of undersized

out with no LID methods, and with the

culverts due to build-out by 5 to 8

most pessimistic precipitation estimate.

percent.

Upgrading existing drainage systems
is considered to be the most expensive

be seen in the cost of adaptation.

means of accommodating increased

Under recent precipitation (1971-2000)

peak flow resulting from climate

conditions, LID methods reduced the

change (Blankensby et al., 2003).

marginal upgrade cost per culvert by

More economical adaptation strategies

8 percent as compared to the build-out

reduce peak flow through application

with no LID scenario. The marginal

of LID, Best Management Practices,

upgrade cost for the A1b scenario with

Sustainable Urban Drainage methods,

LID ($41,757), is 29 percent less than

or Smart Growth lot designs (Coffman,

the marginal cost for the A1b scenario

2005; Urbonas and Starhre, 1993;

without LID methods ($58,507).

Butler, 2000; Daniels, 2001). Although

Due to the extent of land cover,

LID methods can potentially maintain

zoning regulations, and catchment

pre-development runoff rates, the set of

hydrology, catchments do not respond

methods that are likely to be achievable

equally the application of LID

in the near future in the study site can

treatments. LID may be more effective

be expected to be limited. Based on

for certain catchments as compared

current development patterns, a set of

to others, based on existing land

achievable LID methods was generated

cover and land use. For two culverts

and the impact of this set on post build-

in the study, the application of LID

out rates of peak flow was measured.

treatments were shown to be adequate

Study findings indicate that a set

for mitigating impacts from the most

of LID methods that is modest but

pessimistic climate change precipitation

achievable can significantly mitigate

scenarios, specifically, the upper-95

the impacts of climate change and

percent confidence limit A1fi scenario

population growth. Across all modeled

for the mid-century.

catchments, the mean curve number
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The effect of LID methods can also

Combining the results of the LID

increases from 67 to 72 due to build-

analysis with the risk-prioritized

out, but decreases from 72 to 70 with

upgrade schedule, certain culverts

the incorporation of achievable LID

benefit more from the application of

methods. For moderate precipitation

LID methods, either due to the extent of

increases and “average” antecedent

mitigation provided by LID, or due to

moisture conditions, achievable LID

the relatively higher risk assigned to a

methods reduce the number of culverts

culvert in relation to other culverts.
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